
Final Project Report 
Design and Implementation of a Decision-Support Program for 

Adapting Civil Infrastructures to Climate Change: 
 

Stormwater drainage system vulnerability, capacity, and cost, 
under population growth and climate change 

Lake Sunapee Watershed, New Hampshire 
April 6, 2012 

 
 

 

 
 
 

Principal Investigators: 
 

Michael Simpson,  Antioch University New England 
Latham Stack,  Syntectic International 

 

 
 

!
! Lake Sunapee 

 Protective Association 

(
?@

A'
B

CD
E

FG
HI

AJ
7

IK
1L

MF
NK

7
MLE

?H
FO

)F
CP

G
LQ

D
FN

K4
?R

FO
<D

G
?@

FF
O7

MLE
?H

FO
#

G
?M

SN
LN

K=
TB

U
D

CH
LB

G
O(

V'
NK

:
3'

4/
6

.
)O

W
SO

7#
)7

.
(

3-
)

O/
/X

E
YU

ZA
A7

)
AA,

[$
,

[$
*

""
A\

\A
"I

,
2I

+
9A

=
(

- ;

) : #- <

] 3<
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Abstract 

 

Numerous studies report that intensified precipitation resulting from 
anthropogenic climate change will stress civil infrastructures. Communities may 
have a window of opportunity to prepare, but information to support adaptation 
programs is sparse. For a moderately-sized watershed, the present stormwater 
drainage system’s capacity for conveying expected peak flow, Qp, resulting from 
climate change and population growth, was assessed. For a set of climate models 
and emissions scenarios, a modified delta method was used to downscale the design 
storm precipitation value to the study site. Runoff rates, current and required 
culvert sizes, construction costs, and Low Impact Development methods were 
applied using standard engineering, hydrologic, and costing methods. An outreach, 
education, and stakeholder participation program was applied to promote the 
implementation of infrastructure adaptation. 12% of culverts are already 
undersized for current landuse and the recent climate. 35% of culverts are 
estimated to be undersized for the ”most likely” estimator of a mid-21st century 
pessimistic climate change and population growth scenario. At the +95% confidence 
limit for the design storm estimated under the A1fi emissions trajectory, with 
population growth, 70% of culverts are projected to be undersized. The watershed-
wide cost of upgrading the culvert system for the “most likely” A1fi design storm is 
estimated to be 12% greater than constructing culverts to the historical TP-40 
design storm. Funding adaptation via a 20-year, 2% municipal bond, the average 
property tax bill is estimated to increase by $0.05 per $1,000 of assessed value, 
resulting in an average annual property tax increase of $15.00 per household, based 
on the recent median home price. In the context of an ongoing trend of extreme and 
record storms regionally proximate to the study site, the Outreach program and 
robust estimates of required system capacities has motivated the community to 
develop and implement a program of long-term adaptation. 

The study found that rates of undersized culverts, and adaptation cost, are 
insensitive to increases in precipitation and, along with other factors, provide 
financial incentive to incorporating a significant safety factor into future culvert 
design. A long-term program to upgrade the stormwater management system, 
utilizing Low-Impact Development strategies and managing uncertainty and costs, 
may maintain historically acceptable risk levels. To enable widespread adaptation, 
the federal government, and civil engineering and climatological professions should 
promulgate a single set of TP-40-like isoplubial maps, based on best-available 
climate model output. Multiple climate models and ensembles should continue to be 
maintained for research purposes. This study makes a significant contribution to 
establishing the manageability of uncertainty, in support of programs to adapt civil 
infrastructures. 
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1. Introduction 

This report describes methods and results of an integrated assessment and outreach project 

funded under the ninth competition of NOAA’s fiscal year 2009 Climate Program, Sectoral 

Applications Research Program (SARP), Water Resource Management. The overarching 

purpose of this study was to promote stakeholder-driven adaptation of vulnerable stormwater 

management systems, by demonstrating a local-scale, quantified, and actionable protocol for 

maintaining historical risk levels for communities facing significant impacts from climate 

change and population growth. The study also committed to a research aim of examining 

several unresolved issues in the stormwater adaptation literature pertaining to uncertainty. The 

analyses, resulting adaptation tools, and associated outreach program provide new and 

consequential science-based knowledge; identify impacts and societal vulnerability; provide 

practical information to support decision-making; and provide a transferable template for 

stakeholder-driven implementation of adaptation programs. 

The report is comprised of this primary document, and the appendices which contain 

detailed reports of the various activities performed during the project, that were deemed too 

lengthy for inclusion in the primary document. These pertain to: 

• Technical track: 

 - Precipitation modeling; 

 - Runoff and culvert capacity modeling; 

 - Buildout of the watershed to incorporate population growth into projections; 

 - Low Impacts Development; 

 - Cost analysis. 

• Outreach program 

Problem Statement, from Funding Proposal 

It is now generally accepted that mitigation of greenhouse gas emissions must be 

accompanied by adaptation of civil infrastructures. As noted in the Fourth Assessment Report 

(AR4) of the IPCC (IPCC, 2007), adaptation can no longer be postponed pending perfect 

science, i.e. the effective elimination of uncertainty in coupled-climate model output and 

subsequent downscaling. Rather, we must learn to manage residual uncertainty in current-

generation output and methods, enabling community leaders to make the myriad local-scale 

decisions that comprise the development and implementation of infrastructure adaptation plans. 

This study proposed that an efficient path to this learning derives from moving beyond the 

regional vulnerability assessments that still typically characterize published literature, to local-

scale assessments of the significance of climate uncertainty. These serve as a foundation for the 

development and implementation of local-scale adaptation planning studies, that utilize best-

available information and methods to manage uncertainty: learning-by-doing. 

Hydrology provides a precedent for this strategy, in modeling the rainfall-runoff 

relationship from which drainage system capacities are specified. Significant uncertainty in the 

ability to quantify this relationship persists today, even after roughly 100 years of developing 

modern runoff modeling theory, for example, “…Recognizing the high degree of error or 

uncertainty inherent in many aspects of stormwater modeling…generally, the goal of 

stormwater modeling is to provide a reasonable prediction of the way a system will respond to 

a given set of conditions” (MPCA, 2006). Yet the construction of drainage systems, engineered 

with best-available knowledge and methods, has always proceeded in parallel with the 

development of theory. This strategy has been justified because the risks from implementing 

less-than-perfect systems are less than the risks from waiting for more-perfect knowledge. The 
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urgency of adapting systems to already-manifesting climate change justifies a similar strategy. 

The alternative to commencing adaptation, standing by as lives are lost and communities 

damaged from no-longer-adequate systems, while we wait for the chimera of perfect science, is 

neither acceptable nor necessary. 

 

General Relevance 

Studies have found that the historical precipitation intensity/return-period 

relationship across the coterminous United States exhibited a rising trend over the 20
th

 

century (Karl and Knight, 1998; Kunkel et al., 1999). The potential vulnerability of civil 

infrastructure to climate change-intensified precipitation has remained a core finding in 

research literature (Hennessy et al., 1997; Zwiers and Kharin, 1998; Groisman et al., 1999; 

Meehl et al., 2000; Semenov and Bengtsson, 2002; Voss et al., 2002; Watterson and Dix, 2003; 

Tebaldi et al., 2006). Projected increases in storm intensity will significantly increase runoff and 

flooding, and degrade water resources, compounding impacts from land-use change driven by 

population growth. 

 

Local relevance and timeliness 

In New England the presence of a climate-change signal for precipitation has already 

been detected (Wake, 2005; Hayhoe et al., 2006; Henderson and Shields, 2006). As with many 

communities in the northeastern United States, the region proximate to the study site is 

experiencing an unusual and ongoing period of extreme or record precipitation events. Since 

2005, central New Hampshire has annually experienced an extreme storm with an 

intensity/duration at, or above, the historically 1-in-75 year return period. Two of these directly 

impacted the study site on October 8, 2005 and April 16, 2007, overloading stormwater 

management systems and causing hundreds-of-thousands of dollars in damage (Newbury NH, 

2007). These events also increased turbidity and pollutant loading, degrading drinking water 

resources for communities in, and downstream from, the study site. A 1-in-75-year event 

equates to a 1.3% likelihood of occurrence in a given year.. The joint probability of a 1-in-75-

year event occurring in six consecutive years is vanishingly small. 

The vulnerability of current drainage systems to current storm levels has been detected in 

previous work by the study team. Studies of Keene, NH, and the Oyster River watershed on 

coastal New Hampshire found that 26% and 10%, respectively, of culverts are currently 

undersized for the recent (1971-2000) intensity/duration precipitation designated by the State as 

the design storm for common culverts (Simpson et al., 2005, Stack et al., 2010). By the mid-

21
st
 century, 39% of culverts in Keene are estimated to be undersized, based on an 18% 

increase in the design storm under the A2 scenario (ibid.). For the Oyster River watershed, 20% 

and 24% of culverts are projected to be undersized based on 30% and 59% design storm 

increases estimated for the B1 and A1fi scenarios (ibid.). These current and projected 

vulnerabilities indicate the need of policy and implementation responses that presently are not 

available. 

At the state-level in New Hampshire, the institutional responses to climate change target 

mitigation, with minimal attention to adaptation (NEG/ECP, 2001; NHDES, 2001; RGGI, 

2005; SPNHF, 2007; TNC, 2007). Among local leaders, although recent extreme storms are 

increasing awareness of the vulnerability of stormwater management systems (Simpson, 2007), 

with no available alternative to TP-40 the generally response has been to rebuild destroyed 

infrastructure to previous capacities (Cedarholm, 2008). 



 SARP/Lake Sunapee: final project report  3 
 

However, we are aware of an emerging trend, by road agents and other public works 

managers, to rebuild post-flood culvert damage with larger-capacity components, on an ad hoq 

basis with neither formal design nor direction from leaders (Throop, 2006; Anthony Bergeron, 

2011). These laudable efforts typify communities struggling to cope, in the absence of guidance 

from the scientific and engineering professions, with an observed increase in precipitation 

intensity. These decisions are being made without support from professionals, scientists, and 

government standard-setting bodies, based solely on empirical observation that components are 

repeatedly failing, and that post-failure repairs are more costly than pro-actively increasing 

capacity (Watson, 2006; Durfor, 2007). This approach is inadequate: it depends on road agents 

or public works managers being both willing and able to modify past practices; the lack of 

climate change-informed planning may result in these incrementally up-sized components 

themselves becoming undersized prior to the expiration of service life; and components are 

only upsized after they’ve failed either dramatically- or frequently-enough to attract attention. 

Outside of New Hampshire, reductions in runoff and peak flow are secondary benefits of 

stormwater programs being undertaken for other objectives, however the extent of these 

benefits are not being specified to achieve climate change readiness. Locally-acknowledged 

changes in run-off amounts and the need to protect adjacent sensitive natural systems have 

resulted in certain private-sector development projects limiting water quality impacts from 

storm events, with a resulting reduction in impacts to stormwater systems (Gunderson et al., 

2011). Similarly, the need to economically minimize the release of untreated stormwater and 

wastewater from combined sewer overflow systems has motivated cities such as Portland, 

Oregon, Kansas City, Chicago, and New York City to establish green-infrastructure strategies to 

reduce flow, with a resultant decrease in stress to built infrastructure (Houle et al., 2011). 

 

Gap in knowledge to inform adaptation decisions 

This challenge is not confined to northern New England, stormwater line-managers in 

many parts of the country are being asked to respond to unprecedented increases in the 

frequency of extreme or record events (Oberts, 2007). Though communities have both an 

urgent need and an emerging desire to adapt stormwater management systems, the dearth of 

sufficiently specific and quantified information to support adaptation projects, identified in 

previous publications, persists (Dore and Burton , 2000; Wittrock, 2001; McGuire, 2003; 

Semadeni-Davies, 2004; Atkins PLC, 2004). In consequence, communities are vulnerable. 

Three studies estimating climate-change impacts and specific adaptation requirements for 

stormwater management systems have been published, none recently (Kije Sipi, 2001; Waters 

et al., 2003, based on Waters’ earlier Masters thesis, Waters, 2001; and Semadeni-Davis et al., 

2008). Kije Sipi (2001) and Waters (2001) modeled climate change effects by applying a North 

America-wide rule of thumb proposed by Zwiers and Kharin (1998), developed from 1992-era, 

second-generation general circulation model output. Semadeni-Davis et al. (2008) projected 

climate change impacts for the 2071-2100. period, a time horizon that yields less precise results 

because of its distance in the future, and that also is of reduced adaptation utility for drainage 

system components that typically have useful lives of 50 to 70 years (for galvanized and 

concrete pipe, respectively). 

The lack of published research on factors influencing stormwater infrastructure adaptation 

has become more urgent recently, as engineering firms have begun to plan adaptation projects. 

For example, the City of Alexandria, Virginia has contracted with a national firm to perform a 

five-year study of climate change-cognizant storm sewer capacity requirements (van der Tak, et 
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al., 2010). In addition, the Comprehensive Stormwater Plan of Keene, NH (Keene NH, 2011) 

specifically commits to “Change design requirements for new or refurbished 

roadways,…Foster innovative stormwater design requirements,…Identify areas where 

increased infrastructure capacity is needed to hold/divert water, and include replacement 

or upgrade in [the] Capital Improvement Program.” 

 

Political and organizational challenges 

In addition to the lack of published information and design specifications to guide 

adaptation, for New Hampshire the political will to adapt is obstructed by the presence of 

institutional inertia. The State legislature mandated the formation of a Stormwater Commission 

in 2008, to which testimony was presented on the projected changes in storm intensity and 

frequency and the potential impacts on built water-conveyance, and associated road, 

infrastructure (Simpson, 2008). However, the final summary brief to the public solely focused 

on water quality and water quantity impacts from an increasing percentage of imperviousness 

area, omitting any mention of the aforementioned testimony on already-manifesting and 

projected increases in precipitation intensity (NH Stormwater Commission, 2010). More 

recently, the passage of Hurricane Irene, which resulted in widespread impacts to culverts and 

bridges, has generated discussion at both the local- and state-levels of vulnerability of road 

infrastructures. However, the focus has been on improving emergency response and disaster 

relief preparedness, rather the longer term vulnerability analyses and broader adaptation 

planning (Simpson 2012). 

 It has been shown that even short-term forecasts are not included in water resource 

planning and management decisions (Callahan, 1999; Lach et al., 2005; Rayner et al., 2005; 

Hartman, 2005). At the local-scale, social and institutional constraints, and a tendency to 

discount events far-removed in time or space, create barriers to incorporating adaptation into 

future plans (Broad and Agrawala, 2000; Patt et al, 2005; Hillerbrand and Ghil, 2008). Socio-

ecological systems (SES) have self-reinforcing mechanisms that work to resist adaptive 

behavior (Gunderson and Holling 2002), due in part to a lack of perceived legitimacy of 

scientific information (Walker et al, 2002). This perception is often influenced by the media to 

which decision-makers attend, and by the particular sources that inform reporting (Speth 2004; 

Grundman, 2007; Staut, 2008). Our experience, with facilitating environmental policy 

development and implementation initiatives, indicates that the motivations underlying 

resistance to change also include: potential conflicts with local knowledge and traditions; initial 

negative political response and resistance; competing internal organization needs; and public 

and official apathy. In order to mitigate these obstacles, and promote utilization of the technical 

results of this project, a program of education and participative decision-making was conducted 

with local stakeholders. 

 

Project overview 

The project performed an integrated assessment of local-scale stormwater system 

vulnerability to climate and landuse change, and resulting design requirements. From this 

foundation the project provided a planning-scale, risk-based, prioritized schedule for adaptation 

of individual components and sub-catchments, and estimated costs associated with adapting the 

infrastructure to required capacities. Through stakeholder participation, and community 

education and outreach efforts, the project also provided a forum and process to empower 

communities to translate knowledge gained in the technical activities into action. Because 
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participatory approaches and transparency in decision-making activities and stakeholder actions 

are critical for the legitimacy of initiatives (Gruber and Clark, 2000; Walker et al., 2002; 

Campbell and Vainio-Mattila 2003), all activities of this proposal were framed with 

transparency and public participation in mind. 

The integrated assessment drew on a multi-disciplinary team with expertise in adaptation 

policy and scenario generation, stakeholder outreach and participative decision-making, civil 

engineering, finance, landuse, Low Impact Development (LID), and statistical downscaling 

methods. The primary stakeholder organization, the Lake Sunapee Protective Association 

(LSPA), participated on the investigative team. 

 

Project Aims 

The funding proposal committed to four aims: 

1. Develop reliable, quantified, best-available estimates of likely local-scale impacts on 

runoff and peak flows, QP, resulting from mid-21
st
 century climate change and build-out, 

based on probabilistic estimates of the climate-changed design storm and population 

growth; 

2. Model the required capacities, and associated upgrade costs, for existing water-related 

infrastructures to convey current and future QP from stormwater runoff, and model the 

climate-changed one-percent (100-year) flood plain; 

3. Develop a risk-based strategy for economically managing QP, incorporating Low Impact 

Development (LID) principles, and system upgrade costs derived from analyses of 

replacement-cost, cost-avoidance, and substitution cost; 

4. Catalyze local and national adaptation by developing and applying a program of citizen 

and stakeholder outreach and education; facilitate a participative decision-making process 

that implements the results of the technical analyses; disseminate results regionally, and 

nationally; 

 

A fifth research aim studied the sensitivity of drainage system capacity and construction 

cost to uncertainty in the design parameters landuse, soil moisture, and precipitation. 

 
2. Methods 

(Note: to manage the file size of this report, Appendices provide additional information 

supplementing the Methods section.) 

 

An effective response to the increasing inadequacy of civil infrastructures must address 

uncertainty in climate model projections of future precipitation regimes, provide adequate 

estimates of local-scale impacts and required system capacities, and address institutional inertia 

to adaptation. Sufficient infrastructure adaptation plans must also be cognizant of projected 

population growth. 

As noted above, project activities can be divided into technical and Outreach tracks. 

Technical activities transferred coupled-climate model projections to the stormwater 

infrastructure, in a form understandable to planners, resource managers and decision-makers. 

These analyses modeled capacities required for the infrastructure to convey peak flows from a 

range of projected mid-21st century climate-changed precipitation and population growth 

scenarios; the potential for LID methods to provide a more economical management of peak 

flows than drainage system upsizing; and planning-scale estimates of adaptation costs. An 
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overview of the study protocol for technical activities is provided in Figure 2-1. 

One hundred twelve (112) culvert locations were identified within the study site and 

modeled. The response of each culvert to 300 combinations of precipitation, landuse, and soil 

moisture conditions was estimated. This yielded a total of 33,600 records of culvert response, 

comprised of: 

• Twenty (20) precipitation levels, which were directly input to the runoff/culvert models: 

seven (7) mid-21
st
 century GCM/SRES combinations; recent NCDC observed records for 

1971-2000; and the TP-40 value increased in 25% increments from 100% to 300% of TP-40. 

For GCM/SRES and observed scenarios, estimators included most likely (ML) values and 

upper and lower 95% confidence bounds. Impacts for an additional four (4) GCM/SRES 

combinations, including ML estimators and 95% confidence bounds, were derived by 

overlaying precipitation estimates for these onto the precipitation-hydrology-hydraulic response 

curve established from the TP-40-plus-arbitrary increments information; 

• Five (5) landuse scenarios were modeled: current, buildout, buildout with steep slopes 

excluded, buildout with LID, and buildout with LID and steep slopes excluded; 

• Three (3) antecedent moisture conditions (AMC) were modeled: dry, average, and wet. 

 
Figure 2-1. Major data sources, and flow of technical activities 

 

The Study Site: Physical and Political Features 

Physical features 

The Lake Sunapee Watershed is a largely undeveloped watershed with good water 

quality and small amounts of development. This watershed is a medium-sized drainage 
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basin in the Sugar River Watershed of the upper Connecticut Basin (Hydrological Unit 

HUC 12 # 010801060402), a sub-watershed of the Connecticut River basin. The watershed 

encompasses 13,470 hectares (30,948 acres or 48.36 square miles), and 24 micro-

watersheds, with 275 km of roads and 125 km of riparian corridors. 

There are 13 lakes and ponds in the watershed. Lake Sunapee is the largest, at 4,088 

acres, with a mean depth of 37 feet and a maximum depth of approximately 105 feet. The 

lake is relatively long and narrow, with a perimeter of 32 miles. The shores are largely 

developed with both year-round and seasonal residential development. Lake Sunapee is 

designated Class “A” for drinking water resources, serving as a primary source for residents 

living around the lake, and a back-up source for the town of Sunapee. The Lake is considered 

one of the cleanest in the country, the result of nearly 100 years of water quality monitoring and 

advocacy by the Lake Sunapee Protective Association (LSPA). Outflow from Lake Sunapee 

occurs through a flood control dam into the Sugar River, which drains into the Connecticut 

River and subsequently into the Atlantic Ocean. 

Wetlands represent a relatively small portion of the watershed. Excluding lakes and 

ponds, 1,116 acres (3.6% of the watershed) are comprised of palustrine (freshwater) 

wetlands dispersed throughout the watershed. Terrain within the watershed ranges from 

steep slopes (greater than 25%) to rolling terrain, and 7.6% (2,352 acres) of the watershed 

are considered steep. Elevation ranges from over 2,760 feet at the summit of Mount 

Sunapee to 1,093 feet at the Lake Sunapee dam outflow. 23% (7,202 acres) of land area is 

in conservation, however only small portions of shoreline are permanently protected from 

development. Impervious surfaces, an important factor determinant of runoff rates, were 

estimated in 2004: 

• Total Impervious Surface within the Lake Sunapee Watershed: 5.8% 

• Total Impervious Surface within 250 ft. of the shore: 28.2% 
 
Table 2-1. Towns in the study site 

 
 

The watershed includes portions of Merrimack and Sullivan Counties and portions 

of the six towns of Newbury, Springfield, Sunapee, New London, Sutton, and Goshen 

(Table 2-1). Sutton and Goshen have no culverts within the study site, therefore project 

analyses conducted at the town-level have no results for these towns. 

 

Political features 

New England and New Hampshire have a long tradition of home rule, of which the town 

meeting is the outward manifestation. This is balanced by legislatively implemented mandates 

at the state level (Walker DB, 1972; State of NH, 1979; Barron, 2003). These comprise a series 
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of nested relationships, each of which influences climate change adaptation decisions (Figure 

2-2.). 

 

 8 

4. Catalyze local and national adaptation by developing and applying a program of citizen and 

stakeholder outreach and education; facilitate a participative decision-making process that 

implements the results of the technical analyses; disseminate results regionally, and nationally. 

3.e The Study Site: Physical and Political Features 

The proposed study site encompasses Lake Sunapee and the Upper Sugar River, NH watershed, a 

sub-watershed of the Connecticut River basin. Lake Sunapee is designated Class “A” for drinking 

water resources, and provides drinking water for local and downstream communities. The Lake is 

considered one of the cleanest in the country, the result of water quality monitoring and advocacy by 

the LSPA. LSPA is an integral participant in this proposed study, through their Associate Executive 

Director Robert Wood, an investigator on the study team. Population in the study site is projected to 

continue increasing at the 12% rate experienced since 1995 (Wood, 2007). Land-use and zoning 

regulations vary among towns in the study site, with a recent increase in high-density residential units 

(Jennings, 2007). The watershed encompasses 13,470 hectares and 24 micro-watersheds, with 275 km 

of roads and 125 km of riparian corridors. A drainage culvert conveys runoff at each intersection of 

road and stream. There are four dams along the main branch of the Sugar River, one of which controls 

flow into a penstock for a community-scale hydroelectric facility. The study focuses on 7 communities 

within the study site, two of which serve as commercial and employment centers for the region. 

New England and New Hampshire have a long tradition of home rule, of which the town meeting 

is the outward manifestation. This is balanced by legislatively implemented mandates at the state level 

(Walker DB, 1972; State of NH, 1979; Barron, 2003). These comprise a series of nested relationships, 

each of which influences climate change adaptation decisions. Figure 2 portrays these relationships, 

and also reflects the basis for structuring community education and stakeholder capacity building. 

Figure 2. Nested Decision-Making Relationships in New Hampshire 
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Figure 2-2. Nested decision-making relationships affecting the study site 
 

 

 

Precipitation model 
Commitment from the funding proposal 

Aim 1, Activity 2: Utilize down-scaled coupled-climate model precipitation output 

for gridpoints in the northeastern US, and historical precipitation records for the study 

site and proximate stations, to derive probabilistic baseline and mid-21
st
 century 

climate-changed design storms for the study site. 

Technical Approach: The design storm will be the 24-hour duration, 25-year return 

period (4 percent probability), as specified for simple culverts by the New Hampshire 

Department of Public Works & Highways Manual. Establish intensity/return-period 

relationships for the design storm by fitting National Climate Data Center (NCDC) 

historical precipitation records for the study site, and coupled-climate model output 

for gridpoints surrounding the study site, to a point process model of peaks-over-

threshold. Fit data to a bivariate model, for which the second variable is time, to 

model the non-stationary character of near-term climate change impacts. Utilize 

stepwise regression to transfer percentage changes in the point process parameters 

location, scale, and shape, from coupled-climate model gridpoints to the study site. 

Utilize the current-generation World Climate Research Programme's Coupled Model 

Intercomparison Project phase 3 multi-model dataset prepared for the IPCC AR4 
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(Meehl et al., 2007), for the SRES emissions scenarios A1B and A1Fi, and for the 3-

month periods March-May (Spring), June-August (Summer), and September-

November (Fall). Use thirty-year data records for all analyses, and regionalize the 

shape parameter for the study site, to provide a reliable estimate of the 

intensity/return-period relationship (Figure 3). Results will include most-likely 

estimators of design storms, and 95% confidence intervals. 

Deliverables: Probabilistic estimates of the baseline (1971-2000) and mid-21
st
 century 

24-hour, 25-year design storm, and of rates of change in the design storm during the 

intervening period. 

Evaluation: Assess the effectiveness of the specific methods for estimating design 

storm values. Validate the model by determining skill at estimating the design storm 

for a known historical period. 

 

Methods (Also see Appendix 2) 

Future precipitation was estimated by applying, to the design-storm level of intensity-

duration-return-period determined from recent historical records for the study site, a 

percentage increase derived from general circulation model output. Salient features of 

this process include: 

• Because historic New Hampshire guidelines specify that culverts be designed to 

accommodate peak flow from a once-in-twenty-five-year precipitation event lasting for 

24 hours, the percentage change in this specific event, from recent to mid-21
st
 century, 

was estimated. 24-hour results were obtained by converting daily GCM output and daily 

historical records; 

• Based on generally accepted hydrological practice, the 25-year 24-hour event was 

estimated for both historical and GCM output; 

• To measure the impact on study results from uncertainty in climate change 

projections, a range of GCMs, emissions scenarios, and downscaling methods were used. 

To establish the relationship between watershed hydrological characteristics and 

engineering hydraulic design methods, the response of the combined 

hydrologic/hydraulic system to arbitrary increases in precipitation from 100% to 300% of 

TP-40 was determined; 

• A point process, peaks-over-threshold statistical method was used to derive the 25-

year 24-hour value for each set of sample data. 

 

Model output was statistically downscaled using a variation of the Change Factor 

(Diaz-Nieto and Wilby, 2005), also known as the Delta, or Perturbation Factor, method. 

This was applied using a direct, multi-site approach (Haylock et al., 2006). Change 

factors were derived using extreme value statistics to model the low frequency (high 

return period), more hazardous events residing at the tail of the precipitation distribution. 

Civil infrastructure is generally designed to accommodate a specific low-

frequency/extreme-value event. As noted above, New Hampshire design guidelines has 

specified that common culverts be designed to accommodate peak flow resulting from the  

once-in-twenty-five year event (i.e. the event having a 4% probability of occurring in any 

given year), specified by the TP-40 standard established in 1961 (Hirshfield, 1961). 

Recent studies have applied point process theory to extreme value statistics in the 

modeling of precipitation (Coles and Pericchi, 2003), and the present study fit data to a 
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point process model of peaks-over-threshold, following the methods of Zwiers and 

Kharin (1998), and Katz et al. (2002). Semenov and Bengtsson (2002), and Watterson 

and Dix (2003) proposed that extreme value methods were potentially reliable means for 

downscaling coupled-climate model output, and this method may be considered state-of-

the-art in statistical downscaling. 

Thirty years of continuous daily precipitation records for GCM output and observed 

NCDC station data, for GCM gridpoints and stations proximate to the study site, was 

extracted from the full datasets. The thirty-years of records were conditioned for 

comparability between GCM and NCDC data, and between that data and design storm 

requirements: 

• Units of measure were converted to inches of rainfall; 

• In order to convert daily rainfall totals, from GCM output and NCDC historical 

records, to the 24-hour totals required per New Hampshire culvert design guidelines, 

daily records were multiplied by 1.13, following the results of Young and McEnroe 

(Young and McEnroe, 2003). This multiplier must be applied to compensate for the 

difference found between daily precipitation totals obtained from measurements taken at 

a specific time of day (or daily totals in the case of GCM output), and totals obtained by 

taking 24-hour totals regardless of when the 24-hour period occurs. For example, a 24-

hour event might occur from 8:00 p.m. to 8:00 p.m. the following day. If cumulative 

precipitation measurements are taken at 9:00 a.m. every morning, for this rainfall event 

precipitation would be divided between that accumulated between 8:00 p.m. and 9:00 

a.m., and that accumulated between 9:00 a.m. and 8:00 p.m. Studies have shown that 

multiplying daily records by a factor 1.13 accurately converts daily totals to 24-hour 

totals (ibid.). 

• Rain gauges used for NCDC records have a detection limit of 0.05 inches, with 

precipitation amounts of less than 0.05 inches recorded as “Trace”. Generally accepted 

hydrological practice converts “trace” records to 50% of the minimum detectable value, 

in this case 0.025 inches (Mitsch and Gosselink, 2000). For NCDC records, 0.025 inches 

was substituted for all notations of “Trace”. For GCM output, 0.025 inches was 

substituted for all values less than 0.05 inches. 

 

General Circulation Model output: 

Data used to estimate the impact of climate change on precipitation were taken from 

the World Climate Research Programme's (WCRP's) Coupled Model Intercomparison 

Project phase 3 (CMIP3) multi-model dataset. Downscaling was achieved by two 

methods: the modified delta method described below and used in previous studies by the 

project team; and, for comparison with other downscaling methods and previously 

published results, a subset of the NECIA downscaled dataset used for a set of 2007-

published studies of climate change impacts on New England (Hayhoe et al., 2007). 

The selection of GCMs used for the modified delta method downscaling was based 

on the common international practice of national adaptation programs utilizing the GCM 

supported by that country, e.g. United Kingdom uses the HadCMx series of GCMs, and 

Canada uses the CCCma CGCMx series of GCM. Therefore, two of the three potential 

candidates for a hypothetical future United States adaptation program were selected for 

this study. The Geophysical Fluid Dynamics Laboratory GFDL-CM2.1 model (Delworth 

et al., 2006) was selected based on its skill at modeling the North American climate-
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changed and 20
th

 century climates (Tebaldi et al., 2005; Knutson et al., 2006). In 

addition, the NCAR PCM model (Washington et al., 2000) was selected due to its 

frequent use in climate impacts studies, and it’s representation of a “drier” climate than 

that predicted by the GFDL. A six-gridpoint sample was used, representing gridpoints 

encircling and closest to the study site.  

The NECIA dataset from the 2007 studies cited above utilized the PCM and 

HadCM3 GCMs, and both sets of output were obtained for this study. The NECIA 

dataset has a resolution of ⅛° for both longitude and latitude a grid-spacing of about six 

miles, with a gridpoint located in the study site. 

The study’s schema for the GCM/SRES combinations is presented in Table 2-2. For 

the modified delta method (“present study” on Table 2-2), the A1fi, A1b, and B1 SRES 

pathways were used for the GFDL 2.1. The A1b and B1 SRES pathways were used for 

the PCM, however PCM data for the A1fi pathway was not available from the ESG data 

portal. For the NECIA-downscaled records, data for the A1fi pathway was used for both 

the PCM and Hadcm3 GCMs. For all GCMs from each downscaling method, data for the 

1971-2000 period, from the Climate of the Twentieth Century scenario was utilized as the 

baseline from which to estimate the percentage change in the design storm. 

Where multiple runs of GCM/SRES combinations were uploaded to the ESG portal 

by the modeling groups, all runs were downscaled for this study. However, for each 

combination only a single, mid-point design-storm estimate was selected for use in 

drainage system capacity studies. Cells in Table 2-2 that contain numbers indicate the 

number of runs uploaded to the ESG portal. Figure 2 in Appendix 2 shows design storm 

modeling results for all runs, for all GCM/SRES combinations, and indicates the mid-

point run selected for this study. 

 

Table 2-2. GCM/SRES pathway combinations used, for each downscaling method. For 

combinations using the modified-delta method of the present study, the number of model 

runs available on the ESG data portal is indicated, all runs were used in this study. 

 
 

Downscaling model 

Thirty year-long records of data for each GCM, SRES pathway, model run, time 

period, and gridpoint (comprising 978 sets of data), were fit to a point process model of 

peaks-over-threshold, using maximum negative log-likelihood (NLLH) to estimate the 

three parameters location , scale , and shape , which established the curve of the 

distribution. Probability and quantile diagnostic plots of estimated/modeled versus 

actual/empirical precipitation, were used to assess the goodness of fit of the point process 

curve generated from parameters at the NLLH (Figure 2-3). Note, on the Quantile plot in 
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Figure 2-3, that the most extreme observed value, a bit more than 3.5 inches, is above the 

line of perfect fit. This means that the best-fit model according to NLLH under-estimated 

this value. Although fairly often this underestimating occurred, occasionally the 

divergence was large. For these cases a better fit was sought across a range of NLLH 

values. For several datasets a local maximum NLLH yielded better fit of extreme values 

than the global maximum, in this case the local maximum was selected. 
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Figure 2-3. Example of diagnostic plots used to assess goodness-of-fit of the point 

process model computed for each 30-year data record. 

 

The parameters , , and , were used to estimate the 25-year return period (4% 

annual probability of occurrence) event for each gridpoint. The percentage change in this 

value, from recent to climate-changed periods, was computed, and transferred to the 

study site. For this purpose we modified a method proposed by Shamseldin et al (2006), 

whereby relationships between GCM gridpoints and observed NCDC stations are 

established via least-squares regression. At each gridpoint, ∆% in the 25-year event, from 

the baseline to the mid-21
st
 century periods, was calculated. Stepwise regression 

identified sets of significant factors (p = 0.05) able to predict, at a high r2
, ∆% in the 25-

yr event across the six GCM gridpoints. The resulting regression equation was used to 

transfer the ∆% from GCM gridpoints to NCDC stations. In order that regression 

equations derived from GCM gridpoints could be applied to NCDC sites, candidate 

factors included in the stepwise regression analysis needed to be available for both GCM 

gridpoints and NCDC sites. ”Physical” factors tested were elevation, latitude, longitude, 

and probability of precipitation Pp. Statistical factors tested were, from the point process 

fit, NLLH, number of records exceeding the threshold value, baseline , , and , and 

baseline 25-year event estimates. Residual values were assumed to be independent and 

normally distributed. Regression transfer functions derived from the GCM gridpoints 

were used to estimate Δ% in the 25-year event, from baseline to mid-21
st
 century, for 

NCDC stations. In accordance with common hydrological practice, the shape parameter  
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was regionally averaged to increase the reliability of results. The method of L-Moments 

identified 12 New England NCDC stations as regionally similar to the Mt. Sunapee 

(Table 3-18). For these stations, the mean historical  was computed, and increased by 

the mean ∆. 

The above analysis estimated mid-21
st
 century point process parameters for the 

study site. These were input to the equation for the generalized extreme value distribution 

(Shamseldin et al., 2006), to estimate the mid-21
st
 century, 24-hour, 25-year design storm 

for the study site. This value was used by the runoff and culvert models to estimate peak 

flow, Qp, and culvert capacity expected under mid-21
st
 century climate-changed 

conditions. Extreme value statistical analyses were performed using the ISMEV and 

EVIR packages in “R” (R Development Core Team, 2005), regression analyses were 

performed in JMP 8.0 (SAS Institute, 1989-2005). Note that statistical analyses described 

elsewhere in the project were also performed in JMP. 

 

Model validation 

The validity of the downscaling model, described in detail in the Results/Discussion 

section of this report, was established in previous studies, most recently Stack et al. 

(2010). That study tested the methods skill at deriving the 25-yr event for a known 

historical period, 1971-200, from data for the baseline period 1926-1955. Across twelve 

NCDC stations, including the study site, that were homologous based on Hoskins’ and 

Wallis’ (1997) L-moment regionalization method, the average error in predicting the 25-

yr event was −0.3%, with a range of −20.0% to +19.3%, all of which were within the 

95% confidence bounds of the most likely estimator. 

 

Runoff, Buildout, and Culvert models (Comprised of three study activities)  

Commitment from the funding proposal: 

Aim 1, Activity 1: Develop a GIS and spreadsheet-based model of runoff and peak 

flow for each sub-catchment draining into a culvert. 

Technical Approach: Model runoff rates using the National Resource Conservation 

Service (NRCS, formerly SCS) Curve Number (CN) method. Identify locations of 

drainage system components, and delineate individual sub-catchments for each 

component to route runoff flow through the terrain. Derive a composite CN number 

for each sub-catchment, and estimate runoff volumes at each component. Peak flow, 

Qp, the parameter to which drainage system components are designed, and Times of 

Concentration, will be estimated using the standard urban drainage design methods. 

Create a template to overlay each build-out and climate change scenario onto the 

model and integrate this with the runoff model to allow for scenario selection. 

Initialize model run using a baseline scenario of the TP-40 design storm and existing 

build-out. 

Deliverables: 

• A GIS project file with all relevant spatial information for data storage and 

retrieval; 

• A database of CN runoff coefficients and Qp, values for the component sizing 

model; 

• A spreadsheet-based model of runoff and Qp, accommodating user-selectable 

scenario input. 
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Evaluation: Assess the effectiveness of the technique at generating the GIS project 

file. On a sample basis, test the accuracy of the project file against actual components 

of the watershed. Validate the model by comparing output with historical 

precipitation and flood record. 

Aim 1, Activity 3: Model impacts of population growth on runoff, peak flow, 

and drainage system capacity, by performing a build-out to existing 

planning/zoning regulations. 

Technical Approach: Derive develop-able land within the study site by 

excluding, from the total study site area, riparian corridors, conservation 

easements, steep slope ordinances, and other limitations to development as 

formally reflected in town ordinances and/or overlay maps. Based on current 

zoning and standard development methods, apply percentages of impervious, 

lawn, forested, etc. for the build-out scenario to each subcatchment. Develop 

regulation/overlay GIS layers at a planning resolution scale as needed to input 

build-out scenario information to the runoff/Qp model. 

Deliverables: 

• A table of assumptions for the standard build-out scenario; 

• A table of curve numbers for each sub-catchment, area-weighted for the standard 

build-out scenario; 

• GIS layers at a planning scale, formatted for input to the runoff/Qp model. 

Evaluation: On a sample basis, test the accuracy of the map against actual impervious 

areas. 

Aim 2, Activity 1: Perform fieldwork to collect specifications of the existing 

stormwater management system and, at a planning scale, reverse-engineer 

components to provide estimates of the capacities of existing components, in order to 

evaluate current and required system adequacy under the various build-out and 

climate change scenarios. 

Technical Approach: Employ fieldwork to collect specifications for existing drainage 

system components. Develop a spreadsheet-based model to determine the capacity of 

existing components by reverse-engineering their design using standard engineering 

flow capacity design methods. These methods will meet or exceed New Hampshire 

Department of Public Works & Highways Manual regulations for sizing of drainage 

components. 

Deliverables (See Table 1., Figures 4., 5.) : 

• A map layer and database containing all of the field and spatial information for 

system components; 

• Schedules of model sizes and capacities for each component; 

• A spreadsheet model to estimate, at a planning scale, adequacy of present capacity 

under the various climate change and build-out scenarios, and to estimate required 

capacities under each scenario. 

Evaluation: Field assessments will be quality assured through independent spot 

checks and comparison with any available design documentation on file at town 

offices. 

 

Methods (Also see Appendix 3) 

Runoff model 
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The runoff calculation methods used were a modification of the Natural Resource 

Conservation Service (NRCS) TR-55 Curve Number (CN) method (NRCS, 1986). The 

CN method was selected for runoff computation because it commonly-used, well-

validated, and it’s transparency enabled facile diagnosis of the various sensitivities 

impacting results. Data providing inputs to the CN calculation were obtained from the 

New Hampshire GRANIT database (Figure 2-4). 

 

 
Figure 2-4. Data layers prepared for computation of subcatchment Curve Numbers 

 

To estimate peak flow, the factor to which culverts are designed, we used the NRCS 

TR-55 method and a Time of Concentration (tC) calculation that incorporates an NRCS 

lag time (tL) method (Durrans, 2003). Modeling of build-out, LID, and costs, were 

generally limited to runoff/peak flow occurring in antecedent soil moisture conditions 

(AMC) that are "average", or AMC Type II. However, certain results were extended to 

"wet" antecedent conditions, AMC Type III. 
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The unit peak runoff rate (qu) was estimated using a regression procedure from the 

HEC-22 manual (Brown, et al. 2001). This procedure required calculating the time of 

concentration, tc, for each catchment. Numerous methods have been proposed for 

computing tc and lag time, tL, and little guidance is available for selecting one method 

over another. Without resources for real time precipitation/flow measurements, we used 

the NRCS TR-55 method, such that tc = 1.67tL. 

The lag time calculation method was selected from a table of methods published in 

Haestad Methods (Table 5.9, Durrans, 2003). We chose an NRCS method that is a 

function of basin length, Curve Number, and average basin slope. This approach was 

selected because it includes the Curve Number as a variable, so that tL changes as land 

cover changes. This was important because the study strategy calculated a baseline runoff 

volume from the current land use configuration, and modified this as landuse changed 

according to different build-out scenarios. Thus the impact of build-out was incorporated 

into the model via the impact of land-use on Curve Number. 

Subcatchments and corresponding culverts were identified using a coding schema 

that assigned a letter to each primary drainage channel, and a number to each 

subcatchment/culvert in the drainage channel. Numbering started with the 

subcatchment/culvert at the bottom of the channel, and increased to the top of the channel 

A map of the study site, showing this identification schema, is provided as Figure 3-2. 
 

Exceptions & difficulties in runoff modeling 

All catchment delineation was performed using WMS 8.3. Using the 10m DEM 

available for the watershed provided a reasonable method for creating drainage segments 

for each culvert. There were areas within the watershed in which WMS was unable to 

create a catchment however and there was no backup method employed. The culverts for 

which catchments could not be created using WMS were simply dropped from the model.  

There are a couple of reasons that WMS might not be able to delineate a catchment. 

The first and simplest is that there is not a catchment. Since we use the GIS stream and 

road layers to determine potential culvert locations, in some cases, the digitized stream 

lines may not accurately depict a flow path on the landscape. The next reason is that the 

DEM lacks sufficient resolution for a flow path to be determined based on the elevation 

cells. There are many examples of this within the watershed.  

In general, when a particular location was unable to generate a flow path, the first 

course of action was to change the stream threshold level within the model and see if a 

smaller threshold could generate a flow path through or near the culvert location. If that 

failed the DEM was reviewed to see if minor changes would create a flow path. If all of 

this failed, the location was abandoned. An example of a location where the flow path 

could not be determined is I01: this area lies between contour lines and the I01 location is 

at the top of a drainage area. For locations for which ambiguous flow paths could not be 

resolved within the GOS and WMS, fieldwork teams physically determined the direction 

of drainage. Several areas at the top of the watershed, for example the waters exiting 

Ledge Pond, and areas north of I-89, required fieldwork to establish flow direction. 

 

Culvert model: 

Field data collection, management, and dissemination 
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Information used to model culvert capacity was obtained from an inventory of 

culverts and proximate site conditions in the Lake Sunapee watershed. The inventory 

process was managed by the Lake Sunapee Protective Association. All field staff were 

trained in the use of a standardized culvert assessment protocol based on previous 

assessments conducted in Massachusetts, New Hampshire, and Vermont, and tailored to 

this project (Figure 3-7). 

Potential culvert locations were preliminarily identified by intersecting road and 

stream layers in the GIS. Field teams used printed maps to field-verify the presence or 

absence of potential culvert locations. The field data collection protocol gathered 

information required for modeling culvert capacity, as well as information necessary to 

determine the geomorphic compatibility of the culvert with the stream system and the 

likelihood that it would act as a barrier or partial obstruction to the movement of aquatic 

organisms throughout the stream system. The field protocol provided documentation of 

each culvert’s: 

 Physical attributes (e.g. type, dimensions, slope, condition, etc.); 

 Upstream/downstream geomorphic setting and the potential impacts of the 

crossing on stream morphology (e.g. bankfull widths, scour, erosion, armoring, 

pool dimensions, deposition, perching, sediment character, alignment, etc.); 

 Site characteristics (e.g. aerial sketch, GPS location, street name, road 

configuration, etc.); 

 Pipe and site condition (inlet/outlet and upstream/downstream photographs). 

 

Calculation of culvert capacity 

Culverts are designed to convey flows of water through (usually) manmade 

obstructions to natural flow, such as roadways or railway embankments. Typically, a 

culvert is designed to convey the maximum, or peak flow (QP) from a specified design 

storm, established by New Hampshire standards as the once-in-twenty-five-year (4% 

annual probability), 24-hour precipitation amount (NHDPWH, 1996). For each catchment 

in the watershed and each precipitation and land-use scenario, the culvert model 

estimated the minimum required cross-sectional area needed by a culvert to safely pass 

estimated peak flow. The required cross-section was compared with the actual cross-

section of the culvert currently in place, to determine the adequacy of the current culvert. 

The culvert sizing methods selected in this study comply with New Hampshire design 

guidelines (ibid.). 

 

Determining flow regime and pipe size 

The approach adheres to the NHDPW manual requirement that culverts be designed 

as open flow channels. This method estimates replacement sizes based solely on 

hydrologic capacity and does not include site-specific design considerations that may 

optimize culverts for passage of fish and other aquatic organisms, ensure geomorphic 

compatibility with the stream reach, or simulate a more natural stream channel bottom. 

In accordance with the NHDPW manual, we assumed inlet control as a primary 

design assumption, meaning that sizing decisions would be based on the point of water 

inflow to the culvert. Culvert sizing was calculated using a method promoted by the 

Federal Highway manual (Normann, Houghtalen, and Johnston, 2001), and published as 

equation 9.4 in Hastaed Methods (Durrans, 2003). Culvert capacity was computed for the 
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culvert currently in place, and for the size required to convey peak flow for the various 

climate change and buildout scenarios. If the required capacity was greater than that of 

the current size, the culvert was undersized; even though, the actual culvert had installed 

head and side walls and adequate upstream floodplain storage capacity to handle the 

ponded water during weir conditions. 

 

Estimation of costs and capacity for accommodating a range of peak flow scenarios 

was based on culvert replacement size. Replacement size is the smallest stock culvert, 

readily available in the marketplace, that is equal to, or larger than, the required size. 

Using stock sizes resulted in the capacity for a specific culvert increasing as a step 

function, so that, once a culvert became undersized, the replacement would be adequately 

sized for a range of increases in peak flow. For box culverts, replacements and upgrades 

were not sized for stock sizes, though these were available for smaller box culverts, 

because on-site construction of box culverts is more economical according to national 

construction cost data references (Means, 2011). 

 

Buildout Model 

Population growth is manifested on the landscape as development of commercial 

and residential real estate. Future real estate development is guided by zoning plans and 

regulations enacted at the municipal level. Therefore the impact of population growth on 

the hydrology of the study site was modeled by performing a build-out of the watershed 

to current zoning standards. This had two objectives. Firstly, to estimate the adequacy of 

the existing culvert regime for accommodating projected impacts from population 

growth. Secondly, to establish a baseline standard development, to which Low Impact 

Development (LID) methods for new development would be applied. 

Within zoning-specified lot-size limits, percentages of forested, lawn, and 

impervious surfaces determine runoff rates, and are subject to local building conventions. 

Current building practices were initially determined by combining GIS analysis of the 

landscape with aerial photo-interpretation of typical development conventions within the 

various zoning density districts. These photos have enough resolution to identify key 

features associated with each land-cover attribute, including the foot-print of the primary 

and secondary structures on the site, impervious surfaces (e.g. patios, driveway, etc.), 

semi-impervious surfaces (e.g. unpaved driveways), lawns, and forests. Each specific 

feature can be easily identified and measured with online spatial tools. This initial 

assessment of aerial photos was validated by field visits to a representative sample of 

sites for each zoning class. For each zoning district, a site visit was made to four 

development parcels representative of district-wide development patterns. Lots were 

selected from developments constructed after 1980, to correspond to practices most likely 

to be used in future development. Sampled lots were identified on tax parcel maps and 

cross-referenced with satellite images to determine if they fit a particular zoning district’s 

“average” building lot. Fieldwork was performed to establish the typical building lot 

configuration for that zoning type. Landscape and building features identified by these 

analyses were mapped to the standard land cover categories used as inputs in the curve 

number calculation. 

The buildout calculation methods used were created by the team and are perhaps 

unique. The method begins by creating a modeling point grid. The grid is a regular grid 
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with a point spacing of 46.75 ft. square covering the entire watershed. The baseline 

landuse layer has a grid cell size of 93.5ft square and the model grid has 4 points per 

landuse raster cell providing an oversampling. The reason for the oversampling is that the 

soils are polygons and the elevation grid has a cell size of 24.9 ft. square which means 

that the landuse grid has the lowest resolution of all the layers. It would be simpler 

perhaps to set the model grid equal to that of the landuse, but we chose the higher 

resolution to allow us to construct base information at the higher resolution and then 

downsample to the landuse resolution for making the final CN raster layers. This 

provides better edge resolution at the polygon edges. 

The method starts with intersecting the model grid with the soils and landuse layers. 

From the combination of soil hydrogroup code and landcover code the CN (baseline) is 

calculated for each grid point. The point grid is then converted to a raster using the CN 

value which created the baseline. Once the baseline CN is calculated, the additional CN 

raster information is added to begin created the buildout. The model grid is then 

intersected with additional layers: 

1) NWI Wetlands 

2) Conservation Easements 

3) Soil-slope classes 

4) Zoning (Min-Sqft classes) 

5) Towns 

6) Watershed and Waterbodies 

 

A field is added to the model grid after intersecting with all of the exclusion layers. 

This field is used to write a “buildable” or “not buildable” attribute to each point in the 

model grid. This is done using a series of queries that look at the fields for wetlands, 

conservations easements, soils & slope classes to determine whether each point falls in a 

buildable or not buildable area. Examples: if a point falls inside an existing conservation 

easement, it was not buildable, if a point has a slope > 25% then it was not buildable, if a 

point fell inside a waterbody, it was not buildable, etc. etc. Other such exclusions 

included: all existing impervious area, poorly or very poorly drained soils. 

 

Two layers were made: 

1) Excludes Steep Slopes (ESS): excludes all points with soil slopes > 15%. 

2) Allows Steep Slopes (ASS): excludes all points with soil slopes > 25%. 

 

Based on a 2006 Technical Memoranda from UVLSRPC on expected growth within 

the region, we used the number of homes at buildout as targets for this project. Since our 

goal was to model conditions at 75% of full buildout, we then reduced the number of 

homes to 75% of the full value. Once the approximate buildout density was achieved, the 

CN values for the ASS and ESS conditions were calculated for all “buildable” cells.  

Baseline CN values were translated for the “not buildable” cells. Two new CN rasters 

were then created, using the ESS and ASS CN values. 

 

Low Impact Development (LID) model 

Commitment from the funding proposal: 



 SARP/Lake Sunapee: final project report  20 
 

Aim 3, Activity 1: Evaluate the capacity of a build-out scenario incorporating Low-

Impact Development (LID) principles to manage Qp more economically than 

increasing the size of drainage system components. 

Technical Approach: Develop a set of LID development standards that would be 

feasible for the study site, given current zoning standards and the character of existing 

development. Estimate impervious ratios, under a LID development scenario, for the 

zoning types within the study site, and apply these ratios to build-out currently 

undeveloped areas of the study site. Apply these ratios to redevelop currently built-

out portions of the study site, based on recent census numbers and applied to the 50-

year horizon. Input LID factors into the runoff and component capacity models. 

Evaluate the change in runoff and peak flow achieved by the application of LID 

principles. 

Deliverables: 

• A set of build-out assumptions, consistent with current zoning and the character of 

current development at the study site, utilizing commonly accepted and feasible LID 

techniques; 

• A table of percentage changes in impervious rates and NRCS CNs under the LID 

scenario; 

• Comparisons of the change in drainage system upgrades required under standard 

and LID development; 

• A series of GIS map layers in either raster or polygon vector format illustrating the 

end result of the LID-based development scenario. 

Evaluation: Assess the specific effectiveness of the methods used to model LID 

impacts. Using published literature, determine the reasonableness of estimates of rates 

of reduction in runoff and Qp resulting from the application of LID principles. 

 

Methods (Also see Appendix 4) 

The LID Curve Number Analysis was applied using a method developed by McCuen 

(1983) and formalized in practice by the Maryland Department of the Environment 

(2008). The method adjusts curve numbers based on the amount of storage designed 

using LID practices for the 1” water quality event. Because there are a limitless variety of 

applications of LID systems in a design context, the CN analysis performed here is based 

on providing a 1” WQV volume for all impervious surfaces. For the CN analysis, the 

practice type (i.e. bioretention, sandfilter, infiltration trench, etc.) is unimportant, but 

rather the storage volume is critical.  

This analysis applied the use of bioretention for all sites. 1 acre lot sizes and above 

incorporated the use of porous pavement which adds substantial additional storage. For 

commercial and industrial sites designs included parking (porous asphalt) and roads 

(standard asphalt and bioretention), and rooftop infiltration. In this instance, professional 

judgment was used as to when and where porous pavements might be used. The common 

practice of limiting porous pavement usage to parking areas was applied.  

The runoff curve number (CN) reduction is analyzed using the method outlined in 

the Environmental Site Design Sizing Criteria (MDE 2008) which is a modification of 

the TR-55 Method (NRCS 1986). This method applies an adjusted curve number based 

on the amount of storage built into the landscape using structural LID approaches that 

will result in runoff volume reduction by recharge. The goal is to achieve a condition 
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equivalent to predevelopment however the method is sensitive and can be used in 

conditions where both more or less than storage for a 1” WQV can be achieved. It may be 

desirable to oversize a system to compensate for locations where less storage is possible. 

Drainage areas with multiple land uses will have composite curve numbers identical to 

the TR-55 methodology. For sites where equivalent storage for a 1” water quality event 

or more cannot be achieved then an additional design for the channel protection volume 

is required. The LID practices should be distributed uniformly throughout a drainage 

area. 

The principle step in the curve number adjustment is the calculation of the rainfall 

amount captured. For details of the formulas and relationships utilized in the analysis, see 

Appendix 4. 

 

Cost model 

Commitment from the funding proposal: 

Aim 3, Activity 2: Perform a planning-scale analysis of marginal upgrade costs for 

upgrading the system of drainage components to sizes adequate for conveying peak 

flows from current and mid-21
st
 century climate-changed conditions, and build-out 

under standard and LID principles. 

Technical Approach: Apply a combination of replacement-cost, cost-avoidance, and 

substitution cost analyses (King and Mazzotta, 2007). The replacement-cost method 

estimates costs to restore drainage system components and surrounding areas after 

component failure. The cost-avoidance analysis considers the costs of upgrading 

infrastructure components to avoid damages from increased runoff and Qp. The 

substitution-cost analysis estimates the cost of replacing infrastructure components 

that have reached their design life, with similar, but adequately-sized, components. 

Analyses will include cost impacts associated with water conveyance, built 

infrastructure impacted by increased run-off, damage to built infrastructure along 

riparian and lacustrine corridors, and the net costs of mitigating or avoiding such 

impacts. Analysis of water conveyance structures may also include a selected dam 

along the Sugar River corridor. An optional additional analysis would estimate flood 

damage within a climate-changed one-percent (100-year) flood zone. 

Deliverables: 

• A net cost-analysis for upgrading components and other water conveyance 

structures within targeted micro-watersheds to accommodate Qp resulting from each 

scenario; 

• A cost analysis of potential damage resulting from a climate-changed 100 year 

flood zone along the Sugar River in Sunapee, NH; 

• A net cost analysis of instituting LID alternatives for projected build-out within 

targeted micro-watersheds, which will include such costs in zones that are likely 

candidates for re-development. 

Evaluation: Quantify the confidence interval for cost estimates under each scenario, 

and measure the significance of uncertainty. Compare results with historical records. 

Assess the effectiveness of study methods for modeling costs and providing 

meaningful information to decision-makers. 

 

Methods (Also see Appendix 5) 
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For culverts under-sized for the various climate change and build-out scenarios, the 

goal of this analysis was to determine the cost of removing the existing culvert and 

replacing it with one that is adequately-sized. Quantities of materials required for each 

upgrade were calculated based on field data that established existing culvert type, cross-

sectional area, length, elevation below the road, and road and shoulder dimensions. 

Costing results are intended to be indicative, and for planning purposes only. More 

accurate estimates sufficient to support capital budgeting would require a formal 

engineering design process for each culvert, beyond the scope of this study. To maximize 

the accuracy of results, costs were estimated only for tasks and components with a high 

degree of predictability. Therefore estimated replacement costs likely understate actual 

replacement costs. Excluded were costs for engineering design, excavation of the stream 

course, bank stabilization that may be incurred from culvert enlargement, and headwall 

demolition and replacement. 

Costs for culvert removal and replacement were calculated based on guidelines for 

culvert replacement from the Durham, NH Department of Public Works (Cedarholm, 

2009), as well as New Hampshire standards (NHDPWH, 1996). Cost categories included 

labor, equipment, and materials. Labor included both the hourly base rate and overhead. 

Costs were calculated for excavation and removal of the existing culvert, as well as 

replacement of the culvert, fill, and road surface. 

As with the runoff and culvert capacity models, costs were estimated for providing 

an adequately-sized capacity, for each of the 112 culverts modeled, for each combination 

of 20-precipitation scenarios, five landuse scenarios, and three Antecedent Moisture 

Conditions, plus the replacement cost for re-installing a similar-sized culvert as that in 

place at the time of fieldwork. Thus the cost model generated results for over 34,000 

records. 

 

C
o

st
 p

er
 l

in
ea

r 
fo

o
t 

($
)

200

300

400

500

600

700

800

900

1000

Cross-sectional area (sq ft)

10 20 30 40 50 60 70 80 90 100 110

RS Means Cost per sq ft, Concrete box culverts

 
 



 SARP/Lake Sunapee: final project report  23 
 

 

C
o

st
 p

er
 l

in
ea

r 
fo

o
t 

(n
o

 e
x
ca

v
at

io
n
 o

r 
b
ac

k
fi

ll
)

0

10

20

30

40

50

60

70

80

90

100

110

120

Cross-sectional area

0 2 4 6 8 10 12 14 16 18 20 22

RS Means Cost per sq ft, HDPE round culverts

Total Incl. O&P vs area (sq ft)

Fit of Total Incl. O&P vs area (sq ft)

 
 

 

 

Outreach program 

 

Commitment from the funding proposal 

Aim 4, Activity 1: Disseminate results from the technical analyses through the 

development and distribution of targeted educational materials, public awareness and 

engagement process, and a stakeholder capacity building campaign; Promote the 

incorporation of study results, including innovative local land use policies and 

regulations, into future municipal infrastructure asset management master plans and 

capital planning/budgeting processes for at least one community within the study site. 

 

Technical Approach: The results of precipitation, engineering, and costing analyses, 

along with targeted printed and electronic educational materials, will serve as a 

precipitating event to convene a well-publicized multi-community Regional Forum, 

to include a broad range of individuals representing both the formal and informal 

leadership of the communities within the study site. The forum will provide a vehicle 

to communicate study findings and the importance of local governments’ initiating an 

adaptation planning and action process. The forum will also initiate the first steps of a 

strategic planning process through participant visioning, goal setting, developing next 

action steps, and selecting representatives from each of the local governments to 

serve on an Upper Sugar River Task Force (Task Force). The Task Force will serve as 

the primary inter-governmental communication resource and will participate in the 

evaluation component of this work. 
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Following the Regional Forum, local “Cluster Workshops” will be held in each 

of the communities. These will include representatives of the Boards of Selectmen, 

Planning Boards, Zoning Boards, Conservation Commission, local NGOs, and 

Businesses. Collaborative dialogue between these stakeholders is historically rare, but 

is critical in building local knowledge, awareness, trust, and future broad local 

support for proposed changes to land use regulations and capital improvement plans. 

“Cluster Workshops” will be structured to move the strategic planning process toward 

assessing barriers to action, identifying potential strategies, and potential next steps. 

We will promote each community agreeing to “next steps”, and will identify future 

needed assistance prior to adjourning. Future assistance may include public 

information dissemination and additional working sessions, provided through project 

staff, Antioch University New England graduate students, the regional planning 

agency (UVLSRPC), applicable state agencies (DES, OEP, DOT), and stakeholder 

organizations. 

Deliverables: 

• Develop and locally-disseminate results of the technical analyses through printed 

and electronic materials and mass media, including a “citizen-friendly” executive 

summary of the study (approximately 8 pages), and an Upper Sugar River newsletter 

(two issues) that gives updates on the initiative’s progress at the end of months 12 and 

18. (Months12-18); 

• Hold the first Regional Forum for board representatives and other key stakeholders 

for all communities in the study site. This forum will serve as the initial steps in a 

strategic planning process. (Month 9); 

• Conduct a Cluster Workshop with each local community in the study site. (Months 

12-16); 

• Provide follow-up assistance to each community. (Months 15-18); 

• For at least one community within the study site, achieve the incorporation of 

climate change adaptation into master planning procedures and documents (Month 

18). 

Evaluation: Establish a qualitative and quantitative instrument that evaluates task 

outputs including effectiveness of engagement and information dissemination, and 

that assess progress towards overall objectives that include near term actions of policy 

makers. The Task Force, serving in the role as the primary inter-governmental 

communication resource, is well suited to provide assistance to the project 

management team in this overall evaluation process. Deliverables will be evaluated 

by the stakeholders involved in each activity at the point of delivery. The evaluation 

instrument will be tailored to the each of the deliverables, and will assess the levels of 

knowledge, awareness, and understanding of the future risk and impacts to water 

related infrastructure and potential actions that can be taken. Evaluation will also 

assess the readiness of stakeholders and decision-makers to make change, and the 

actions taken prior to, and by the end of, the study, that improve community 

infrastructure, enhance land use regulations, and adopt innovative land use practices. 

This assessment will examine the readiness of local elected and appointed municipal 

leadership, other stakeholders that are influential in local decision making, and the 

general public. A survey instrument will be developed to gauge “readiness” and 

“actions taken to date”, using a logic model to identify indicators of progress towards 
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these goals. This instrument will analyze specific stakeholder groups in order to 

identify potential barriers or leverage opportunities in implementing actions. 

 

Methods (See Appendix 6 for the full Outreach report) 

The Lake Sunapee Watershed Infrastructure project was designed to assist local 

communities in mitigating their current and anticipated future adverse impacts from 

increased storm water run-off due to climate change. The focus of the public engagement 

and participation component of the project was to incorporate members of the public and 

local leadership in the planning, development, and implementation of adaptation actions 

in response to a) increasingly severe storm events b) flooding caused by undersized 

culverts, and c) changes in land use practices. 

The project included three over-lapping phases: 1) engaging the public, across town 

boundaries, on identifying current observed changes within the watershed including 

flooding, increase in erosion and siltation, and conditions of existing storm water 

infrastructure, 2) researching and presenting the scientific findings to the public,  in 

cluding individual meetings with key public officials in each of the individual towns and 

3) supporting formal and informal community leaders in assessing priorities and creating 

action plans in response to the findings and their priorities. 

The overall project was introduced to the public in a stakeholder forum in the fall of 

2009, and as a result of that Fall Forum, three Task Forces were formed and met in early 

2010 to address publicly identified issues of primary concern. An Advisory Committee 

was formed to oversee the public involvement of the entire process and provide feedback 

to the Project Management Team. Also beginning in the fall of 2009, a scientific research 

team started gathering and analyzing field data on current water management 

infrastructure, as well as forming predictions of changes to storm frequency and strength 

in the region. A second Forum was held in the spring of 2010 to update the public on 

progress made by the Task Forces and researchers. A public talk on climate change was 

also held at this time. The first of three newsletters (the “Sunapee News-Stream”) was 

published to update the public and stakeholders on progress on the initiative (see 

Appendix ?). Watershed and flood mitigation related policy recommendations were 

development during Town workshops that were held during the winter of 2011 at each of 

the four towns that abut Lake Sunapee. A second newsletter was published in the winter 

of 2011 to inform the public of Task Force meetings highlights and provide other updates 

on the project. A third newsletter was published and technical consultation was provided 

during the spring 2011. The final (third) public Forum and final Advisory Committee 

meeting were held at the close of the project in June of 2011. 

The project’s public participation component described in this report was directed by 

James Gruber of Antioch University New England. The management team for this 

component included Robert Wood and June Fichter of the Lake Sunapee Protective 

Association, Michael Simpson of Antioch University New England, and Latham Stack of 

Syntectic International LLC. Primary staffing for the public participation component was 

provided by graduate students at Antioch University New England (Marielle Decker, 

Sarah Demers, Oxana Fartushnaya, Reeve Gutsel, Angela Mrozinski, Jason Rhoades, 

Jennifer Rootes, and Wendy Stott). 

A number of specific evaluation techniques were drawn upon in order to achieve the 

evaluation goals of this project. These included surveys, feedback from the Advisory 
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Committee, developing and assessing indicators, and reviewing each of the deliverables. 

These techniques were drawn upon to assess the process, the project stated deliverables, 

and the indicators of longer-term outcomes. Surveys were issued at the end of almost 

every meeting (including the Task Force meetings, Town Workshops, Forums, and 

Advisory Committee meetings), to help the project management team in the assessment 

process. Town workshop surveys utilized a five-stage ranking scale (strongly agree, 

agree, neutral, disagree, strongly disagree) to respond to three statements: 

 

1. The information I received during this meeting was useful and clearly 

communicated current and future storm water issues facing our town. 

2.The workshop was effective at sharing information and facilitating 

communication among the town officials. 

3. As a result of this workshop, I anticipate that my town will 

likely proceed to plan and develop priority actions to mitigate 

flooding and other adverse impacts from storm water. 

 

A fourth, open-ended question was also posed: “What issues regarding storm water 

infrastructure and related planning would you like to learn more about or receive 

additional technical assistance?” In addition to the surveys at these meetings, the team 

utilized the Advisory Committee to help assess progress towards meeting the project’s 

stated goals. There were two formal Advisory Committee meetings that focused on 

assessment. One was in October 2010 and the second was in June 2011. In addition to 

surveys and the Advisory Committee input, the team developed its own list of indicators 

to assess stakeholder engagement and readiness for action in the arenas of improving 

community infrastructure, enhancing land use regulations, and adopting innovative land 

use practices. 

 

Dissemination of results 

 

Commitment from the funding proposal 
 

Aim 4, Activity 2: Disseminate results to at least four regional and national 

conferences, in two peer-reviewed publications, and on one internet site, in 

partnership with existing regional and national adaptation organizations. 

 

Technical approach: Hold a second Regional Forum to share progress in each of the 

communities and to work towards areas of mutual interest and other regional 

concerns. Collaborate with existing climate change adaptation organizations to 

develop and disseminate one instructional booklet nationally (e.g. Cities for Climate 

Protection, The Pew Center on Global Climate Change, etc.). Prepare and disseminate 

maps, video and photographs to communicating results. Inform the scientific 

community of project results by publishing two peer-reviewed papers on study 

methodology and results. Inform the regional and national professional communities 

and leaders by presenting results at four regional and national conferences. 

Deliverables: 

•  The second Regional Forum (Month 16); 
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•  Presentation of results at 2 regional and two national conferences (Months 16-24, 

and beyond); 

•  Educational booklet disseminated in partnership with an existing adaptation 

organization (Month 16-24); 

•  Two peer-reviewed publications (Months 14-24); 

•  Maps, video and photographs, communicating results, for use by NOAA and for 

dissemination at conferences and via the internet (Months 14-24); 

•  Analysis of future research needs (Month 18); 

Evaluation: Develop and implement a survey-based instrument to assess the 

effectiveness of regional and national educational media. 

 

Methods 

To-date, activities for this component are still in-progress. The second Regional 

Forum has been held; future research recommendations compiled in this report; and 

maps, photographs, and presentations provided to the Climate Program Office. 

Five conference presentations have been given, two at  national conferences and 

three at a New England regional conferences. At least two papers, to be submitted for 

peer-reviewed publication, will follow issuance of this report. A report targeted for non-

technical audiences will also utilize the results and discussions compiled in this report.  

 

3. Results and discussion of individual activities 
 
Precipitation model 
 
Results 

For the study site, Table 3-1 lists the downscaled percentage increase, from the 

baseline of the recent historical 24-hour, 25-year event, of the most likely estimators for 

each GCM/SRES combination selected (see Appendices for details). NCAR PCM model 

results match GFDL CM2.1 for the B1 trajectory. However, PCM results are increasingly 

dampened, for A1b and A1fi, compared with the GFDL CM2.1 and HadCM3 models. 

This damping is exhibited whether the downscaling source is this study or the NECIA 

dataset. These results conform to the PCM’s reputation as a “dry” model. 

For A1fi, the HadCM3 result computed from the NECIA dataset is lower than the 

GFDL CM2.1, however, when 95% confidence levels are reviewed (Table 3-3), results 

are more comparable. The percentages of change from B1 to A1b, and from A1b to A1fi, 

increase for both the CM2.1 and the PCM. This increasing divergence has repercussions 

for changes to the return-period/intensity curves, as noted in Figure 3-1. 

 

Table 3-1. Estimated percentage change in the “most likely” 24-hour 25-year event. 
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For the study site, “most likely” estimated precipitation values, in inches, for the 24-

hour 25-year event, are shown in table 3-2. Table 3-2 also includes the TP-40 design 

storm value (Hershfield, 1961), still used for most drainage system design in New 

England, and the “most likely” estimator calculated from NCDC historical observed 

records for the 1971-2000 period. Note that the value for the recent 25-year event is 

significantly less-than the value for TP-40. A generally consistent finding from this and 

previous studies by the project team is that TP-40 values exceed those computed from 

NCDC historical values. This may be due to a safety factor having been incorporated into 

TP-40. Values for the B1 and A1b scenarios are also less than TP-40. This has important 

implications for adaptation: although certain culverts are currently undersized even for 

TP-40, any culvert that is adequately sized for TP-40 will be adequately sized for future 

changes that conform to B1 and A1b rates (see Table 3-17). 

 
Table 3-2. Downscaled “most likely” estimators of baseline and climate-changed 24-

hour 25-year precipitation (inches). 

 
Table 3-3a adds estimators of the 95% confidence limit to the most likely values in 

the previous table. For all GCM/SRES combinations, the range from the most likely value 

to the lower 95% limit is smaller than the range from most likely to upper 95% limit. This 

is a statistical feature of rainfall and the distributions used to model it (e.g. general 

extreme value, generalized pareto, weibull, etc.): the lower-bound for rainfall is 0.00, i.e. 

no rainfall, while the upper-limit is much less bounded. 

Although the precision (i.e. range of estimates) for B1 is essentially the same for the 

PCM and the CM2.1, for A1b the PCM is less precise than the CM2.1 (also see Appendix 

2, Figure 2). For A1fi, the CM2.1 is less-precise than the HadCM3 at the high-end of the 

confidence range. 

Table 3-3a also provides multiples to compare modeled values with TP-40. Because 

certain scenarios are smaller than TP-40, multipliers for these are less than one. The use 

of multipliers is a simple way to incorporate climate change into the design process. The 

Discussion section of this report compares these multipliers to several published 

multipliers in use, or proposed as a rule-of-thumb, for climate change-cognizant design. 

Unless otherwise specified, climate-changed analyses and graphics described in this 

report show results for the GFDL 2.1 A1fi most likely estimator, and the A1fi +95% 

confidence limit. The decision to limit most work to these scenarios was made to simplify 

understanding and communication of relationships and results. From Table 3-3a and 

Figure 3-11, the representativeness of the GFDL A1fi and A1fi +95%c.i. is apparent. The 

representativeness of the GFDL B1 and A1b results can also be seen, and certain graphics 

and results include the A1b value. However, because the B1 and A1b values are less than 
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the TP-40 value, it is more relevant to discuss adequacy and adaptation in the context of 

TP-40 rather than these scenarios. It is also pragmatic to discuss adaptation to A1fi, in the 

context of recent observed emissions and the lack of meaningful progress in emissions 

control treaties. 

 

Tables 3-3a. For recent observed and all climate-changed scenarios, “Most likely” and 

95% confidence limit estimators of downscaled 24-hour 25-year return period 

precipitation for the Mt. Sunapee NCDC station. 

 
 

Table 3-3b. Return period computed for selected scenarios, for extreme return periods, 

and for the 11.1” event estimated as the GFDL A1fi +95% conf. limit of the 25-yr event. 

 
 

Figure 3-1 shows the change in precipitation across return periods, from the recent 

historical to the GFDL A1fi mid-21
st
 century estimates. The steepening slope observed 

here has remained a consistent finding of studies of the impact of climate change on 

precipitation intensity, dating to Hennessy et al. (1997), and is inherent in the statistical 

nature of rainfall. The rarer, and hence more extreme, an event, the greater the percentage 

increase from climate change. Although not shown, the response curve for TP-40 lies 

approximately half-way between these curves. 
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Figure 3-1. Changed slope of the intensity-return period curve, estimated to result from 

climate change. The “recent” curve was computed from NCDC historical records for the 

study site. The mid-21st century “pessimistic” curve was computed from output from the 

GFDL CM2.1, for the A1fi SRES pathway. 

 

Discussion 
As inputs to the runoff, culvert capacity, and cost models, the study applied a broad 

range of estimates for climate-changed increases to the 24-hr 25-yr design storm. The 

upper limit of this range, used in most analyses, was the +95% confidence limit estimate 

for the GFDL A1fi trajectory, which is 2.18-times greater than the TP-40 25-year design 

storm (Table 3-3a). The +95% confidence limit is 11.1” of rain over 24-hours, which has 

been experienced in the region of the study site twice in recent years: in Keane, New 

Hampshire in October 2005; and in several sites in central Vermont from tropical storm 

Irene in Fall, 2011. 11.1” of precipitation in 24-hours is comparable to a 750-year return 

period event for the GFDL A1fi scenario, a 2,500-year event for TP-40, and an over-

10,000 year event for the recent historical climate (Table 3-3b). Thus, using the A1fi 

11.1”, +95% confidence limit event as the upper level in most analyses for this study 

incorporates a large degree of uncertainty, and yet may be an achievable adaptation 

target, as discussed later in this report. 

The A1fi most likely estimator for the 25-year event, at 1.30 times greater than TP-

40, is comparable to the 1.21-1.50 multipliers currently used in southwest Germany for 

climate change-cognizant flood protection planning (Hennegriff, 2006). At 1.30 times 

greater than TP-40, the A1fi most likely multiplier is larger than Zwiers’ and Kharin’s 

(1998) rule-of-thumb 1.15 design storm multiplier, that was used in both Jobin’s (2001) 

and Waters’ (2003) studies of required stormwater system capacity. 

The modified delta method of statistical downscaling (Appendix 2), used in this and 

previous studies by the project team, appears to give results comparable in robustness to 

other methods reported in published literature. Literature generally has not found an 
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advantage to dynamic versus statistical downscaling and, as described later in this report, 

validation work appears to support this method (Figure 3-24, Tables 3-18, 19). 

Eight of the set of twenty (20) precipitation values that served as inputs to the runoff, 

culvert capacity, and cost models, consisted of TP-40, and TP-40 increased in 25% 

increments to TP-40 x 300%. These arbitrary increases established the response curves 

for undersized quantity and rate, adaptation cost, and marginal cost, to changes in 

precipitation (Figures 3-9, 3-16, and 3-18). The curves were fit to simple linear or power 

functions yielding r
2
 values in the high 0.90s, and can be used to determine, with a high 

degree of reliability, the hydrologic/hydraulic response to specific precipitation levels. 

Note that the response for LID scenarios on Figures 3-16 and 3-18 diverges from the 

generic response curve, because LID assumptions alter subcatchment hydrology. 

These response curves are solely a function of subcatchment hydrology and 

engineering design principles: it is immaterial for the response whether an input 

precipitation value is from TP-40, historical, or climate-changed precipitation. This is 

important in the context of discussions of uncertainty: within the standard qualifications 

of uncertainty in hydrological or climate change modeling, the response of the 

hydrologic/hydraulic system to a given precipitation value is unambiguous. 

With the high r
2
 values achieved, we relied on these curves to determined how 

precipitation for the PCM and NECIA scenarios impacted culvert capacity and costs 

(Figure 3-11), rather than running precipitation values for these scenarios through the 

models as we did for the GFDL scenarios. This saved labor and computational resources: 

each precipitation scenario that is run through the models generates 1,680 records, due to 

the combination of five landuse and three AMC scenarios, and 112 culverts. Modeling 

the most likely, and the -/+ 95% confidence limits, for the two PCM and two NECIA 

scenarios, would have added over 20,000 records to the 34,000 already being modeled. 

 

Runoff model (also see Appendix 3) 

Delineation of subcatchments 

Digital data layers for roads and for streams were combined to identify road-stream 

intersections, the preliminary locations for culverts. GPS coordinates for these 

intersections were provided to the volunteer teams that gathered specifications for the 

culverts. The hydrologic modeling program WMS was used to delineate the 

subcatchment that drained to each road-stream crossing (Figure 3-2). Subcatchments that 

drained directly into Lake Sunapee by definition did not have a outlet point with a 

culvert, and thus were not modeled for these. Fieldwork teams found that the digitally 

identify road-stream crossing were sometimes inaccurate, with no culverts near the 

location specified. Several additional culverts were found by the fieldwork teams that 

were not revealed by the digital intersections. 

Each subcatchment and associated culvert where assigned a three-character 

identification code. In Figures 3-3, 3-4, 3-7, and 3-8, subcatchment/culvert ID no. A04 is 

used to demonstrate the information generated by analyzing and identifying culverts and 

subcatchments. These maps and table were generated for each subcatchment/culvert, and 

provided to the Lake Sunapee Protective Association and to each town, as equivalent 

records did previously exist. Table 3-17 shows that A04 is adequately sized for all but the 

A1fi +95% confidence limit precipitation. 
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Figure 3-2. Modeled subcatchments identified and delineated. Note location of 

subcatchment/culvert A04, at the top center of the study site. 
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Figure 3-3 Map of road/stream crossings for quadrant “B09”. Subcatchment A04 is 

located at the top right of map. 
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Figure 3-4. Topograph showing delineation of subcatchment A04. 

 

Fieldwork 
The program of fieldwork gathered detailed specifications on the one hundred twelve 

culverts within the study site, providing information for reverse-engineering to determine 

each culvert’s current actual capacity, and estimating costs to replace or upgrade each 

culvert for a given landuse and precipitation scenario. This program utilized volunteers 

from the communities in the study site, under supervision of project investigators. 

Utilizing volunteers enabled accomplishing fieldwork with limited project budget, and 

complemented the Outreach program by promoting interest in the study’s activities and 

results. Over 600 hours of mostly volunteer labor were required to perform and manage 

this work, and analyze returned datasheets for completeness. 
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The fieldwork protocol and forms (Figure 3-7, Appendix 1) were designed to comply 

with the New Hampshire program for assessing the adequacy of culverts for affording 

aquatic species passage. This increased the relevance of the study beyond climate change, 

and has promoted interest in the study at regional and state levels. 

The timing of fieldwork was driven by season and project critical-path factors. As a 

result, it was crucial that fieldwork start quickly after project funding was confirmed in 

September, 2009, and completed prior to December, 2009. Successful completion within 

this interval was achieved by planning and scheduling. Paper forms used during 

fieldwork were scanned and saved as pdf files, and are available on request. Data from 

forms was manually entered into a Microsoft Access database for use in culvert modeling 

and cost estimation. During the data entry process, missing data was identified and 

fieldwork teams returned to culvert sites to complete records. A sample of datasheets 

were audited for quality assurance, as described in the Validation section of this report.  

 

Results 

Figures 3-5a, b are frequency distributions by subcatchment, for selected 

hydrological features. Mean subcatchment area is 1.30 acres, with 63% under ½ acre. 

Mean slope is 12.6%, with most between 5% and 20%. Mean subcatchment elevation is 

426 feet, with most between 350 ft. and 475 ft. Mean lag-time is ¾ hr., with most 

between 15 min. and 1 hr. Mean time of concentration is 1¼ hr., with most between ¼ hr. 

and 1½ hr. 63% of streams are 1
st
 order, with another 22% being 2

nd
 order. 
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Figure 3-5a. Frequency distributions of key subcatchment features: area (acres), mean 

slope (%), and mean elevation (ft.). 

 

Figure 3-5b. Frequency distributions of key subcatchment features: lag time (hrs.), Time 

of Concentration (hrs.), and stream order. 

 

Figure 3-6 shows the spatial distribution of curve numbers (CN) in the study site. Larger 

CN values have higher runoff rates. The small amount of red-shaded area indicates that 

little land area is commercial or higher-density residential, reflecting character of the 

study site as mostly rural, forested, or large-lot size residential. 
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Figure 3-6. Pre-Buildout Curve Numbers, higher Curve Numbers have higher runoff 

rates. 
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Figure 3-7 is a sample of the four-page forms used to record data collected during 

fieldwork, see Appendix 1 for the full-size form. 

 

 
Figure 3-7. Data sheets for culvert A04. Specifications were used to reverse-engineer 

culverts to obtain present capacity, and for inputs to the cost model. 

 

Figure 3-8 is an example of the runoff summary results report, created for each 

modeled subcatchment to show the relationship between peak flow, and precipitation and 

landuse. The custom Access database was programmed to generate these, for the landuse, 

precipitation, and AMC condition selected at the top of the report. Note, at the bottom-

left of the report, that the ratio of headwall height to culvert diameter is selectable. This 
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ratio specifies the minimum ratio permitted for a given culvert diameter. A minimum 

headwall height is required to adequately spread the load of traffic to the soil adjacent to 

the culvert. 

 

 

Figure 3-8. Sample of a catchment/culvert information sheet, for culvert A04. 

 

 

Figure 3-9 shows the relationship between rate of precipitation change and 

percentage of undersized components. Note that the relationship is a curve, as 

precipitation increases, a smaller and smaller percentage of culverts become undersized. 

Note also that the curve flattens at higher percentages of increase in precipitation. 

Approximately 30% of components that we modeled are large box culverts, which 

remain adequately sized even at extreme precipitation levels 200% greater than observed 

recent rainfall. This results from the need to accommodate the grade of the road that 

passes over the stream crossing, which results in a higher culvert/bridge than necessary 

for conveying streamflow. This feature is advantageous for climate change adaptation, as 

it reduces the number of components that require mitigation. 
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Figure 3-9. The hydrologic/hydraulic relationship between percentage change in 

precipitation and percentage change in undersized culverts. 

 

Results for specific precipitation levels can be overlaid on the curve of the 

hydrology-culvert design relationship (Figures 3-10, 11). Figure 3-10 is simplified, 

overlaying only the three GFDL SRES trajectories, to demonstrate the method. Larger 

circles are the most likely estimator, and small circles the +95% confidence limit. Figure 

3-11 maps results for all GCM/SRES/downscaling-method combination used in the 

study. Note that for the most likely A1fi precipitation, which is 64% higher than the 

recent historical design storm (and about 30% larger than TP-40), only 35% of culverts 

are undersized. This is a ratio of 1.8:1. 

 

 
Figure 3-10. Mapping specific climate-changed precipitation scenarios onto the 

hydrologic/hydraulic relationship curve. 
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Figure 3-11 plots most likely and +95%c.i. data for all scenarios. Note that, for almost all 

plotted points, 50% or less of culverts are undersized. 

 

 
Figure 3-11. All climate-changed precipitation scenarios, mapped onto the 

hydrologic/hydraulic response curve, for “most likely” and +95%c.i. estimates. 

 

 

Buildout model 

Results 

Figure 3-12 maps the various zoning standards found in the study site. The site is 

largely rural, with many vacation homes at medium to low density, and little high-density 

area. Zoning standards were used to determine lot size for the buildout and LID analyses. 
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Figure 3-12. Zoning districts in the study site. Minimum lot sizes were the basis for the 

buildout model. 

 

 

Table 3-5a shows curve numbers for combinations of zoning lot size and 

Hydrological Soil Group, for Buildout. Similar information, for LID-adjusted curve 

numbers, is shown in Table 3-7. 

 

Table 3-5. Buildout-informed Curve Number (CN) values, by zoning and curve number 
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Discussion 

Table 3-6 shows that the impact on the rate of undersized culverts caused by 

population growth is small, at 3% and 5%. The effect of population growth is mildly 

sensitive to increases in precipitation, insofar as the difference between current and built-

out landuse is 2% larger under climate-changed conditions. 

 

Table 3-6. The impact of population growth on the percentage of undersized culverts 

 
 

 

Culvert model 

 

Results 

The standard engineering method for designing culverts was employed (Durrans, 

2003), with no design modifications to accommodate specific site conditions. As such, 

culvert dimensions computed for a given scenario are not adequate to support actual 

construction, though sufficient for the planning-scale needs of this project. A sample of 

output from the culvert model is shown in Appendix 3, “Culvert model”, Table1. On this 

table, the CAP (CAPacity) ratio indicates whether the current culvert is adequately sized. 

The CAP ratio compares the modeled culvert size with the actual culvert size, for a given 

scenario combination of landuse, precipitation, and AMC. A ratio greater than 1 indicated 

that modeled size was greater than the actual size, so that the culvert was undersized for 

that scenario. 
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For each culvert we performed a linear regression to establish the relationship 

between CAP ratio and precipitation, holding landuse and  AMC constant. The resulting 

equation, fit with an r
2
 value in the high-90s, enabled determination of the exact 

precipitation at which a culvert’s capacity is exceeded. 

Figure 3-13 is a frequency distribution of the number of culverts that are undersized 

at a given precipitation. The plot has been truncated at precipitation = 15”, to show in 

greater detail the precipitation range that most culverts fall within. Inset includes all 

precipitation values, with 20 culverts remaining adequately sized even at extreme or 

inconceivably high precipitation. These are box culverts or small bridges, built to 

maintain the grade of road surfaces, and thus affording headroom much greater than 

required to merely convey the TP-40 design storm. 

 

 
Figure 3-13. Frequency distribution of the number of culverts becoming undersized at a 

given precipitation (in), the maximum precipitation value that is plotted is 15”. Inset 

shows distribution for all culverts, with precipitation-at-maximum up to 50”. Dashed 

vertical reference lines on inset indicate GFDL A1b, A1fi ML, and A1fi+95%ci 

precipitation. 

 

Discussion 

The culvert design method used in this and two previous studies by the project team 

was the “trial sizing” process outlined in the NHDPW manual (NHDPW, 1996). This is a 

simple method, appropriate for planning purposes, that does not consider site-specific 

design considerations such as ponding and greater headwater-to-depth ratios. For 

watershed-wide planning purposes a simplified design method, uniformly applied to all 

culverts in the study site, is appropriate. This simplified design method results in a 

capacity determination such that, if a pipe has less than the calculated capacity based on 

peak flow, flooding may occur and therefore the pipe size is considered undersized. 

Performing the linear regression of CAP ratio on precipitation provided more 

accurate determination of the specific point at which a culvert adequacy than the CAP 

ratio computed for the specific precipitation scenarios. Because the precipitation 
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scenarios were discrete, rather than continuous numbers, results from the precipitation 

scenarios only indicated that a specific culvert became undersized between two scenarios, 

whereas the regression equation established the precise precipitation causing over-

capacity. 

 

LID model 

 

Results 

Table 3-7, and Figures 3-14a and 3-14b, show the impact of applying LID methods 

to the various zoning lot sizes and uses found in the study site. The slopes of the 

conventional development dashed-lines are steeper than the LID developed solid lines, 

indicating how LID benefits change based on lot size, i.e. impervious area. The trend in 

slope for LID varies by soil type, as with conventional development. LID has a generally 

greater benefit for higher pre-LID impervious cover rates (denser development). 

Commercial development results in higher rates of impervious cover than for residential 

development. Yellow shading in Table 3-7 indicates large, low-impervious-rate 

residential lot sizes, for which the LID and CN methods used in this study have either 

show little benefit or yield illogical results (see Discussion, immediately below). 

Table 3-7. LID-adjusted Curve Number (CN) values, by zoning and curve number  
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Figure 3-14a. Impacts of LID on Curve Numbers, by percentage of impervious cover, and 

for each of the four Hydrologic Soils Groups, A through D. 

 

 
Figure 3-14b. Impact of landuse on curve number. BldASS is an abbreviation of the 

scenario buildout with all steep slopes included. 

 

Discussion 

All LID development scenarios were derived from designs for actually constructed 

projects. Examples of construction plans for the development scenarios are depicted in 
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Figures 2-5 of Appendix 4.The LID model used a set of rainfall sequestering techniques 

that, as a whole, were likely to be politically and economically acceptable to the 

community. This was important because there are a limitless variety of applications of 

LID systems in a design context. Within this constraint the model achieved a common 

LID goal of sequestering, in situ, 1” of precipitation falling on impervious areas. The 

modeling assumptions of sequestering 1” precipitation onsite, and applying practical LID 

methods, provided realistic and economical results that increased the acceptance of LID 

methods by the community, and increase the likelihood that LID methods will be 

adopted. 

Watershed-wide, the reduction in CN resulting from the application of LID methods 

can be seen in Figure 3-14b. Across all subcatchments, buildout (with steep slopes 

included) increases mean CN value by 5%, from 69.2 to 72.5, the application of LID 

methods reduces this increase by half, to 70.9. 

The analysis showed that LID practices, by this methodology, yield no benefit 

beyond a two-acre density for residential development. This can be seen by cross-

referencing the impervious rates from Table 3-7 to the graph in Figure 3-14a, comparing 

conventional and LID development curves. The Conventional and LID curves converge 

beginning at impervious rates of less-than about 5%. As lot sizes exceed two acres, the 

footprint of building and driveway are small in proportion to total lot size, and 

impervious areas fall below 5% of lot size (table 3-7). At this point the value and effect of 

LID is not observed using this methodology and, in fact, at a lot size of 25 acres (1.3% 

impervious), computed CN for LID exceeds that for conventional development. This was 

an artifact of the method used, a modification the Maryland Department of the 

Environment method (Appendix 4), and the fact that CN methods are not typically 

applied to parcels over 2 acres. 

A change in slope is seen in the LID curves between about 20%-30% impervious 

rates (1-acre to 1/3-acre density), due to the usage of porous pavements for lot sizes 

greater than 1 acre. This decision was made on professional judgment based on the 

infrequent usage, in practice, of porous pavements for smaller size lots. However it could 

be applied and would have make the slope of the curve consistent. Note that the curves 

for commercial LID are detached because the designs applied are different in nature due 

to the use of rooftop infiltration and porous pavements. 

The analysis showed that the greatest benefit in terms of CN reduction is obtained 

for poor-quality soils in high-density development, i.e. “C” and “D” soils, and lot sizes 

with high impervious rates such as urban residential or commercial lots. This last point is 

significant, in that this condition is commonly found in urban areas, where LID is least 

applied and most challenging. This finding is relevant for metropolitan areas 

contemplating the institution of methods for reducing runoff. 

 

Cost model 

Results: Construction cost 

A stepwise regression was performed to determine the most significant determinants 

of culvert adaptation cost. The regression was limited to the buildout landuse scenario, 

and Antecedent Moisture Condition II (average). Installation cost was the dependent 

variable, independent variables were modeled cross-sectional area, length, material, 

type/shape, the ratio of modeled-to-current size, and peak flow. Significant factors were 



 SARP/Lake Sunapee: final project report  48 
 

modeled cross-sectional area and length. A linear regression with these factors as 

independent variables yielded r2
 = 0.827 (Table 3-8). The impact of the two factors was 

significant at p = .05, yielding a prob > f of less-than 0.0001 (Table 3-9). 

 
Figure 3-15. Plot of actual versus predicted total installation cost, factors modeled were 

cross-sectional area, and length. Records were limited to GFDL A1fi with Buildout. 

 

Table 3-8. Summary of linear regression, Total Installation Cost. 

Rsquare 0.827 

RSquare Adj 0.827 

Root Mean Square Error 8,288.92 

Mean of Response 19,610.26 

Observations (or Sum Wgts) 555 

 

Table 3-9. Analysis of Variance for Total Installation Cost linear regression. 

Source DF Sum of Squares Mean Square F Ratio 

Model 2 1.8244e+11 9.122e+10 1327.646 

Error 552 3.7926e+10 68706236 Prob > F 

C. Total 554 2.2036e+11  <.0001* 

 

The relationship between installation cost and precipitation, and the impact of LID 

on this relationship, is shown in Figure 3-16 and Table 3-10, for the GFDL scenarios. 

Note that LID benefits increase as precipitation increases: the flatter slope for LID in 

Figure 3-16 indicates that costs with LID are less sensitive to changes in precipitation 

than costs without LID. 
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Figure 3-16. Watershed-wide upgrade cost (replacement or upgrade on a per-culvert 
basis, whichever is sufficient to provide adequate capacity), as a function of 
precipitation. 
 
Table 3-10 Reduction in watershed-wide total construction cost, resulting from LID 
methods. 

 
 
 
Results: Marginal cost 

Marginal costs were computed as the difference in cost for a given scenario, over 

that required to construct a culvert capable of conveying TP-40 flow. An alternate “base” 

cost that could have been used was replacement cost. However, the capacity of existing 

culverts in the study site often varies significantly from that required to  convey TP-40 

precipitation. As a result the incremental upgrade cost, if computed from the replacement 

cost, would not be an accurate measure of adaptation cost outside of the Lake Sunapee 

watershed. Using TP-40 as the base cost affords a uniformity that is more transferrable to 

other communities for adaptation planning. 

Figure 3-14 fits a linear trend to marginal costs by town. Marginal adaptation costs 

are more sensitive to changes in precipitation for the towns of New London and Sunapee, 

than for Springfield and Newbury. In Figure 3-15, the flatter slope for LID costs shows 
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that marginal adaptation costs are less-sensitive to precipitation changes when LID 

methods are employed, a finding that has implications for managing uncertainty. 

Note in Figures 3-14 and 3-15, and Table 3-10, that values for GFDL B1 and A1b 

scenarios are negative. Because the TP-40 precipitation of 5.1” is greater than the B1 and 

A1b most likely precipitation of 4.25” and 4.87”, it costs less to adapt the system to the 

latter two scenarios than to TP-40. 
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percentage change TP-40 precipitation 
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Figure 3-17. Linear regression, by town and watershed, of the percentage change in 

marginal adaptation cost per a given percentage change in precipitation. 
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Figure 3-18. Impact of LID on the change in marginal cost resulting from a change in 

precipitation. 

 

For A1fi, LID reduces the watershed-wide marginal cost by ¼,  from 12% to 9%  

(Table 3-11, column 4: A1fi). For individual towns, New London has the largest 

reduction in marginal cost resulting from LID, Newbury the smallest. This variation 

results partially from the interaction of LID with differences in catchment hydrology and 

zoning between towns (see Figure 3-12). New London is zoned for the largest lot sizes 

among the four towns, followed by Newbury, Springfield, and Sunapee. 

 

Table 3-11. Marginal adaptation cost, over TP-40, by town and SRES. 

 
 

A simple scenario, to examine the potential financial impact of adapting the culvert 

system on town budgets, assumes that these towns choose to upgrade, in a single short-

term project, all culverts projected to be undersized, and that this project be funded via a 
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municipal bond. This scenario, while useful to illustrate the affordability of adaptation by 

examining worst-case financial impacts, would not likely be implemented: upgrading 

drainage components is generally accepted to be the most-expensive means of adapting 

stormwater systems, after mitigations such as LID, adaptive tools such as retention 

ponds, and capacity-increasing landuse policies were implemented. Thus only a subset of 

culverts in the study site likely would be upgraded. 

Examining the affordability of worst-case adaptation costs facilitates moving beyond 

the reticence to adapt that still dominates published literature. Assuming bond 

specifications of a 20-year term and interest rate of 2% per annum, with repayment 

funded from property taxes, the impact on taxes is shown in Table 3-12. Calculations 

were based on actual tax rates and median home values for 2010. 

 

Table 3-12a. Property tax impact from funding stormwater adaptation via a 20-year 

municipal bond at 2% interest. Increase in cents-per-$1,000 of assessed value; 

percentage increase per $1,000 of assessed value; and total increase in per-household 

property taxes, based on median residential property assessed value for 2010. 

 
 

 

Table 3-12b. Reduction in property tax adaptation impact, from LID  
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Synthesis of technical activities 

Results 

Summary Maps of Culvert Capacity Results 

Figures 3-19 through 3-22 locate adequate and undersized culverts spatially within 

the watershed. These were produced to help stakeholders understand the vulnerability of 

their towns to climate change and population growth. 

 

 
Figure 3-19. Locations of adequate and undersized culverts, recent precipitation (1971-

2000). 
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Figure 3-20. Locations of adequate and undersized culverts, A1fi “most likely” 

precipitation (2046-2075). 
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Figure 3-21. Locations of adequate and undersized culverts, extreme climate change 

impacts modeled as the A1fi +95% c.i. (2046-2075). 
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Figure 3-22a. For the recent climate (1971-2000), a sample graphic used to convey, to 

stakeholders and the general public, the annual risk for vulnerable culverts. 

 

 
Figure 3-22b. As for Figure 3-22a, but moderate climate change (A1fi “most likely”). 
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Figure 3-24. Example slide used to present results to stakeholders and the general 

public. Subcatchments vulnerable from undersized culverts due to climate change and 

population growth. 

 

Tables 3-14 through 16 also were produced to help stakeholders understand the 

drainage systems and vulnerabilities in their communities, and how their town compared 

with the others in the watershed. Table 3-14 shows the distribution of culverts by New 

Hampshire’s six road classifications in the study site. The class of road underwhich a 

culvert is sited is one facet of risk that should be considered when assessing vulnerability 

from undersized culverts. Major roads have lower Road Classes. 

 

Table 3-14. Distribution of culverts by Town and Road Class. 

 
 

 

Table 3-16a. Comparison of undersized rates between the Town of Sunapee and other 

towns in the watershed. 
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Table 3-16b. Comparison of undersized rates between the Town of New London and 

other towns in the watershed. 

 
 

 

Table 17 was produced to help towns plan a program to remediate culvert 

vulnerability. Culverts that are undersized for TP-40 or the GFDL climate change 

scenarios are listed in order of descending vulnerability, based on the precipitation at 

which the culvert becomes undersized. Note that, for several culverts, more extreme 

precipitation results in lower upgrade cost. This is an artifact of the culvert design model, 

arising from selection of a less-expensive but larger round culvert, over a more expensive 

but smaller oval culvert. This table is a simple prioritization that can be incorporated into 

existing asset management programs. The modified asset management program would 

consider other factors in determining which culverts should be upgraded during a funding 

cycle, including: 

• More cost-effective adaptation methods than culvert up-sizing, such as LID, and 

changes to building codes and flood-zone exclusions; 

• Adaptive adaptation methods, such as retention ponds, that mitigate climate model 

uncertainty; 

• Remaining service life; 

• Hazard from culvert failure; 

• Construction cost efficiencies from upgrading nearby culverts at the same time. 
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Table 3-17. Schedules of undersized culverts, by town & precipitation scenario, for 

buildout. Prioritized by degree undersized. 
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Table 3-17 (continued). Schedules of undersized culverts, by town & precipitation 

scenario, for buildout. Prioritized by degree undersized. 

 
 

 

Tables 3-18a-b provide watershed-wide total peak flow for combinations of precipitation, 

landuse, and Antecedent Moisture Condition (AMC). Table 3-18a shows that the impact 

of AMC III, saturated soil, is greater than that from either population growth or climate 

change. This is important because recent extreme/record storms have occurred when soils 

were either saturated, or mimicked saturated soils by being frozen. Table 3-18b shows 

that adapting the stormwater system to accommodate peak flow resulting from the 

estimated A1fi +95% confidence limit with population growth on average soil moisture, 

also accommodates peak flow resulting from the most likely A1fi estimate on saturated 

soil and with population growth. 
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Tables 3-18a-b. (a) Impact of AMC III on peak flow, vs. buildout and climate change 

 
 

Tables 3-18a-b. (b) Best adaptation to mitigate impacts from AMC III 

 
 

 

Outreach 

Figures 3-23a-e show stakeholders’ opinions of various measures used to evaluate 

the success of the Outreach program. 

 

 

 

Figure 3-23a. results of Outreach program 
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Figure 3-23b. results of Outreach program 

 

 

 

Figure 3-23c. Response to Forum Question 6: “People participating in this project will 

be more likely to cooperate and/or collaborate across towns.” 

 

 

 

Figure 3-23d. Response to Forum Question 13: “My town is likely to implement some 

solutions or strategies that are a result of this project.” 
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Figure 3-23d. Response to Town Workshops Question 2: “As a result of this workshop, I 

anticipate that my town will likely proceed to plan and develop priority actions to 

mitigate flooding and other adverse impacts from storm water.” 

 

 

 
Figure 3-23e. Transferability of results 

 

Advisory Committee Input 

In addition to the surveys at these meetings, the team utilized the Advisory 

Committee to help assess progress towards meeting the project’s stated goals. There were 

two formal Advisory Committee meetings that focused on assessment. One was in 

October 2010 and the second was in June 2011. During the first formal meeting, the 

Advisory Committee addressed the following questions raised by the project management 

team. Questions 1, 2 and 4 received a numerical score ranging from 1 to 5 with the scale: 

Not Achieved = 1 and Well Achieved = 5. Also, positive statements as well as proposed 

changes/improvements related to each question were solicited and recorded. A general 

discussion was held around question five. 

1. Did the process raise the level of awareness, knowledge, and understanding of 

future risks by multiple stakeholders? (Advisory Committee rating: 4+) 

2. Was the engagement process effective? (Advisory Committee rating: 5-) 

3. Did the process increase the readiness of stakeholder and decision makers to make 

policy changes and/or take action? (Not rated) 

4. Has the process increased a willingness to cooperate and collaborate across intra- 

and inter-local government stakeholder groups so far? (Advisory Committee 

rating: 4) 

5. What can we do to improve the project’s likelihood of success? (Discussed) 
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Overall results from the first meeting indicated a successful first year of raising 

awareness including future risks. The engagement process was also perceived as effective 

with mention that key members from each town in the region were now involved in the 

process. They also stated that the readiness to cooperate across political boundaries had 

improved since the project was “getting people from multiple towns to sit at one table to 

discuss these issues.” The key recommendation for enhancing the project was to focus on 

more public outreach and education, and a request for more concrete information (at this 

stage the data was still being gathered and analyzed). The project management team 

responded to these requests by holding four Town Workshops in January-March of 2011 

to provide individualized data for each town, and also by publishing two more 

newsletters to help inform the public about the project. Please see Appendix 12 for 

detailed results. 

 

Communication of results of technical activities 

Dissemination and discussion of the technical analyses were part of every meeting 

after data gathering and analysis was complete. This information also was disseminated 

in three (rather than the required two) citizen-friendly newsletters, which was named the 

“Sunapee News-Stream.” Two of these were in print form, and the final was electronic. 

Three regional Forums for stakeholders were held (although only one was stated in the 

grant agreement). The first Forum served as a kick- off event and set up the three Task 

Forces. The second Forum brought stakeholders up to date on progress, set up the 

Advisory Committee, and Town Workshops (referred to in the deliverables as “Cluster 

Workshops”). The third served to deepen technical knowledge, provide financial data, 

and to coalesce previously generated ideas into a concrete action plans. Follow-up 

assistance was provided as needed. The only deliverable that was not fully attained was 

the incorporation of climate change adaptation into a master planning document. 

Unfortunately, though much groundwork was laid, there was not enough time to attain 

that deliverable within the given time span and scope of the project. However, indicators 

(see below) are consistent with this objective being attained in the near future. The 

Advisory Committee has taken up leadership for future action. The commitment and 

active involvement in the project will help insure the eventual attainment of climate 

change adaptation measures in the Lake Sunapee region. 

 

Table. 3-15. Indicators of stakeholder engagement and readiness for action, in the arenas 

of improving community infrastructure, enhancing land use regulations, and adopting 

innovative land use practices. Items in italics indicate anticipated actions, which were 

primarily outside the scope of the timeframe of this project. 
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progress, set up the Advisory Committee, and Town Workshops (referred to in the deliverables as 
“Cluster Workshops”).  The third served to deepen technical knowledge, provide financial data, and 

to coalesce previously generated ideas into a concrete action plans. Follow-up assistance was 
provided as needed. The only deliverable that was not fully attained was the incorporation of 

climate change adaptation into a master planning document. Unfortunately, though much 
groundwork was laid, there was not enough time to attain that deliverable within the given time 

span and scope of the project. However, indicators (see below) are consistent with this objective 
being attained in the near future. The Advisory Committee has taken up leadership for future action. 

The commitment and active involvement in the project will help insure the eventual attainment of 

climate change adaptation measures in the Lake Sunapee region.  

 

2.4 Indicators  

In addition to surveys and the Advisory Committee input, the team developed its own list of 
indicators to assess stakeholder engagement and readiness for action in the arenas of improving 

community infrastructure, enhancing land use regulations, and adopting innovative land use 
practices.  

 
Items in italics indicate anticipated actions, which are primarily outside the scope of the 

timeframe of this project.  
 

Indicator of 

Readiness/ 

Action Taken 

Goal: Improve 

Community Infra-

structure 

Goal: Enhance 

Land Use 

Regulations 

Goal: Adopt 

Innovative Land 

Use Practices 

Attendance at 

Stakeholder Forums  

Yes: Readiness Yes: Readiness Yes: Readiness 

Task Force 1 
Participation: 

Development and 
Zoning 

Yes: Readiness Yes: Readiness Maybe: Readiness 

Task Force 2 
Participation: 

Reducing Impact: 
Water Retention and 

Impervious Surfaces 

Yes: Readiness Maybe: Readiness Yes: Readiness 

Task Force 3 

Participation: Local 

Government and 

Infrastructure 

Yes: Readiness Yes: Readiness Maybe: Readiness  

Town Workshop 

Participation 

Yes: Readiness Yes: Readiness Yes: Readiness 

Advisory Committee 

Membership 

Yes: Readiness Yes: Readiness Yes: Readiness 
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Soliciting more 

information from 

sources: AUNE, 

consultants, state 

board, etc. 

Yes: Action Yes: Action Yes: Action 

Planning and 

conducting more 

town workshops on 

related subjects 

Yes: Action Yes: Action Yes: Action 

Planning and 

conducting cross-

town/regional 

workshops on related 

subjects 

Yes: Action Yes: Action Yes: Action 

Publicize planned 

actions 

Yes: Action Yes: Action Yes: Action 

Storm water issues 

discussed at planning 

board  

Yes: Action Yes: Action Yes: Action 

Replacing 

infrastructure 

Yes: Action Maybe: depends on 

regulations 

Maybe: depends on 

type of infrastructure 

Implementing LID  Yes: Action Maybe: could be 

concurrent 

Yes: Action 

Changing regulations Yes: Action Yes: Action Yes: Action 

 

 

3.0 Discussion  

 It seemed clear to the project team that local leaders of the four towns in the Lake Sunapee 

region are ready and willing to take action on storm water infrastructure problems in their area. As 

indicated in the surveys, the meetings were perceived as productive, and the participants felt 

actively engaged from the outset. The results of the brainstorming process regarding barriers to 

action and proposed solutions were all citizen-generated, which in turn may have contributed to the 

willingness of the Advisory Committee and others to take over the project organization and 

leadership as the towns move forward in implementing their action plans.  

 An additional important result of this deliberately inclusive process has been the increased 

potential for meaningful collaboration between towns. As was pointed out at the final Forum, towns 

and organizations working together are more likely to receive funding from grant sources; 

additionally, the possibility of sharing mutually-needed resources between towns may reduce the 

potential cost to each town.  

 

4.0 Conclusions  

 One of the most important results of this project is that citizens and towns in the Lake 

Sunapee watershed are now far more prepared to face some of the potential impacts of climate 

change (specifically, predicted increasingly severe storms) than they were before this project began. 

This region now has the opportunity to be proactive rather than reactive, thereby vastly reducing 

potential damage to life and property had this project not been undertaken. The public is far more 
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Validation 

Precipitation model 

A common method of validating downscaled climate model output is to test the 

model’s skill at reproducing results for a known historical period. For the present study, 

the historical record at the Mt. Sunapee NCDC station dates only to the early-1950s, too 

short a period to contain two sets of thirty-year records: an early set to serve as the 

predictor, and a later set to serve as the predictand. However, such a validation was 

performed for two previous studies that applied the same downscaling method (Stack et 

al., 2006; Stack et al., 2010), and results from these tests reflect the skill of the method 

for the present study. 

Figure 3-24 displays the results of using the modified delta method for two runs of 

the Climate of the 20
th

 Century scenario, for the GFDL CM2.1, to project the 24-hour 25-

year precipitation for a known historical period. The predictor time period was 1926-

1955, and the predictand time period was 1971-2000. Differences between the two 

validation runs of the downscaling method, and the same intensity/return-period event 

computed from the historical NCDC data record, were 1% and 3%. 

 

 

 
Figure 3-24. Results of validation for the modified delta downscaling method from a 

previous study by the project team (Stack et al., 2006). 

 

This validation technique was also used to test the skill of the same downscaling 

method, for a subsequent study (Stack et al., 2010). The 24-hour, 25-year event was 

computed for thirty years of historical precipitation records from two time periods, for a 

set of homologous climate stations that included the study site (Table 3-18). The 

predictor period was again 1926-1955, and the predictand period was 1971-2000. The set 

of homologous stations was selected from a population of northeast United States and 

Quebec, Canada 152 stations with records dating to 1926, using the method of L-
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moments developed by Hosking and Wallis (1997) for regional analysis. Climate model 

output for six gridpoints of the GFDL CM2.1, for a single model run, was extracted for 

the same two thirty-year periods as for the historical stations. The percentages of change 

in the 25-year event were computed for the GCM gridpoints, transferred to the 

homologous stations using the modified delta method, applied to the predictor period for 

the historical stations, and compared with the predictand period. Results are shown in 

Table 3-18, the mean error was -0.3%, although errors for individual stations spanned a 

39.4% range from -20.0% to 19.4%. The error for the study site was -19.4%. All errors 

were within the 95% confidence interval for the point process estimate of the design 

storm. 

 

 

Table 3-18. Skill at projecting design storm change for a known historical record. 

 
 

Downscaled results shown in Tables 3-19b for the present study site are lower, for all 

GCM/SRES combinations, than results shown in Table 3-19a for the Oyster River 

watershed on the coast of New Hampshire (Stack et al., 2010). Insofar as the values were 

computed for the identical historical periods, using the identical point process method for 

peaks over threshold (column three in Tables 3-19a, b), the difference may result from 

variations in microclimate between the two sites, as would be expected between a coastal 

and an inland watershed. 

 

Table 3-19a. Design storm estimates for Durham, NH (Stack et al., 2010) 

 
 

Table 3-19b. Design storm estimates for Mt. Sunapee, NH (present study) 
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Fieldwork 

For the fieldwork program, quality control was achieved by auditing, for accuracy, 

information on a judgmentally-selected sample of completed data collection forms. A 

team different than the one originally collecting data for a culvert went to the culvert site 

and re-measured culvert and surrounding site specifications. Error rates for each team 

were determined, and used for remedial action that ranged from feedback and additional 

training, to re-organizing the people on teams with excessive error rates. 

 

Runoff model 

The runoff model was validated by comparing results from the present study with 

previous research, for the sensitivity of peak flow to changes in curve number and 

precipitation. Figure 6 in Hawkins et al. (2006) was derived from a single  urbanized 110 

acre watershed in Tucson, Arizona. Black lines show sensitivity of peak flow to various 

factors. Colored lines are averages across all subcatchments of the current study, the red 

line is percentage change in curve number, the blue line is percentage change in 

precipitation. Results from the present study match very closely with those reported in 

Hawkins et al. (2006). 

 

 

 
Figure 3-25. Validation of models. Sensitivity of peak flow, Qp, to changes in Curve 

Number, Precipitation, and other factors. Results from this study compared with previous 

research. Adapted from Figure 6., Hawkins et al., 2006). 

 

 

4. Discussion: Synthesis of findings 

 

Aims and activities committed to in the funding proposal were achieved by applying 

a multi-disciplinary team to: 

• Conduct a program of fieldwork to gather detailed specifications on the one 

hundred twelve culverts within the study site. Although fieldwork received little visibility 
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in the proposal, it was significant due to its size and complexity, and for being the 

foundation for all subsequent technical activities. Over six hundred hours of volunteer 

and investigator time were incurred for this work. Investigators trained and supervised 

the three teams of two people each; planned, scheduled, and participated in fieldwork; 

designed the fieldwork form; input collected data; and audited data to assure accuracy 

and reliability. 

• Develop a novel method for building-out the study site to incorporate projected 

population growth into long-term drainage system planning. This method altered GIS 

polygon-level curve number values based on changes to impervious rates derived from 

current zoning standards, to estimate changes to runoff from anticipated mid-21
st
 century 

population levels; 

• Derive a novel method for specifying an achievable set of Low Impact 

Development methods. The method assumed that one inch of precipitation falling on 

impervious, and near-impervious, surfaces, be sequestered on-site. This was modeled by 

drafting building site construction plans, based on current zoning standards and published 

effectiveness rates for each LID technique applied; 

• Project future precipitation for 25-year, 24-hr design storm specified by current 

New Hampshire culvert design guidelines, using a point process model of peaks-over-

threshold. This activity used a range of GCMs and emissions scenarios, downscaled 

coupled-climate model data using a modified delta method, and utilized downscaled data 

applied in previous published studies by other research teams; 

• Apply standard national construction cost estimator data, and site-specific 

conditions, to estimate the cost of adapting each culvert for the various landuse and 

climate change scenarios; 

• Promote the implementation of stormwater adaptation through an Outreach 

program designed to translate knowledge generated in the technical activities into action. 

This program engage stakeholder groups to assume ownership of stormwater-related 

problem analysis, solution development, and decision-making (Wilson, 2010); 

• Provide knowledge tools to facilitate adaptation planning and implementation. 

 

The study team also committed to the research aim of examining several unresolved 

issues in the stormwater adaptation literature pertaining to uncertainty: 

• Conclude on the significance and manageability, for stormwater adaptation, of 

climate model uncertainty; 

• Identify factors influencing the rate by which the stormwater system becomes 

undersized, and factors influencing associated adaptation costs for maintaining historical 

risk levels; 

 

Synthesis of findings 
This study fills important gaps in research literature by assessing the impact of 

uncertainty, inherent in long-term climate projections, on required stormwater 
system capacity and resulting construction cost. This is necessary because, as 
recognition widens that no significant decreases in uncertainty is expected in the 
foreseeable future, and as impacts from climate change increasingly manifest, 
communities need to understand the significance of uncertainty, and the size and 
affordability of safety factors that accommodate uncertainty. By studying the 
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relationship between climate change, current and required stormwater system capacity, 

and costs, this study provides important knowledge resources and directly contributes to 

goals four and five of the U.S. Climate Change Science Program (Beller-Simms et al., 

2008): 

4. Understand the sensitivity and adaptability of…human systems to climate and 

related global changes; 

5. Explore the uses and identify the limits of evolving knowledge to manage risks and 

opportunities related to climate variability and change. 

 
Findings show that: both required capacity and construction cost can be 

determined for a given combination of climate model, emissions trajectory, and 
landuse; both required capacity and construction cost are insensitive to changes in 
precipitation intensity, and thus insensitive to uncertainty; a significant percentage 
of culverts remain adequately sized even for extremely pessimistic climate change 
impacts; on a by-town or watershed-wide basis, the incremental cost of designing 
for pessimistic climate change impacts does not result in a prohibitive impact on 
town budgets or property taxes; application of LID methods provides a significant 
reduction in adaptation costs, lowers the impact of uncertainty, and is more 
beneficial for more pessimistic climate change scenarios; and a program of 
education and outreach can significantly increase a community’s motivation to 
protect itself from more extreme climate impacts. This motivation has persisted 
past the completion of the project, and over the near- and mid-term can be expected 
to significantly reduce the community’s exposure to losses from flooding. 

The ability to quantify required capacity and related construction costs for 
specific climate change scenarios, the insensitivity of capacity and costs to 
uncertainty, and the percentage of culverts that never require upsizing, limit the 
impact of uncertainty inherent in climate change projections. By constructing 
systems to more extreme scenarios and to the upper limit of confidence intervals, a 
safety factor is incorporated to adaptation programs that buffers uncertainty. 
Moreover, the insensitivity of construction cost to increased precipitation intensity 
provides incentive to incorporate even a very large safety factor. Thus, the ability to 
manage uncertainty, combined with the affordable impact of adaptation on town 
budgets and property tax rates, support a conclusion that adaptation is viable under 

current levels of uncertainty about future climate impacts severity. 

 

Significance of uncertainty in the context of adaptation 

The ability to develop specific capacities and costs for a given scenario derive from 

the use of standard civil engineering design methods, and standard construction cost 

compilations, applied on a culvert-by-culvert, and scenario-by-scenario basis. The 

combination of the number of culverts, and the number of landuse/AMC/climate-change 

scenarios modeled, resulted in a dataset of over 34,000 records from which to establish 

the relationship between culvert capacity and cost, and precipitation and landuse. The use 

of widely-established methods, and the size of this dataset, provide capacity and cost 

estimates that have a high degree of reliability, and limit uncertainty to that which is 

inherent in long-term climate forecasts. 
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As shown in Table 4-1, peak flow, and thus culvert capacity, is more sensitive to 

changes in curve number, i.e. hydrological characteristics, than to changes in 

precipitation. Therefore a given percentage of uncertainty from hydrological factors has a 

greater impact on culvert capacity, and thus adaptation planning, than an equal 

percentage of uncertainty in precipitation forecasts. From Table 4-1a, average watershed-

wide peak flow changes by 2.1% for every 1% change in precipitation, by 3.1% for every 

1% change in CN resulting from landuse change, and by 8.6% for every 1% change in 

CN resulting from change in antecedent moisture condition. 

This study examined the effect of a high degree of uncertainty in the climate-changed 

precipitation estimate, by selecting as a precipitation scenario the A1fi +95% confidence 

limit, which is equivalent to a 1-in-750 year event under A1fi and a 1-in-2,500 year event 

under TP-40 (Table 3-3b), and is 67% greater than the A1fi most likely estimator (Table 

4-1b). Peak flow increases by 1.8% for every 1% increase in precipitation from the A1fi 

to the A1fi +95% confidence limit. Because this sensitivity is so much less than that for 

antecedent moisture condition, and given that the extreme or record events of recent 

years in central New Hampshire occurred on frozen or saturated soils, the professional 

community should be more concerned with uncertainty in designing for these events, 

than uncertainty in designing for climate change. 

 

Tables 4-1a,b. Sensitivity of peak flow to precipitation, landuse, and AMC 

 

 

The insensitivity of construction costs to increases in precipitation is seen in Table 3-

11, by comparing the percentage increase in precipitation for a given climate change 

scenario, with the percentage increase in marginal cost. For example, the GFDL A1fi 

“most likely” precipitation is projected to be 30% greater than that specified by TP-40, 

yet the resulting watershed-wide marginal cost is only 12% greater than the cost of 

constructing to the TP-40 specification.  

That not all culverts require upgrading, even under an extreme  climate change 

scenario, increases the manageability of uncertainty by making the incorporation of a 

safety factor more affordable. From Figure 3-11 it can be seen that about 65% of culverts 

remain adequately-sized under the “most likely” A1fi scenario. Even at the upper 95% 
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confidence limit for this scenario, a precipitation amount 175% greater than the recent 

historical event, 30% of culverts remain adequately sized. 

In published literature, “soft” adaptations such as general resilience and capacity 

building remain the standard prescription for potential civil infrastructure vulnerability, 

due to uncertainty in GCM output (e.g. Rosenberg, 2010). Yet “soft” adaptations are 

likely insufficient by themselves, requiring eventual supplement from “hard” adaptation 

methods (White House Climate Change Adaptation Task Force, 2010; Miller et al., 

2010), presumably when anticipated reductions in uncertainty occur. 

Implicit in the standard conclusion to delay hard adaptation are the following 

assumptions, portrayed in Figure 4-1: 

• The cost of uncertainty will significantly decline within the planning horizon; 

• The cost of damages are not yet significant enough to require “hard” adaptation, 

but will increase as climate change impacts increasingly manifest; 

• The costs of uncertainty and damages will reach equilibrium, after which it will 

make economic sense to perform “hard” adaptations; 

• We have not yet reached this equilibrium. 

 

The belief that the cost of uncertainty currently exceeds the cost of damages is 

problematic, however: 

• No significant reduction in climate change-related uncertainty is expected in the 

foreseeable future (Smith, 2008); 

• Significant damages and loss of life from overwhelmed stormwater systems are 

already occurring, resulting in a penalty from inaction. Since 2005, central New 

Hampshire has annually experienced an extreme storm with an intensity/duration at or 

above the historically 1-in-75 year return period. In the study site alone this has caused 

hundreds of thousands of dollars in damages; 

• Present systems may not be as adequate as we assume, even for current 

conditions. Both Waters et al (2003), and our studies, have found that existing 

systems are already undersized (Figure 4-2), and a consistent finding of our studies 

has been that a significant percentage of existing culverts have impaired capacity to 

convey stormwater, due to damage, sediment, or obstructions. 
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Figure 4-1. Cost curves for uncertainty and damage. 

 

 
Figure 4-2. Stormwater management systems are already vulnerable, based on recent 

climate records. 

 

Non-stationarity in long-term forecasts as a change from past and current conditions, 

and as an obstacle to adaptation 

In contrast to the stability of previous and current conditions, and the precision of 

historical design standards such as TP-40, non-stationarity resulting from increasingly 

manifesting climate change is considered an obstacle to adaptation. However, the 

assumption that past and current climates have been stationary, and design standards 

precise, is inaccurate. For example, as shown in Figure 4-3, isoplubial contours for the 

24-hour, 25-year event, as published in 1961 for TP-40 (Hershfield, 1961) generally are 

an inch greater than similar contours published twenty-five years earlier by Yarnell 

(Yarnell, 1935).  
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Figure 4-3. For the 24-hr 25-yr event, isoplubial lines from Yarnell (1935), overlaid 

with red isoplubial lines from TP-40 (Hirshfield, 1961). 

 

The assumption that TP-40 itself was accurate and precise is fallacious (Wilson, 

2008). Standard intensity-duration-frequency modeling of rainfall asserts that a minimum 

thirty year record is required to accurately estimate lower frequency events such as the 

twenty-five year storm. However, TP-40 utilized historical datasets that, on average, were 

only fifteen years. In addition, TP-40 provided only point estimates for precipitation 

levels, omitting confidence intervals and thus portraying a false degree of precision. As a 

result of concerns about TP-40, there was controversy about whether to release it for 

publication. 

Finally, the development of climate change-cognizant design specifications is 

possible under conditions of non-stationarity. This is achieved by estimating the design 

storm precipitation for a period in the future corresponding to the expiration of the 

service life for a stormwater component. For example, states in western Germany have 

developed a table of design multipliers for specific service lives (Figure 9 in Hennegriff 

et al., 2006). 

 

Proposed rules-of-thumb for stormwater adaptation in central New Hampshire 

 

Figure 3-11 shows the percentage of undersized culverts for a given increase in 

precipitation, for the specific scenarios applied in this study. This information can be 
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used to determine the pipe size required to achieve a given percentage of adequately-

sized culverts for a given storm intensity, and this can be expressed as a multiplier of the 

pipe size required for TP-40 adequacy. Table 4-2a shows the percentage of adequately-

sized culverts achieved, for a given climate-change scenario, by culverts that are arbitrary 

multiples of ones designed to TP-40. For example, 90% of culverts designed with a cross-

sectional area that is 1.5 times greater than that specified for TP-40 will be adequately 

sized for the estimated most likely storm under the mid-21
st
 century A1fi trajectory. 

Table 4-2b shows the culvert diameter to which an existing pipe must be increased, in 

order to achieve a specified multiplier. 

 

Table 4-2a, b. (a) Rule-of-thumb multiplier of cross-sectional area to achieve culverts 

adequately-sized for a given climate-changed precipitation scenario. (b) For a given 

initial pipe diameter, the required pipe diameter to achieve a given multiplier. 

 
 

 

Outreach program 
(also see Appendix 6. Report on the Outreach program)  
Surveys and discussion conducted at project-close indicated that there was strong 

agreement that collaboration within and across towns would be key to successfully 

addressing storm water issues. Most people at the Forum felt that their town was aware of 

storm water issues. They also confirmed that they were better prepared and able to 

participate in assessing potential approaches as a result of this project. Participants 

expressed that even although inter-town cooperation is not always common, people 

involved in this project were more likely to cooperate across town boundaries. 

It seemed clear to the project team that local leaders of the four towns in the Lake 

Sunapee region are ready and willing to take action on stormwater infrastructure 

problems in their area. As indicated in the surveys, the meetings were perceived as 

productive, and the participants felt actively engaged from the outset. The results of the 

brainstorming process regarding barriers to action and proposed solutions (Figure 4-3) 

were all citizen-generated, which in turn may have contributed to the willingness of the 

Advisory Committee and others to take over the project organization and leadership as 
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the towns move forward in implementing their action plans. 

An additional important result of this deliberately inclusive process has been the 

increased potential for meaningful collaboration between towns. As was pointed out at 

the final Forum, towns and organizations working together are more likely to receive  
 
Figure 4-3. Action map from the Local Government and Infrastructure working 

group, one of three established by the Advisory Forum. See Appendix 6 for completed 

action maps for all three groups. 
 

funding from grant sources; additionally, the possibility of sharing mutually-needed 

resources between towns may reduce the potential cost to each town.  
One of the most important results of this project is that citizens and towns in the Lake 

Sunapee watershed are now far more prepared to face some of the potential impacts of 

climate change (specifically, predicted increasingly-severe storms) than they were before 

this project began. This region now has the opportunity to be proactive rather than 

reactive, thereby vastly reducing potential damage to life and property had this project 

not been undertaken. The public is far more knowledgeable and informed about such 

subjects as watershed infrastructure, the effects of build- out on the landscape, and other 

related subjects than they were two years ago, and thus will be able to make informed and 

well-thought-out decisions in regards to their towns’ futures. 

This project was able to raise the capacity of these communities to address climate 

change adaptation at the local level, and their commitment to continue this work after the 

close of this project. Specifically, they are committed to moving ahead on 

implementation of priorities developed during this project under the dual leadership of 
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impact development (LID) and storm water management, and information about the upcoming final 

Spring Forum.  

 

 

1.9 Town Workshops (January-March 2011) 

 Town Workshops were held in each of the four towns that abut Lake Sunapee  (New 

London, Sunapee, Newbury, and Springfield).  These workshops provided results of environmental 

data gathered by researchers as well as the solution approaches proposed by the citizen Task Forces.  

Utilizing this information, the towns discussed possible actions and outlined specific next steps that 

were appropriate to the needs of each town. Conversation focused on both intra-town ideas 

(internal) and inter-town (region-wide) proposals for action. Participant feedback forms were 

provided at the end of each meeting.  The diagram below illustrates the outputs from one of the 

three Task Forces (Local Government and Infrastructure).  Outputs from all Task Forces are 

included in the Appendices.   

 

1.10 Final Community Forum: Vision to Action (June 2011) 

 A final community Spring Forum was held to bring the two-year project to a close.  The 

objectives of this Forum were to: 1) provide and clarify the technical data and findings as a result of 

research conducted during the project ( including types of future risks with current storm water 
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the regional planning commission (UVLSRPC) and the Lake Sunapee Protective 

Association. 

 
Needs identified by this study 

By performing a local scale study of adaptation, this project identified important 

policy issues that need to be resolved in order for stormwater adaptation to be widely 

implemented. Over the course of this and previous studies, a consistent and significant 

limitation expressed by civil engineers has been their inability to design for climate 

change as a result of liability issues stemming from the lack of climate-cognizant design 

specifications that have been given the imprimatur of state and federal governments. 

The civil engineering community should determine how large a safety factor is 

required for professionals to be comfortable designing climate change-cognizant systems, 

as well as the requirements for returning to a safety-factor-based design, which has 

generally been supplanted by a risk-based approach (Webb and White, 2010). A very 

large safety factor was tested in this study by selecting, for the upper-bound of 

precipitation estimates used in modeling, the +95% confidence limit for the A1fi 

scenario. This event is equivalent to a 1-in-2,500 year event under TP-40, and a 1-in-750 

year event under the A1fi scenario. 

The role and extent of safety factors is one of several decisions to inform a single set 
of climate change-cognizant isoplubial curves, akin to TP-40, that must be developed 
as de facto design standards. This set must be formally adopted by federal and state 
agencies, in order to meet the liability concerns that limit action in the engineering 
profession. Although multiple climate models and sets of ensemble model output 
should be maintained for research purposes, a single set of precipitation design 
storms should be designated as the approved standard, serving a similar role as TP-
40, Atlas 14, and similar publications have performed in the past. The 
standardization of a set of precipitation specifications makes climate change-
cognizant design feasible on a wide-spread basis, in contrast to the significant 
expertise and financial resources that currently must be mobilized to downscale 
precipitation estimates on a study-by-study basis. 

The Outreach program applied in this project was crucial for instilling 
awareness in the community of the current need to adapt, and of the robustness of 
the estimates provided for required culvert capacities. Our proposed aim of 
achieving the commencement of a program of adaptation, encountered significant 
unanticipated obstacles resulting from the lack of attention to long-term 
stormwater management within the study site, the lack of understanding of how 
even recent extreme and record storms tangibly impact specific culverts and 
subcatchments, and the lack of coordination among the four towns with stormwater 
systems within the study site. The Outreach program identified these obstacles 
during the initial stakeholder survey and meetings, developed and implemented a 
successful program to reduce the community’s lack of awareness and inertia, and as 
a result has placed the community in an excellent position to plan and implement an 
adaptation program. 

Subsequent to the completion of this study, the Lake Sunapee Protective 
Association… 
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Conclusion 
Foundational premises of this project were that: information and methods are 

available today to support adequately-reliable infrastructure adaptation; the resolution of 

certain key issues in infrastructure adaptation will be attained most efficiently through 

learning-by-doing; and these issues can be studied concurrently with providing actionable 

adaptation guidance to communities. 

Findings of this study have broad application nationally and internationally, as communities 

transition civil infrastructures to accommodate already-occurring and projected change, in 

order to maintain historically accepted risk-levels. Together, these findings posit a solution to 

arguably today’s most significant challenge in civil infrastructure adaptation: translating the 

extensive corpus of adaptation policy theory and regional-scale impacts analyses into local-

scale action. Though focusing on stormwater management systems, the principles and methods 

developed provide a template for other local, regional, and  national infrastructure systems. The 

conviction that knowledge and methods available today are sufficiently reliable to support 

local-scale action, places this project at the fore of adaptation work world-wide. These findings 

significantly improve national and international capacities to respond to climate variability and 

change. 
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The best way to predict 

the future is….

to invent it.

 
 


