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Coastal flooding is already occurring in New Hampshire and is 

expected to increase in frequency and severity in the future. The 

State of New Hampshire Science and Technical Advisory Panel 

(STAP) report, initially developed for the New Hampshire Coastal 

Risk and Hazards Commission (CRHC) and released in 2014 

(Kirshen et al., 2014), has provided guidance to state agencies 

and coastal municipalities for incorporating coastal flood risk 

projections into planning and other decisions. Following the 

release of the 2014 STAP report, the CRHC recommended 

that the State Legislature enact legislation authorizing a 

state agency to update the STAP report and provide planning 

guidance at least every five years. In 2016, the State Legislature 

enacted SB 374 (RSA 483-B:22), requiring the New Hampshire 

Department of Environmental Services (NHDES) to “convene 

representatives of the Department of Transportation, the 

Division of Homeland Security and Emergency Management, 

the [then] Office of Energy and Planning, and other agencies as 

[it] deems appropriate, at least every five years, commencing 

July 1, 2019 to supervise an updating of storm surge, sea-level 

rise, precipitation, and other relevant projections recommended 

in the [CRHC] 2014 [STAP] report.”

This document, entitled New Hampshire Coastal Flood Risk 

Summary – Part 1: Science, was developed by a group of scientific 

advisors from the University of New Hampshire, supported and 

convened by the NHDES Coastal Program. The Science Advisors 

convened from November 2018 to June 2019 and met regularly 

during this period. The scope and content of this document 

was informed by members of the broader 2019 STAP, which was 

comprised of representatives from key state agencies, regional 

planning commissions, coastal municipalities, the University of 

New Hampshire, and other regional adaptation practitioners 

(see Contributors listed at the beginning of this document). This 

document was reviewed by STAP members, as well as an external 

panel of regional experts, and has been revised to reflect the 

input received. This document was accepted by the 2019 STAP 

Steering Committee on June 28, 2019. 

PURPOSE AND INTENDED USE

The New Hampshire Coastal Flood Risk Summary – Part 1: Science  

provides a synthesis of the state of the science relevant to 

coastal flood risks in New Hampshire. Specifically, this document 

provides updated projections of sea-level rise, coastal storms, 

groundwater rise, precipitation, and freshwater flooding for 

coastal New Hampshire. This information is intended to serve 

as the scientific foundation for the companion New Hampshire 

Coastal Flood Risk Summary - Part II: Guidance for Using Scientific 

Projections and is intended to inform coastal land use planning 

and decision-making.
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CHANG ES SI N CE 2014 SCI E N CE AN D TECH N I C AL 
ADV ISO RY PAN E L (STAP) R E PO R T

This document summarizes recent scientific advances in our 

understanding of the various coastal flood risks that threaten the 

New Hampshire coast. Significant changes from the 2014 STAP 

report are summarized below.

■■ Relative sea-level rise (RSLR) projections for coastal New 

Hampshire are derived using a probabilistic approach 

and are presented out to 2150 for various greenhouse gas 

concentration scenarios (i.e., Representative Concentration 

Pathways) (see Section 4.5).

■■ The 2050 RSLR projections for coastal New Hampshire under 

the stabilized greenhouse gas concentration scenario (RCP 

4.5) are consistent with the 2017 National Climate Assessment 

(Sweet et al. 2017a, 2017b) and the 2014 STAP report (Kirshen 

et al., 2014) (Table 4.4). The 2100 RSLR projections are lower 

under a stabilized greenhouse gas concentration scenario 

(RCP 4.5) and very similar under the growing greenhouse gas 

concentration scenario (RCP 8.5) when compared to the 2017 

National Climate Assessment and 2014 STAP report (Table 4.4).

■■ The contribution of Antarctic ice mass loss to RSLR becomes 

more important after 2050. Future assessments will need 

to take note of the changes in the rate of mass loss from 

Antarctica and the emerging science regarding Antarctic ice 

sheet instability.

■■ Under high RSLR scenarios, the flood and ebb tidal current 

magnitudes in the Great Bay Estuary could increase by 25% and in 

the Hampton-Seabrook estuary could increase by more than 85%.

■■ Advancements in estimating storm surge along the New 

Hampshire coast have been realized since the 2014 STAP 

report. In particular, statistical analysis of storm surge has been 

conducted using ensembles of synthetic tropical and actual 

extra-tropical storms modeled over the North Atlantic (USACE, 

2015). Annual exceedance probabilities can be computed from 

locations offshore and used to estimate the expected return-

period surge height time series, a statistical representation 

of the likelihood that a surge of a given magnitude will occur 

in a certain period of time. These results can then be used 

to initialize other high resolution numerical wave, wind, and 

surge models with and without the presence of RSLR to better 

determine overall increases in water level for a particular 

event, the inundation and changes to current velocities that 

might occur, and the possible effects from climate change to a 

particular coastal or inland area. 

■■ RSLR-induced groundwater rise is included for the first time in 

this update.

■■ Results from analysis of 29 new stat ist ical ly  downscaled 

Global  Cl imate Model  (GCM) simulations (based on 2017 

National Climate Assessment Climate Science Special Report) 

for projections of future changes in precipitation are included.

■■ Potential changes in freshwater flooding are included for the 

first time in this update.
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K E Y  F I N D I N G S

■■ GWR 3. The magnitude and extent of RSLR-induced 

groundwater rise is influenced by the coastal geometry, 

geology, and the proximity of freshwater discharge areas such 

as streams and freshwater wetlands.

■■ PPT 1. The magnitude of daily extreme precipitation events has 

increased by 15 - 38% in New Hampshire’s coastal watershed 

since the 1950s. 

■■ PPT 2. The frequency of extreme precipitation events is 

projected to increase over the course of the next several 

decades, especially in the springtime. This increase will likely 

result in an increased risk of flooding.

■■ PPT 3. The magnitude of future flooding will depend in part 

on how much the effective impervious surface changes in the 

coastal watershed due to development both inland and along 

the coast.

■■ FWF 1. Freshwater flooding in coastal New Hampshire has 

increased in magnitude and frequency.

■■ FWF 2. Freshwater flooding is expected to increase in the 

future.

Key findings related to projections of relative sea-level rise (RSLR), 

coastal storms (CS), groundwater rise (GWR), precipitation (PPT), 

and freshwater flooding (FWF) are summarized below. Additional 

detail and supporting information for each key finding is provided 

in Sections 4-8.

■■ SLR 1. Relative sea level (RSL) in New Hampshire is rising. 

■■ SLR 2. The rate of ice mass loss from the Greenland and 

Antarctic ice sheets is accelerating, and land ice is now the 

primary contributor to sea-level rise.

■■ SLR 3. Relative sea level in coastal New Hampshire is projected 

to rise for centuries.

■■ CS 1. Inland and coastal impacts from storm surge in coastal 

New Hampshire will increase with RSLR.

■■ CS 2. Future storm surge increases as extreme storm intensity 

increases.

■■ CS 3. Current 100-year return period storm surge estimates 

vary.

■■ GWR 1. Coastal groundwater levels will rise with RSLR.

■■ GWR 2. Mean groundwater levels are projected to rise as a 

percentage of RSLR with the magnitude of groundwater rise 

decreasing with distance from the coast.

3
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R E L AT I V E  S E A- L E V E L  R I S E  A N D 
H I G H  T I D E  F LO O D I N G

4.1 KEY FINDINGS

SLR 1. Relative sea-level (RSL) in New Hampshire is rising. 

■■ Based on tide-gauge data from Seavey Island and Portland, Maine, RSL in coastal New 

Hampshire/southern Maine has risen approximately 7.5 – 8.0 inches1  from 1912 - 2018 

(Figure 4.4). New Hampshire’s coastal property, public infrastructure, human health, 

public safety, economy, and natural resources are already experiencing the impacts 

of rising seas, including more extensive coastal flooding during nor’easters and high 

astronomical tides.

SLR 2. The rate of ice mass loss from the Greenland and Antarctic ice sheets is 

accelerating, and land ice is now the primary contributor to sea-level rise.

■■ The rate of ice mass loss from the Greenland and Antarctic ice sheets is increasing 

(Table 4.1; Figure 4.3, Box 4.2). The amount of sea-level rise that will occur after 2050 

critically depends on complex dynamics driving ice loss from the Antarctic ice sheet. 

SLR 3. Relative sea level in coastal New Hampshire is projected to rise for centuries.

■■ SLR 3.1.  Prior to 2050, there are only minor differences (<0.2 feet) among different 

probabilistic relative sea-level rise (RSLR) projections due to differences in estimated 

mass loss from the Antarctic ice sheet and estimated global greenhouse gas 

concentrations (i.e., Representative Concentration Pathways (RCPs)) (Figure 4.6). The 

RCPs are described in Section 4.5. According to the Kopp et al. (2014) relative sea-level 

rise (RSLR) projections, coastal New Hampshire is likely to experience RSLR of 0.5 - 

1.3 feet between 2000-2050 if global greenhouse gas concentrations stabilize (RCP 

4.5; Table 4.2). There is a 1-in-100 chance that RSLR will exceed 2.0 feet by 2050 and 

a 1-in-1000 chance that RSLR will exceed 2.9 feet by 2050 if global greenhouse gas 

concentrations stabilize (RCP 4.5).

1  Most measurements of sea-level rise in the scientific literature are provided in metric units (e.g., meters [m], millimeters [mm]). For the purpose of this report, most of the metric units have been 
translated into United States customary units (e.g., feet, inches). The one measure where the metric units have been retained in this report is for the annual rate of sea level rise, which is commonly 
reported in millimeters per year (mm/yr).

4
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(Table 4.4). The 2100 RSLR projections are lower under a stabilized 

greenhouse gas concentration scenario (RCP 4.5) and very similar 

under the growing greenhouse gas concentration scenario (RCP 

8.5) when compared to the 2017 National Climate Assessment 

and 2014 STAP report (Table 4.4).

■■ The contribution of Antarctic ice mass loss to RSLR becomes 

more important after 2050. Future assessments will need 

to take note of the changes in the rate of mass loss from 

Antarctica and the emerging science regarding Antarctic ice 

sheet instability.

■■ Under high RSLR scenarios, the flood and ebb tidal current 

magnitudes in the Great Bay Estuary could increase by 25% 

and in the Hampton-Seabrook Estuary could increase by more 

than 85%. 

4.3 UNDERSTANDING SEA-LEVEL RISE

Changes in sea level occur over a broad range of spatial and 

temporal scales and these changes are driven by a variety of 

processes. A brief review was provided in the 2014 STAP report 

(Kirshen et al., 2014) and a discussion of the geographic variability 

of sea-level change is provided by Church et al. (2013) and Kopp 

et al. (2015). Additional detailed reviews of the processes that 

drive sea level and the resulting changes in sea level are provided 

by Milne et al. (2009), Church et al. (2013), Hall et al. (2016), Sweet 

et al. (2017), and Horton et al. (2018).

The rise in global mean sea level (GMSL; definition provided in 

Box 4.1) over the 20th Century was primarily due to the expansion 

of ocean water as it warms (thermal expansion), as well as the 

melting of mountain glaciers and resulting transfer of water to the 

ocean (Church et al., 2011). Changes in groundwater depletion 

and reservoir impoundment have also influenced GMSL (Gregory 

et al., 2013).

■■ SLR 3.2.  After 2050, the Kopp et al. (2014) RSLR projections 

become increasingly dependent on global greenhouse gas 

concentrations and there is a much larger range in RSLR 

projections through 2150 (Table 4.2). For example, coastal New 

Hampshire is likely to experience RSLR of 1.0 - 2.9 feet by 2100 

if greenhouse gas concentrations stabilize after 2050 (RCP 4.5); 

however, if greenhouse gas concentrations continue to grow 

throughout the 21st century (RCP 8.5), coastal New Hampshire 

is likely to experience RSLR of 1.5 - 3.8 feet by 2100. There is 

a 1-in-100 chance that RSLR will exceed 5.3 feet by 2100 if 

greenhouse gas concentrations stabilize (RCP 4.5), or 6.5 feet 

by 2100 if greenhouse gas concentrations continue to grow 

(RCP 8.5). There is a 1-in-1000 chance that RSLR will exceed 8.7 

feet by 2100 if greenhouse gas concentrations stabilize (RCP 

4.5), or 10.0 feet by 2100 if greenhouse gas concentrations 

continue to grow (RCP 8.5). Emerging research on the potential 

instability of the Antarctic ice sheet under growing greenhouse 

gas concentration scenarios highlights the potential for even 

more rapid RSLR after 2050 (Table 4.3).

■■ SLR 3.3. Sea levels will continue to rise for centuries. The rate 

of this continued rise will depend fundamentally on the rate of 

Antarctic ice sheet collapse.

4.2 CHANGES FROM 2014 STAP REPORT

■■ Future RSLR projections for coastal New Hampshire are derived 

using a probabilistic approach and are presented out to 2150 

for four different greenhouse gas concentration scenarios 

(Section 4.5).

■■ The 2050 RSLR projections for coastal New Hampshire under the 

stabilized greenhouse gas concentration scenario (RCP 4.5) are 

consistent with the 2017 National Climate Assessment (Sweet 

et al. 2017a, b) and the 2014 STAP report (Kirshen et al., 2014) 

4
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sea-level rise occurred between 17,000 and 8,000 years ago, 

driven primarily by the disintegration and melting of large 

ice sheets. Over this 9,000-year period, GMSL rose on average 

approximately 12 mm/year; however, tropical sea-level rise 

reconstructions suggest that sea levels rose 25 - 43 mm/year due 

to rapid mass loss from large ice sheets during Meltwater Pulse 

1A that occurred over a 340-year period from 14,650 to 14,310 

years ago (Deschamps et al., 2012; Liu et al., 2016).

The rate of sea-level rise was reduced considerably around 

8,000 years ago, associated with the end of the final phase 

of deglaciation in North America (Lambeck et al., 2014). Recent 

analysis of global sea level reconstructions over the past 3,000 

years suggest that prior to the industrial revolution, sea level 

varied within a window of -2 to +6 inches, but with large RSL 

changes at particular locations (Kopp et al., 2016a; Kemp et al., 

2018). The amount of sea-level rise since 1900 has historically 

been estimated based on a limited number of tide gauge records 

which provide a measure of the combined effects of GMSL 

rise (GMSLR) and RSL rise (RSLR). A variety of approaches have 

been used to estimate 20th century GMSL rise based on the 

Changes in relative sea level (RSL; definition provided in Box 4.1) 

can vary substantially from GMSL (Milne et al., 2009; Stammer 

et al., 2013; Kopp et al., 2015). Understanding local variability 

is critical for generating regional sea-level rise projections for 

effective coastal risk management (Horton et al., 2018). The 

spatial variability of RSL is driven by several different processes 

including: (1) vertical land movement associated with glacial 

isostatic adjustment (Peltier, 1998), tectonic activity, groundwater 

or fossil fuel withdrawal, and sediment compaction (Miller et al., 

2013); (2) dynamical changes associated with change in ocean 

circulation and winds, and the distribution of heat and salt in 

the ocean (Yin, 2012, Bouttes et al., 2014); and (3) gravitational, 

rotational, and deformational (GRD) effects (i.e., perturbations 

in the Earth’s gravitational field and crustal height) driven by the 

redistribution of mass between the cryosphere and the ocean 

(Mitrovica et al., 2009, 2011; Kopp et al., 2010; Horton et al., 2018).

4.4 HISTORICAL SEA-LEVEL RISE

Over the past 18,000 years, sea levels rose 400 – 450 feet (Lambeck 

et al., 2014; Peltier et al., 2015; Bradley et al., 2016). Most of this 

BOX 4.1: GLOBAL MEAN SEA LEVEL (GMSL) VERSUS RELATIVE SEA LEVEL (RSL) (AFTER HORTON ET AL., 2018)

Global mean sea level (GMSL): The areal mean of sea-surface height (as measured from satellites) or relative sea level (as 

measured with tide gauges) over the global ocean. Over the 20th century, GMSL was dominated by increases in ocean mass 

resulting from melting of land-based glaciers combined with thermal expansion of warming ocean water.

Relative sea level (RSL): The difference in elevation between the land and the sea surface at particular locations. RSL differs 

from GMSL due to processes operating on more regional scales, including vertical land motion, atmosphere/ocean dynamics, 

and changes in the height of the geoid (the gravitationally determined surface of the ocean in the absence of tides and ocean 

currents).

Additional concepts and terminology for sea level provided by Gregory et al. (2019)
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tide gauge record with results ranging from 1.1-1.8 mm/yr over 

the 20th century (Horton et al., 2018; Figure 4.1). Since 1993, 

satellite altimeters have been used to map absolute sea level in 

the tropics and mid-latitudes, allowing for changes in sea surface 

to be estimated for most of the world’s oceans. Calculating area-

weighted averages in global sea surface heights derived from the 

satellite altimetry record indicates average GMSLR of 2.6 - 3.2 mm/

yr since 1993 (Figure 4.1). 

More recent analyses of the 25-year (1993 – 2018) satellite 

altimetry records conclude that GMSL has risen at a mean rate of 

3.0 ± 0.4 mm/yr (Figure 4.2a; Nerem et al., 2018) or 3.1 ± 0.3 mm/

yr (Figure 4.2b; Cazenave et al., 2018) since 1993. From a statistical 

Figure 4.1. Rates of sea-level rise (dots) with one standard deviation (horizontal lines), over 
the twentieth century (green dots) and over the satellite altimetry era (blue dots) derived 
from tide-gauge and satellite altimetry observations. The period of time represented by each 
reconstruction are: (a) 1993–2014; (b) 1993–2014; (c) 1993–2010 (125); (d) 1993–2009; 
(e) 1901–1990, 1993–2012; (f) 1901–1990; (g) 1901–1990, 1993–2010; (h) 1900–1999, 
1993–2009; (i) 1900–2009; (j) 1901–1990, 1993–2009; (k) 1992–2010; (l) 1993–2010; (m) 
1904–2003; (n) 1880–1990. Figure from Horton et al. (2018).

Figure 4.2a. Global mean sea level (GMSL) from the adjusted processing of TOPEX satellite 
measurements and after removing impacts of the eruption of Mount Pinatubo (red) the 
influence of ENSO (green). The black curve is the quadratic function fitted to the data. Figure 
from Nerem et al. (2018).

Figure 4.2b. Global mean sea level (GMSL) from satellite altimetry data from European Space 
Agency (January 1993 to December 2015) and AVISO (Jan 2016 to June 2018). A quadratic 
function fitted to the data is shown by the black line. Figure from Cazenave et al. (2018).
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level record should be at least 40 years long in order to interpret 

a reasonable sea level change trend due to long-period ocean 

water level variations caused by Atlantic Multidecadal Oscillations 

and Pacific Decadal Oscillations, among other factors (USACE, 

2009a). Note that Kopp (2013) presents rates of RSL rise in the 

mid-Atlantic region (which includes records from Seavey Island) 

in the 1930s that are similar to rates over the past 20 years.

Contributions to Sea-Level Rise

Recent analyses of satellite altimetry data and satellite derived 

gravity measurements have provided improved estimates of the 

contributions to recent GMSLR attributed to thermal expansion 

of ocean water and the melting of glaciers and ice caps (GIC), the 

Greenland ice sheet (GIS) and the Antarctic ice sheet (AIS), as well 

as how these contributions have changed over time (Cazenave et 

al., 2018; Table 4.1). From 1993-2015, the melting of land-based 

ice (from GIC, GIS, AIS) contributed approximately 45% to total 

GMSL (1.38 mm/yr), slightly larger than the contribution from 

thermal expansion (1.30 mm/yr). However, the contribution of 

analysis of satellite altimetry data, Chen et al. (2017) concluded 

that the rate of GMSLR increased to 3.3 mm/yr by 2014. Analyses 

by both Nerem et al. (2018) and Cazanave et al. (2018) suggest that 

the rate of sea-level rise over the past 25 years has accelerated.

Though sea-level rise rates derived from satellite altimetry may 

appear to indicate a significant change from the longer 20th 

century trend, comparison of that record to the entire 20th 

century record demonstrates that is not necessarily the case. 

Rates of global sea-level rise similar to those derived from the 

satellite altimetry record occurred during the middle of the 20th 

century (Hay et al., 2015). Rhein et al. (2013) stated that while it 

is “technically correct that these multidecadal changes represent 

acceleration/deceleration of sea level, they should not be 

interpreted as change in the longer-term rate of sea-level rise, as a 

time-series longer than the variability is required to detect those 

trends” (See Figure 3.14 in Rhein et al., 2013). For a similar reason, 

the U.S. Army Corps of Engineers and the National Oceanic and 

Atmospheric Administration (NOAA) have concluded that a sea 

Table 4.1. Contributions to global mean sea-level (GMSL) from 1993-2015. Source: Adapted from Cazenave et al. (2018). 

SLR COMPONENT
1993-2015

mm/yr
1993-2015

Percent
2005-2015

mm/yr
2005-2015

Percent

Thermal expansion 1.30 43% 1.30 37%

Glaciers 0.65 21% 0.74 21%

Greenland 0.48 16% 0.76 22%

Antarctica 0.25 8% 0.42 12%

Residual 0.37 12% 0.28 8%

TOTAL 3.05 100% 3.50 100%
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melting land-based ice from 2005-2015 accounts for 55% of the 

total GMSL, compared to 37% from thermal expansion. Analysis 

of satellite and in situ water column measurements also conclude 

that about two-thirds of GMSL since 2005 is the result of a shift 

in mass from land-based ice into the ocean, while about one-

third is due to thermal expansion (Lueliette and Nerem, 2016; 

Figure 4.3). Recent analysis from Zemp et al. (2019) suggest that 

the sea-level rise contributions from glaciers and ice caps (not 

including Greenland and Antarctica) could be larger than what 

is reported in Table 4.1. Rignot et al. (2019) suggest that sea-level 

rise contributions from Antarctica could also be larger than what 

is reported in Table 4.1. 

Polar Ice Sheets

There have been considerable advances in the understanding of 

the land-ice contribution to sea-level rise since the publication 

of the Intergovernmental Panel on Climate Change (IPCC) Fifth 

Assessment Report chapter on sea-level change (Church et al., 

2013). Key findings and references are provided in several recent 

papers and reviews (e.g., Joughin et al., 2014; Velicogna et al. 

2014; Khan et al., 2015; DeConto and Pollard, 2016; Forsberg 

et al., 2016; AMAP, 2017; Bamber et al., 2018, 2019; Moon et al., 

2018; Rignot et al., 2019) and in a National Academy of Sciences-

sponsored lecture on sea-level rise (Rignot, 2019). This research 

has documented the acceleration of ice mass loss from both the 

Greenland and Antarctic ice sheets over the past two decades 

(Box 4.2). This mass loss is closely related to relatively warm, salty 

water at depths of 400 – 700 m that is melting the bottom of large 

ice shelves. Especially in Antarctica, several of the large outlet 

glaciers rest on bedrock that is below sea level and bedrock that 

slopes downward inland, on what is called a reverse slope. When 

a glacier that rests on a reverse slope begins to retreat, it becomes 

inherently unstable and retreat can occur rapidly. The recognition 

Figure 4.3. Contributions to GMSL from changes in ocean mass (measured by satellites) and 
changes in ocean volume (or steric changes, primarily form thermal expansion measured by in situ 
water column measurements) and comparison to GMSLR. Figure from Leuliette and Nerem (2016).

of marine ice sheet instability (MISI) was first identified by Hughes 

(1973) and Thomas et al. (1979). Several studies suggest that MISI is 

already happening in the Pine Island, Thwaites, Smith, and Kohler 

glaciers in West Antarctica (Favier et al., 2014, Joughin et al., 2014, 

Rignot et al., 2014). 

Ocean Dynamics

Relative sea level (RSL) change can also be caused by changes in 

ocean-atmosphere dynamics over a wide range of spatial scales 

on annual to multi-decadal scales (Kopp, 2013; Horton et al., 

2018). Ezer et al. (2013) and Yin and Goddard (2013) have noted 

that different RSL rise trends north and south of North Carolina 

are caused by variability in the Gulf Stream. A reduction in the 

strength of Atlantic Meridional Overturning Circulation (AMOC) 

– a trend documented in three recent studies (Rahmstorf et al., 
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2015, Caesar et al., 2018; Thornalley et al., 2018) – could cause 

dynamical rise in sea level of 5-8 inches on the northeast coast 

of the United States (Yin 2012; Yin et al., 2009). However, recent 

dynamically driven changes in RSL along the US east coast appear 

to be related to the combined cumulative effects of the North 

Atlantic Oscillation and the El Nino/Southern Oscillation (Little et 

al., 2017; Valle-Levinson et al., 2017).

Historical Sea-Level Rise in Coastal New Hampshire

On a regional level, RSL has been rising on the New Hampshire 

coast for the past 10,000 years (Kelley et al., 1995; Ward and 

Adams, 2001). Direct measurements of RSLR have only been 

recorded at the Seavey Island tide gauge located close to the 

mouth of Piscataqua River since 1926. Based on this record over 

the period 1926 - 2001, RSL has risen 1.76 ± 0.30 mm/yr (Figure 

4.4a). This rate of sea-level rise is greater than GMSLR over the 

twentieth century recently estimated by Hay et al. (2015) (1.2 ± 0.2 

mm/yr) and Dangendorf et al. (2017) (1.1 ± 0.3 mm/yr). Piecuch 

et al. (2018) estimate a median glacial isostatic adjustment of 0.4 

BOX 4.2:  ICE SHEETS AND SEA-LEVEL RISE: UNDERSTANDING THE NUMBERS

•  Antarctica contains an ice volume that translates to a sea level equivalent (SLE) of 188 feet (57.2 m).  Source: Rignot et al., 2019.

•  Greenland contains an ice volume that translates into sea level equivalent (SLE) of 24 feet (7.4 m). Source: Morlighem et al., 2017.

•  From 2011 – 2014 mass loss from the Greenland ice sheet averaged 269 ± 51 billion tonnes / year. This rate of melting is double 

the estimated mass loss from the 1992 – 2011 average. Source: McMillan et al., 2016.

•  From 2009 – 2017, mass loss from the Antarctic ice sheet averaged 252 ± 26 billion tonnes / year. This rate of melting is five times 

greater than the estimated mass loss from the 1989 – 2000 average. Source: Rignot et al., 2019.

•  Melting 360 GT of land based ice raises sea level 1 mm. Source:  Moon et al., 2018.

mm/yr at Seavey Island over the period 1900 - 2017. The rate of 

sea-level rise from the Portland Maine tide gauge from 1912 to 

2018 (Figure 4.4b) is very similar to Seavey Island (1.88 ± 0.14 

mm/yr.), suggesting similar local processes are responsible for 

RSL operating in the coastal regions of southern Maine and New 

Hampshire over the 20th century. In contrast, the Boston tide 

gauge record from 1920 to 2018 (Figure 4.4c) shows a higher rate 

of sea-level rise of 2.83 ± 0.15 mm/yr. This higher rate is most likely 

due to glacial isostatic adjustment (Kirshen et al., 2008; BRAG, 

2016; Piecuch et al., 2018). A longer record of sea level in Boston 

Harbor extending back to 1825 is provided by Talke et al. (2018).

4.5 RELATIVE SEA-LEVEL RISE PROJECTIONS

Projection Methods

The method used to project RSLR for coastal New Hampshire in the 

2014 STAP report (Kirshen et al., 2014) relied upon the approach 

used by the Third National Climate Assessment (Paris et al., 2012). 

That approach provided global sea-level rise scenarios that span 
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a range of possible futures (0.6 to 6.6 feet by 2100) that reflect 

published estimates combined with uncertainties associated 

with the melting of the Greenland and Antarctic ice sheets. This 

projection approach was not designed to provide probabilistic 

projections of future sea-level rise, nor were the sea-level rise 

scenarios tied to greenhouse gas concentration scenarios.

Since publication of the Third National Climate Assessment, 

scientific projections of global sea-level rise have evolved (Horton 

et al., 2018), including the development of scenario-based 

probabilistic sea-level rise projections (e.g., Kopp et al., 2014) that 

provide decision makers with site specific information. Scenario-

based probabilistic approaches explore the different processes 

that drive RSLR at specific locations, resulting in a probability 

distribution of RSLR based on a bottom-up accounting of different 

components for different climate change scenarios (Horton et 

al., 2018). For example, Kopp et al. (2014) include estimates of 

probability distribution functions for: the mass balance of the 

Greenland ice sheet, Antarctic ice sheet, and smaller glaciers 

and ice caps; different patterns of global sea-level rise caused by 

land ice mass loss; oceanographic processes (thermal expansion 

and large-scale dynamic effects), land water storage (including 

changes in fresh water stored in reservoirs and ground water 

depletion); and glacial isostatic adjustment and tectonics. These 

probability distribution functions are developed for each of the 

Representative Concentration Pathway (RCP) scenarios. The Kopp 

et al. (2014) scenario-based probabilistic framework was used for 

the Fourth National Climate Assessment (Sweet et al., 2017) and 

has also been used in several recent state and local sea-level rise 

assessments around the country, including New York City (Horton 

et al., 2015), North Olympic Peninsula, Washington (Petersen et 

al., 2015), City of Boston, Massachusetts (BRAG, 2016), State of 

New Jersey (Kopp et al., 2016b), State of California (Griggs et al., 

(c)

Figure 4.4. Tide gauge records from (a) Seavey Island, ME; (b) Portland, ME; (c) and Boston, 
MA. Source: NOAA (2019). 

(a)

(b)
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probabilities commonly used by decision makers, such as flood 

risk analysis around storm return periods (e.g., 1% annual chance 

event).” A detailed comparison of Bayesian and frequentists 

statistical approaches is provided in Samaniego (2010).

To establish science-based RLSR projections for coastal New 

Hampshire, we use the scenario-based probabilistic projections 

originally described in Kopp et al. (2014) (here referred to as K14; 

2017), State of Delaware (Callahan et al., 2017), State of Maryland 

(Boesch et al. 2018), State of Oregon (Dalton et al. 2017), and State 

of Washington (Miller et al., 2018). There are, however, limitations 

in using scenario-based probabilistic sea-level rise projections 

(see Box 4.3). For example, Behar et al., (2017) note that “. . . 

users of Bayesian probabilistic projections must understand 

how estimated Bayesian probabilities differ from the frequentist 

BOX 4.3: DESCRIPTION OF BAYESIAN AND FREQUENTIST PROBABILITIES

Probabilistic projections of sea-level rise included in this document, based on Kopp et al., 2014, represent best available science. 

However, it is important to understand how these projections are developed and recognize that they serve as a guide for decision 

makers to understand current knowledge rather than as precise predictions of future conditions. As with all climate change 

projections, methodologies will continue to evolve over time as scientific knowledge and modeling capabilities improve.

Bayesian Probabilities:  Scientific statements about the probability or likelihood of different future pathways, such as those 

made by probabilistic sea-level rise projections or by the Intergovernmental Panel on Climate Change, are examples of Bayesian 

probabilities. Bayesian probabilities are based upon a synthesis of multiple lines of evidence and represent an assessment of the 

strength of the observational, modeling, and theoretical evidence supporting different future outcomes. Probabilistic projections 

differ from frequentist probabilities, as described below.

Frequentist Probabilities:  Frequentist probabilities are based on the historical frequency of occurrence, such as those commonly 

seen in estimating disease rates or determining flood risk. For example, the 1% annual exceedance probability flood (or the 100-

year flood) is a flood of a level that historically occurred in about 1 in 100 years. 

A Bayesian probabilistic framework can support improved decision making and easily integrate lines of scientific evidence, but 

may under- or overestimate sea-level rise contributions beyond 2050 and could lead to confusion if decision makers are unclear 

about the difference between Bayesian and frequentist probabilities (Behar et al., 2017). Nonetheless, probabilistic projections 

represent consensus on the best available science for sea-level rise projections through 2150. With continued advances in sea-

level rise science, it is expected that probabilistic projections will change in the future. However, the evolving nature of sea-level 

rise projections does not merit taking a ‘wait and see’ approach. Acting now is critical to safeguard the people and resources of 

New Hampshire.

Source: Adapted from OPC, 2018.
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■■ The central projections of GMSLR by Kopp et al. (2014) are by 

design in close agreement with those of the IPCC (Church et al., 

2013) and compare well with other published scenario-based 

probabilistic models (Horton et al., 2018).

■■ Projections of RSLR that incorporate contributions of global 

processes (transfer of mass from land based ice sheets and 

glaciers into the ocean and thermal expansion) and more 

regional processes (vertical land motion, fingerprints of land-

ice melting, and regional ocean dynamics) are readily available 

for tide gauges around the world, including Seavey Island at 

the mouth of the Piscataqua River. Open-source code used to 

produce the projections are available online at https://github.

com/bobkopp/LocalizeSL.

Representative Concentration Pathways (RCP)

The RSLR projections for coastal New Hampshire were developed 

based on four different global greenhouse gas concentration 

scenarios, called Representative Concentration Pathways (RCPs), 

that span a range of radiative forcing (quantified in terms of watts 

per square meter W/m2) in year 2100 of 2.6 W/m2 (RCP 2.6), 4.5 W/

m2 (RCP 4.5), 6.0 W/ m2 (RCP 6.0), and 8.5 W/m2 (RCP 8.5) relative to 

pre-industrial values (Moss et al., 2010; van Vuuren et al., 2011). Each 

of the RCP scenarios resulted from collaboration among modelers, 

climate scientists, and emission inventory experts to update 

previous IPCC global emission scenarios (Nakicenvoic et al., 2000). 

The RCPs were developed to represent a broad range of climate 

outcomes, consistent with a range of different socioeconomic and 

policy futures, including a mitigation scenario that leads to very 

low forcing (RCP 2.6), two stabilization scenarios (RCP 4.5 and RCP 

6.0), and one scenario with very high greenhouse gas emissions 

(RCP 8.5). Sea-level rise scenarios for RCP 6.0 are only provided to 

2100 as only a few of the global climate model runs using RCP 6.0 

Table 4.2). The projections are based on the RCPs. The original 

K14 projections were subsequently updated (Kopp et al., 2017) 

to incorporate more rapid discharge of ice from marine based 

ice sheets in Antarctica, based on the marine ice cliff instability 

modeling described in Deconto and Pollard (2016) (subsequently 

referred to as DP16; Table 4.3). However, as noted by Edwards 

et al. (2019), the DP16 projections likely overestimate future 

contributions of ice loss from Antarctica to GMSLR (more detail 

provided below). Other expert judgments have suggested that 

projections of future GMSLR likely fall somewhere in between 

the projections provided by K14 and DP16 (Boesch et al., 2018). 

The RSLR projections provided in Tables 4.2 and 4.3 are provided 

for several different probabilities. The baseline for the projections 

in Tables 4.2 and 4.3 is the year 2000, or more specifically, 

average relative sea level over 1991-2009. Note that these results 

represent just one way (as described by Kopp et al., 2014; 2017a) 

of estimating the probability of different RSLR for coastal New 

Hampshire. Alternative methods may yield different estimates of 

the probability of high-end outcomes. 

Despite the uncertainties in future Antarctic ice sheet 

contributions to GMSLR and concerns regarding scenario-based 

probabilistic projections, there are several reasons to use the 

scenario-based probabilistic projections to assess future RSLR in 

coastal New Hampshire.

■■ Scenario-based probabilistic sea-level rise projections include 

central estimates (e.g., median and likely range) and lower 

probability outcomes, allowing for consideration of risk 

tolerance in coastal management decision making.

■■ Separate projections tied to specific greenhouse gas 

concentrations (RCPs) provide clear examples of how 

emissions reductions influence the amount of RSLR.
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RCP 8.5 scenario by 2100. In addition, uncertainties related to 

terrestrial carbon sinks associated with future plant growth 

(Brienen et al., 2015; Hedin, 2015; Popkin, 2015) and permafrost 

feedbacks (MacDougall et al., 2012, Schuur et al., 2015) suggest 

that atmospheric carbon dioxide levels could approach RCP 8.5 

levels even without a substantial increase in carbon emissions 

from coal or other fossil fuels. Thus, RCP 8.5 remains relevant 

because the temperature projections associated with RCP8.5 

can occur via a variety of pathways, and ice sheets and ocean 

water respond to temperatures, not RCPs.

Projected RSLR in Coastal New Hampshire

There are many factors that need to be taken into consideration 

when selecting RSLR projections for use in coastal management 

decision-making. For the purposes of this summary report, the 

preferred RSLR projections for coastal New Hampshire from 2000 

to 2050 are based on K14 for the RCP 4.5 scenario (Table 4.2; Figure 

4.5). The RCP 4.5 scenario was selected for near-term RSLR for two 

reasons; it represents an intermediate estimate of atmospheric 

greenhouse gas concentrations and there is little difference (<0.2 

feet) between the RSLR projections under the four different RCP 

scenarios prior to 2050 (Figure 4.6). The projected rate of mass 

loss from the Antarctic ice sheet for both K14 and DP16 only 

ramps up after 2050, resulting in almost no difference between 

K14 and DP16 projections up to 2050 (Figure 4.7).  Given the 

similarities in projections between K14 and DP16 prior to 2050, 

K14 is used for near-term RSLR in order to maintain consistency 

and continuity since K14 is the preferred approach for long-term 

RSLR projections (see next paragraph). According to the K14 

RSLR projections under RCP 4.5, coastal New Hampshire is likely 

to experience RSLR of 0.5 - 1.3 feet between 2000 and 2050 with 

RSLR more likely than not reaching 0.9 feet by 2050 (Table 4.2, 

Figure 4.5). There is a 1-in-100 chance that RSLR will exceed 2.0 

extend beyond 2100. A brief description of the four RCP scenarios 

is provided below and more detail on RCPs is provided in Moss et 

al. (2010) and van Vuuren et al. (2011).

■■ RCP 2.6: Carbon emissions start declining right away, and 

continue to decline through the century, eventually becoming 

net-negative in the last quarter of this century. This scenario 

requires substantial reduction in emissions, including use of 

bio-energy combined with carbon capture and storage. Global 

temperatures rise by 1.6oC (2.8oF) (likely range 0.9 - 2.3oC) by 

2100, compared to 1850-1900.

■■ RCP 4.5: Carbon emissions begin to stabilize and then slowly 

decline after 2050. Global temperatures rise by 2.4oC (4.3oF) 

(likely range 1.7 - 3.2oC) by 2100, compared to 1850-1900.

■■ RCP 6.0: Carbon emissions stabilize in the latter half of the 

21st century. Global temperatures rise by 3.0oC (5.4oF) by 2100, 

compared to 1850-1900.

■■ RCP 8.5: Carbon emissions continue to grow through the end 

of the century due to continued burning of fossil fuels and 

high population growth. Global temperatures rise by 4.3oC 

(7.7oF) (likely range 3.2 - 5.4oC) by 2100, compared to 1850-

1900. RCP 8.5 is often called “business as usual” because the 

observed increase in global carbon emissions over the past 

two decades are consistent with the RCP 8.5 scenario (Hayhoe 

et al., 2017; Le Quéré et al. 2018). Ritchie and Dowlatabadi 

(2017; 2018) suggest that the rapid expansion of carbon 

emissions from coal associated with RCP 8.5 is not plausible 

because of key uncertainties associated with the long-term 

recoverable portion of coals reserves, especially later in the 

21st century. Conversely, based on long-run economic growth 

forecasts, Christensen et al. (2018) conclude that there is a 35% 

probability the carbon dioxide concentrations will exceed the 
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feet by 2050, and a 1-in-1000 chance RSLR will exceed 2.9 feet by 

2050, if global greenhouse gas concentrations stabilize (RCP 4.5).

For the purposes of this summary report, the preferred RSLR 

projections from 2050 to 2150 are also based on K14 and the RCP 

4.5 scenario (Table 4.2; Figure 4.5). The RCP 4.5 scenario is preferred 

because it is an intermediate emission pathway and represents a 

somewhat optimistic perspective whereby global concentrations 

of greenhouse gases stabilize at current levels by the middle of 

the century and then begin to decline. The K14 projection was 

also chosen for longer-term RSLR because it represents a lower 

estimate of the rate at which the Antarctic ice sheet will lose 

mass in the future due to marine ice sheet instability (MISI) and 

there remains uncertainty regarding if and when marine ice 

cliff instability (MICI) described by Deconto and Pollard (2016) 

becomes an important process. It is critical that future coastal 

flood risk assessments fully review both changes in the rate of 

mass loss from Antarctica and the emerging science regarding 

Antarctic ice sheet instability when RSLR projections are updated.

After 2050, the Kopp et al. (2014) RSLR projections become 

increasingly dependent on global greenhouse gas concentrations 

(Table 4.2) and there is a much larger range in RSLR projections 

through 2150 (Figure 4.5). For example, coastal New Hampshire 

is likely to experience RSLR of 1.0 - 2.9 feet by 2100 if greenhouse 

gas concentrations stabilize after 2050 (RCP 4.5); however, if 

greenhouse gas concentrations continue to grow throughout 

the 21st century (RCP 8.5), coastal New Hampshire is likely to 

experience RSLR of 1.5 - 3.8 feet by 2100. There is a 1-in-100 

chance that RSLR will exceed 5.3 feet by 2100 if greenhouse 

gas concentrations stabilize (RCP 4.5), or 6.5 feet by 2100 if 

greenhouse gas concentrations continue to grow (RCP 8.5). 

There is a 1-in-1000 chance that RSLR will exceed 8.7 feet by 

2100 if greenhouse gas concentrations stabilize (RCP 4.5), or 10.0 

4 feet by 2100 if greenhouse gas concentrations continue to grow 

(RCP 8.5). Emerging research on the potential instability of the 

Antarctic ice sheet under growing greenhouse gas concentration 

scenarios highlights the potential for even more rapid RSLR after 

2050 based on DP16 (Table 4.3).

The K14 likely 2050 RSLR projections for RCP 4.5 are similar to those 

provided in the Fourth National Climate Assessment (Sweet et al., 

2017a, 2017b) and the “intermediate high” scenario based on Parris 

et al. (2012) that was used in the 2014 STAP report (Kirshen et al., 

2014) (Table 4.4). The K14 likely 2100 RSLR projections for RCP 4.5 

projections are lower than those presented in Sweet et al. (2017a, 

2017b) and the Parris et al. (2012) “intermediate high” scenario. 

However, under RCP 8.5, the K14 likely 2100 RSLR projections are 

similar to the STAP 2014 intermediate high projections and the 

Sweet et al. (2017a, 2017b) intermediate projections (Table 4.4). 

Note that even under RCP 8.5 and K14, our likely RSLR projections 

are still lower that the intermediate-high projections of Sweet et 

al. (2017a, 2017b), emphasizing that our projections should be 

considered relatively conservative (i.e., low) estimates.

The Role of Antarctica in Future Relative Sea-Level Rise

Recent research by Shakun et al. (2018) suggests that land based 

ice in the East Antarctic Ice Sheet is relatively stable and has 

survived significant warm periods over the past eight million 

years. However, Wilson et al. (2018) find that marine based ice 

is relatively unstable and tends to disintegrate during recent 

interglacial periods.

In addition to marine ice shelf instability (MISI) discussed in 

Section 4.4, DeConto and Pollard (2016) added the concept 

of marine ice cliff instability (MICI), a self-sustaining retreat of 

glaciers on reverse slopes and where the ice cliff is more than 300 

feet above the ocean surface. As the ice shelf collapses, the ice 
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Figure 4.5. Observed and Projected 
Relative Sea-Level Rise for Seavey Island 
Tide Gauge K14 Projections | Stabilized 
Greenhouse Gas Concentrations (RCP 4.5). 

Table 4.2. Projected local sea-level rise (in feet) estimates above 2000 levels for NH based on K14 and the Seavey Island tide-gauge.

Year RCP
Central Estimate Likely Range 1-in-20 Chance 1-in-100 Chance 1-in-200 Chance 1-in-1000 Chance

50% probability SLR 
meets or exceeds:

67% probability SLR 
is between:

5% probability SLR 
meets or exceeds:

1% probability SLR 
meets or exceeds:

0.5% probability SLR 
meets or exceeds:

0.1% probability SLR 
meets or exceeds:

2030 RCP 4.5* 0.5 0.3 - 0.7 0.9 1.0 1.1 1.3

2050 RCP 4.5* 0.9 0.5 - 1.3 1.6 2.0 2.3 2.9

2100 RCP 2.6 1.4 0.6 - 2.5 3.4 5.0 5.8 8.6

2100 RCP 4.5 1.9 1.0 - 2.9 3.8 5.3 6.2 8.7

2100 RCP 6.0 2.0 0.9 - 3.3 4.3 5.8 6.8 9.4

2100 RCP 8.5 2.6 1.5 - 3.8 4.9 6.5 7.5 10.0

2150 RCP 2.6 2.0 0.9 - 3.4 5.1 8.6 10.7 17.0

2150 RCP 4.5 2.7 1.2 - 4.6 6.4 9.9 11.7 18.1

2150 RCP 6.0** N/A N/A N/A N/A N/A N/A

2150 RCP 8.5 4.0 2.6 - 5.8 7.6 11.4 13.4 19.9

The color in the rows for RCP 4.5 corresponds to the colors shown in Figure 4.5 
* The 2050 RSLR projections using the RCP 4.5 scenario are very similar to the projections using the RCP 2.6, RCP 6.0, and RCP 8.5 scenarios. See text and Figure 5 for additional explanation. 
** Projections for RSL after 2100 are not available for RCP 6.0.
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4

Figure 4.6. Median projected RSLR for coastal New Hampshire based on K14 for four 
different RCP scenarios. Note the minimal difference in RSLR out to 2050 between the four 
scenarios.

Table 4.3. Projected local sea level rise (in feet) above 2000 levels out to 2150 for NH based on K14 and DP16 (see text for explanation) and the Seavey Island tide-gauge record. 

Year Scenario

Central Estimate
50% probability 

SLR meets or 
exceeds:

Likely Range
67% probability 
SLR is between:

1-in-20 Chance
5% probability SLR 
meets or exceeds:

1-in-100 Chance
1% probability SLR 
meets or exceeds:

1-in-1000 Chance
0.1% probability 

SLR meets or 
exceeds:

K14 DP16 K14 DP16 K14 DP16 K14 DP16  K14 DP16

2100 RCP 2.6 1.4 1.7 0.6 - 2.5 0.8 - 2.8 3.4 3.5 5.0 4.3 8.6 5.0

2100 RCP 4.5 1.9 3.1 1.0 - 2.9 2.0 - 4.5 3.8 5.6 5.3 6.7 8.7 7.5

2100 RCP 6.0 2.0 3.3 0.9 - 3.3 2.0 - 4.7 4.3 5.9 5.8 7.1 9.4 8.1

2100 RCP 8.5 2.6 5.2 1.5 - 3.8 3.6 - 7.5 4.9 8.9 6.5 10.0 10.0 11.0

2150 RCP 2.6 2.0 2.4 0.9 - 3.4 1.3 - 3.8 5.1 5.0 8.6 5.7 17.0 6.3

2150 RCP 4.5 2.7 5.8 1.2 - 4.6 3.8 - 9.4 6.4 11.4 9.9 12.8 18.1 14.0

2150 RCP 6.0* N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

2150 RCP 8.5 4.0 14.4 2.6 - 5.8 11.3 - 19.6 7.6 21.0 11.4 22.1 19.9 23.2

* Projections for RSL after 2100 are not available for RCP 6.0.

Figure 4.7. Projected RSLR for coastal New Hampshire based on K14 (blue) and DP16 
(red) for the RCP 4.5 scenario. Solid blue and red lines represent the median projection. Blue 
dashed and red dotted lines represent the likely range. Note the minimal difference in median 
RSLR out to 2050 between K14 and DP16.



2 0 1 9  N H  C O A S T A L  F L O O D  R I S K  S U M M A R Y  P A R T  I :  S C I E N C E   |  S E C T I O N  4   |   1 8  

4 cliff becomes taller (because of the reverse slope) and inherently 

more unstable, resulting in sustained ice loss. DeConto and 

Pollard (2016) concluded that under the RCP 8.5 scenario, these 

instabilities could result in an Antarctic ice contribution to GMSLR 

of more than three feet by 2100 and more than 50 feet by 2500 

(Figure 4.8b). A comprehensive summary of the potential role of 

polar ice sheets in future sea-level rise is provided in Appendix 

2 of the California sea-level rise assessment (Griggs et al., 2017).

The ice-sheet model used in the Deconto and Pollard (2016) 

GMSLR projections is driven by model output from the Community 

Climate System Model 4 (CCSM4). The CCSM4 simulations 

have been shown to exceed actual surface temperatures when 

run to simulate 20th century conditions (Gent et al., 2011). 

However, CCSM4 does have an equilibrium climate sensitivity (a 

measure of the temperature increase resulting from a doubling 

of atmospheric carbon dioxide concentration, and therefore a 

measure of how sensitive the model is to increase in atmospheric 

carbon dioxide) of 2.9oC, which is slightly lower than the mean 

for the suite of global climate models used for the IPCC’s Fifth 

Assessment Report (Flato et al., 2013).

Table 4.4. Comparison of different relative sea-level rise projections for coastal New Hampshire in feet, relative to the year 2000 (except where noted).

Year
Parris et al. 2012**          
Intermediate-High 

Scenario                      

Sweet et al. 2017b 
Intermediate LR*

Sweet et al. 2017b 
Intermediate-High  

LR*

This Report: 
RCP4.5, K14,   LR*

This Report: 
RCP8.5, K14,   LR*

2030 N/A 0.5 - 0.9 1.1 - 1.3 0.3 - 0.7 0.3 - 0.8

2050 1.3 1.1 - 1.8 1.4 - 2.5 0.5 - 1.3 0.6 - 1.4

2100 3.9 2.9 - 4.5 4.4 - 6.9 1.0 - 2.9 1.5 - 3.8

*LR (= Likely Range): 67% probability that RSLR will fall within range provided in table.

** The Parris et al. (2012) sea-level rise estimates used in the Kirshen et al. (2014) STAP report represent values for global mean sea level rise (as opposed to RSLR) and are relative to 1992 (as 
opposed to 2000).

Edwards et al. (2019) re-examine and estimate probability 

distribution functions for the Deconto and Pollard (2016) projections 

using statistical techniques of uncertainty quantification. They 

find that the probability distributions for Antarctic contributions 

to sea-level rise by 2100 are skewed toward lower values (most 

likely value is 1.4 feet) compared to the higher value of 2.6 feet 

reported by Deconto and Pollard (2016) for the RCP 8.5 scenario. 

Of importance is that MICI introduces uncertainty regarding the 

upper limits of the Antarctic contribution to sea level in 2100 (see 

Table 2 in Edwards et al. (2019) for details). They also conclude 

“Most importantly, the presence or absence of MICI is by far the 

largest uncertainty in sea-level rise this century that could be 

quantified in this study”. Note that the spread of high values listed 

in Table 4.2 (based on K14) does not rely upon MICI as a process. 

The processes driving rapid loss of ice from the Antarctic ice sheet 

will continue to be a focus of research and future assessments 

should pay close attention to this new knowledge.

The emerging research on the potential for marine ice cliff 

instability (MICI) as a key process that increases the rate of collapse 

of the Antarctic ice sheet highlights the potential for more rapid 
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sea-level rise after 2050 (Table 4.3 and Sweet et al., 2017a, b) 

compared to the K14 projections. The most significant variation 

between the K14 and DP16 projections (both shown in Table 4.3) 

results from significant differences in the assumed contribution 

of Antarctic ice. This difference is illustrated in Figure 4.8 which 

shows the various components of projected RSLR for both K14 

and DP16 under the RCP 4.5 scenario. For K14, the contribution 

of the Antarctic ice sheet to RSLR is relatively modest. In DP16, 

before 2050, a warming atmosphere serves to increase snowfall 

in Antarctica and reduce GMSL by a few inches. However, after 

2050, the contribution from the Antarctic ice sheet increases 

rapidly and becomes the single largest component of RSLR by 

2100. Note that close attention should be paid to changes in 

the rate of mass loss from Antarctica and the emerging science 

regarding Antarctic ice sheet instability in future assessments.

4.6 HIGH TIDE FLOODING AND TIDAL CURRENTS

Due to RSLR over several decades, routine flooding causing minor 

impacts now occurs frequently in conjunction with astronomical 

high tides and/or typical storms, which decades ago would not have 

4

Figure 4.8. Components of median projected RSLR for coastal New Hampshire based on K14 (a) and DP16 (b) for the RCP 4.5 scenario. TE: thermal expansion, GIC: glaciers and ice caps, AIS: 
Antarctic ice sheet, DSL: dynamic sea level, LWS: land water storage, GIS: Greenland ice sheet, Geo: local vertical land motion.

(a) (b)

caused flooding (Sweet et al. 2018). Today, this high tide flooding 

occurs most notably during the monthly spring tides and during 

seasonal variations known as perigean tides (i.e., king tides) owing to 

annual variations in the proximity of the moon and sun to the earth 

(Ezer and Atkinson, 2014). High tide flooding can cause repetitive 

impacts, such as road closures, flooded storm drains, ground water 

rise, and damage to buildings and other infrastructure.

U.S. coastal tide gauge records show increases in high-tide 

flooding over the past few decades. For example, from 2000 to 

2015, high tide flood frequencies increased an average of 75% 

(from 3.4 to 6.0 days per year) along the Northeast U.S. coast 

(Sweet et al., 2018). The change in high tide flooding frequencies is 

explained primarily by RSLR; where RSLR is higher, the increase in 

the frequency of high tide flooding is higher. High tide is predicted 

to reach or exceed 10 feet above Mean Lower-Low Water a total 

of 56 times in 2019, not including storm conditions, according to 

the NOAA Tide Predictions for Hampton Harbor, New Hampshire. 

For reference, water levels of 10 feet, 11 feet, 12 feet, and 13 feet 

correspond with Hampton’s threshold for taking action, minor 
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flooding, moderate flooding, and major flooding, respectively, 

as defined by the National Weather Service. Limited data records 

exist to quantify high tide flood events in coastal New Hampshire; 

however, anecdotal evidence, such as the New Hampshire Coastal 

Adaptation Workgroup King Tide photo contests (NHCAW, 

2019) and a recent ordinance allowing residents of the Town of 

Hampton to park their personal vehicles in any municipal parking 

lot when their property is expected to be flooding during tides 

greater than ten feet (Code of the Town of Hampton § 805-9M) 

suggest high tide flooding may be increasing in frequency in 

low-lying areas. More research is needed to analyze historic tide 

gauge records at Hampton Harbor, New Hampshire in order to 

better understand any trends.

As RSL continues to rise in coastal New Hampshire, the frequency 

of high tide flooding will also increase (Sweet et al. 2018). For 

example, under the Intermediate GMSLR scenario of 3.3 feet 

(from Sweet et al., 2017b), high tide flood frequencies will 

increase to 132±26 days per year by 2050 in the Northeast US, 

and will occur approximately daily by the end of the century. A 

separate analysis found that under a 3.9 feet of SLR scenario by 

the end of the century, 40% of all East Coast communities will be 

chronically inundated (defined as flooding that occurs 26 times 

per year) (Spanger-Siegfried et al., 2017).

RSLR also has the potential to alter the velocity of flood and ebb 

tidal currents due to changes in water volume moving through 

restricted estuarine systems. Models of the change in ebb and 

flood tidal currents under different RSLR scenarios are discussed in 

Chapter 5 and results are presented in Table 5.3. Overall, the depth-

averaged flood and ebb current magnitudes down the center of the 

main channel in the Great Bay Estuary could increase by 25%, and in 

the Hampton-Seabrook Estuary could increase by more than 85%. 

4 4.7 SEA-LEVEL RISE EMERGING ISSUES

As discussed in Section 4.5, changes in the rate of mass loss 

from Antarctica and the emerging science regarding Antarctic 

ice sheet instability in future assessments requires attention. 

Bamber et al. (2019) state “…severe limitations remain in the 

predictive capability of ice sheet models. As a consequence, the 

potential contributions of ice sheets remain the largest source of 

uncertainty in projecting future SLR.”

While not reviewed in detail in this report, there is an area of 

active research exploring the role of amplified Arctic warming 

on climate in the mid-latitudes in general (Francis et al., 2017) 

and the eastern US in particular. This includes the link between 

warm Arctic episodes and severe winter weather in the eastern 

US (Cohen et al., 2018), a reduction in Arctic sea ice and an 

increase in atmospheric blocking that – for example - helped 

steer superstorm Sandy into New York (Greene et al., 2015), and 

links between a warming Arctic and a reduction in the strength 

of Atlantic Meridional Overturning Circulation (Rahmstorf et al. 

2015, Caesar et al. 2018; Thornalley et al., 2018). As research on 

Arctic – mid-latitude climate linkages continues to grow, key 

findings should be included in future assessments.

One area of additional research should focus on the interaction 

among RSLR, storm surge, and heavy precipitation on flooding 

in the Great Bay Estuary. More detailed discussion of this topic is 

provided in Section 8.5.
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5.1  KEY FINDINGS

CS 1. Inland and coastal impacts from storm surge in coastal New Hampshire will 

increase with RSLR.

■■ CS 1.1. Model simulations of ensembles of extreme tropical and extratropical storms 

over the North Atlantic linked to high resolution numerical models of New Hampshire 

estuaries show that the inundation area and maximum ebb and flood tidal currents 

due to storm surge increase nonlinearly under RSLR.

■■ CS 1.2. The challenge of projecting future effects of storm surge and waves with and 

without RSLR is exacerbated by unknown changes to the topography (e.g., erosion 

of beaches, dunes, channels, and marshes) that will occur over the years leading 

up to future storm events. Accounting for sediment transport within models is 

necessary to account for continuous evolution of coastal bathymetry and shoreline 

geomorphology. These models can include strategies that implement, for example, 

conceptual coastal protection structures, green infrastructure, shoreline restoration, 

and beach nourishment.

CS 2. Future storm surge increases as extreme storm intensity increases.

There is broad agreement that anthropogenic factors have had an effect on the observed 

increase in storm activity, intensity, and frequency since the 1950s (Houser et al., 2014; 

Kossin et al., 2017). Strong correlation between sea surface temperature and increases 

in hurricane activity in Atlantic storm development regions suggests that future North 

Atlantic storms could become more intense and more frequent (Emanuel, 2007; Emanuel, 

2013; Knutson et al., 2013), particularly in light of projected increases in sea surface 

temperature over the next century. Horton et al. (2015) estimates that the number of 

intense hurricanes, extreme hurricane winds, and hurricane precipitation are “more 

likely than not” to increase by the year 2080. Ignoring the possible effects of increasing 

extreme storm intensity and frequency could substantially underestimate the damages 

COA S TA L  S T O R M S5
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and risks associated with future storm impacts (Pielke et al., 

2008). If extreme storms increase in intensity, then results from, 

for example, the North Atlantic Comprehensive Coastal Study 

(NACCS; USACE, 2015) would likely under-predict the maximum 

water level changes under extreme events for any given return 

period storm. Considering that damage effects from extreme 

storms increase substantially as storm intensity increases, the 

impacts on risk assessment could also be substantial, but large 

uncertainties in extreme storm projections over the next century 

make it difficult to confidently incorporate potential changes 

in storm properties into storm distributions for climate change 

impacts (Houser et al., 2014).

CS 3. Current 100-year return period storm surge estimates vary.

Estimates of storm surge for the present-day 100-year return 

period vary. FEMA estimates about four feet (FEMA, 2005b; 2016), 

whereas the U.S. Army Corps of Engineers NACCS study estimates 

5.3 feet. Both estimates are consistent with the 3.74 feet (with 95% 

confidence interval ranging 3.3 - 4.9 feet) estimated from analysis 

of historical tide gauge data at Seavey Island (NOAA, 2019). As the 

NACCS study is the most well documented in terms of individual 

storm effect, it represents a reasonable estimate.

5.2  CHANGES FROM 2014 STAP REPORT

Advancements in estimating storm surge along the New 

Hampshire coast have been realized since the 2014 STAP 

report. In particular, statistical analysis of storm surge has been 

conducted using ensembles of synthetic tropical and actual 

extra-tropical storms modeled over the North Atlantic (USACE, 

2015). Annual exceedance probabilities can be computed from 

locations offshore and used to estimate the expected return-

period surge height time series, a statistical representation of the 

likelihood that a surge of a given magnitude will occur in a certain 

period of time. These results can then be used to initialize other 

high resolution numerical wave, wind, and surge models with 

and without the presence of RSLR to better determine overall 

increases in water level for a particular event, the inundation and 

changes to current velocities that might occur, and the possible 

effects from RSLR to a particular coastal or inland area. 

5.3  STORM SURGE IN NEW HAMPSHIRE

The New Hampshire coastline is threatened by large storms 

that may be generated in both lower latitudes (tropical storms 

or hurricanes) and the North Atlantic (extratropical storms or 

nor’easters). These storms temporarily raise sea level due to 

several processes, including changes in atmospheric pressure 

(with 0.4 inches increase in sea level per one millibar decrease 

in atmospheric pressure), winds dependent on orientation and 

fetch that push water up against or away from the coastline 

(wind set-up), the speed of the storm which can interact with 

the bottom topography to amplify increases in water levels, and 

wave processes that push water up against the shoreline (wave 

set-up) and generate the to-and-fro motion of the swash at the 

water’s edge (wave run-up). The impact of storm surge and waves 

depends on the timing of the storm with the tides. As RSL rises, 

inundation, erosion, and damage associated with storm surge 

and wave impacts are expected to worsen over the next century, 

with economic consequences felt by an increasing number of 

people and communities. The combined effects result in short-

term rise in sea level (storm surge) that may reach elevations that 

flood inland areas and overtop dunes and coastal barriers. 

The effects of storm surge and sea-level rise on coastal 

communities and ecosystem services is difficult to project owing 

to the strong nonlinear behavior of tides, waves, and storm surge 

in shallow water. For example, simple bath-tub approaches used 

5
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to project inundation do not consider the effects of sea level on 

tides, waves, and storm surge, or the effects of bottom dissipation 

or amplification on surge in shallow regions. The recognition that 

inundation and storm damage depends on how waves and surge 

propagate into shallow inlets, estuaries, and over land, as well 

as how currents move sediment and cause erosion of protective 

coastal barriers (like dunes) or salt marshes, results in highly 

uncertain projections of future damage from storm surge. However, 

recent advancements have utilized coupled hydrodynamic, wave, 

and wind numerical models to better assess the effects of storms 

on water levels in the presence of sea-level rise.

Modelled Storm Surge from the North Atlantic 

Comprehensive Coastal Study (NACCS)

Storm surge along the North Atlantic coastline of the U.S. has 

been modeled by the U.S. Army Corps of Engineers and reported 

in the North Atlantic Comprehensive Coastal Study (NACCS; 

USACE, 2015). In the NACCS study, 1,050 synthetic tropical storms 

and 100 historical extratropical storms were simulated with 

numerical models implemented over a domain that extends 

across the North Atlantic Ocean and into the Gulf of Maine. These 

models included WAM (WAMDI Group, 1988), ADCIRC (Luettich, 

et al., 1992), and STWAVE (Smith, et al., 2001). The tropical storms 

were synthetically produced to span the ensemble of all statistics 

obtained from available recorded data of hurricanes occurring 

over the past 150 years, while the historical nor’easters are based 

on actual data for particular storms. Time series of water level 

elevation, winds, and wave statistics for any given storm scenario 

are saved at coastal ocean locations (so-called save points) along 

the U.S. eastern seaboard including offshore New Hampshire. 

The time series of maximum storm surge can be used to create 

water level hazard curves for tropical storms, extratropical storms, 

and the combination of both at any NACCS model save point 

based on the annual exceedance probability (AEP), a statistical 

measure of the likelihood that a given surge will exceed a certain 

height. Figure 5.1 shows an example of the water level hazard 

curve for a particular location about seven miles in 33-foot water 

depth off the coast of New Hampshire near the Isles of Shoals 

(save point 2047). From these hazard curves, the expected return 

period storm for maximum storm surge can be estimated. For 

example, the 10-, 100-, and 1,000-year return period storms are 

represented by the 0.1, 0.01, and 0.001 AEP corresponding to the 

10%, 1%, and 0.1% exceedance level (Table 5.1). For example, 

the storm water level time series corresponding to the 1% 

exceedance level in Figure 5.1 has maximum storm surge of 5.3 

feet. This value represents the storm surge that would occur at 

that location, but not necessarily at the shoreline or in the inlets 

and estuaries. The utility of knowing the surge offshore the coast 

lies in the ability to initialize other models that can propagate the 

5

Table 5.1. Estimated NACCS return period (AEP) water levels from hazard curves offshore New Hampshire in 33 feet water depth. Source: USACE (2015).

Return Period 1-year 10-year 100-year 1000-year

(AEP) (1.0) (0.1) (0.01) (0.001)

33 feet water depth 1 foot 3.6 feet 5.3 feet 7.5 feet
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surge toward the coast and inland allowing for interactions with 

the topography (and possible amplification of the surge height at 

the land-sea boundary).

This 5.3 feet estimate is higher than the 4 feet estimates from 

FEMA (2005b) (based on analysis of a synthetic storm surge 

dataset generated by a computer model) and the 3.7 feet (95% 

confidence interval of 3.3 - 4.9 feet) estimate from NOAA (2019) 

(based on analysis of tide gauge data from Seavey Island). Note 

that although the tide gauge analysis is appropriate for storm 

surge at the mouth of the estuary, maximum water levels along 

New Hampshire’s open coast beaches during the storms is likely 

much higher owing to wave effects (set-up and run-up) and wind 

set-up directly against the shoreline.

Results from the NACCS are reported for model savepoints in very 

shallow water and in estuaries; however, the NACCS simulations 

are not applied to particular tidal cycles and have grids that are 

necessarily quite large owing to large computational expense in 

running the simulations. As a consequence, it is recommended 

to use NACCS save point data at locations on the continental 

shelf nearby locations of interest, and then use those data to 

initialize high resolution models that include tides and details 

of the shallow water bathymetry, shoreline, dunes, inlets, and 

estuaries (Shaw et al., 2016). The selected storm event can be 

added to predicted tidal time-series at phases that synchronize 

5
BOX 5.1: 100-YEAR RETURN PERIOD STORM SURGE

■■ FEMA estimates about four feet for the 100-year return 

period storm surge at the mouth of the Piscataqua River 

(FEMA, 2005; NOAA Exceedance Probability Levels for 

Seavey Island, ME).

■■ Based on analysis of the North Atlantic Comprehensive 

Coastal Study (NACCS; USACE, 2015), the 100-year 

return period surge is about 5.3 feet.

■■ Considering the complexities involved in storm surge 

predictions, it is not surprising that the range of return 

period estimates varies relative to one another and to 

historical water level analysis. The estimate from the 

NACCS study is higher, but is considered a reasonable 

estimate for the 1% Annual Exceedance Probability (or 

the 100-year return period) storm surge.

Figure 5.1. Water level hazard curves as a function of annual exceedance probability (AEP) 
for simulated tropical, extra-tropical, and combined storm distributions of surge maximum 
from the NACCS model save point near the mouth of the Piscataqua River in 33-foot water 
depth. An AEP of 0.1, 0.01, and 0.001 corresponds to the 10-, 100-, and 1000-year events, 
respectively. Source: Lippmann et al. (2019).
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the maximum surge with a particular high tide (i.e., the maximum 

spring tide, mean high water [MHW], etc.). The simulations can 

then be used to predict the inundation expected from a particular 

return period storm, overtopping of dunes, maximum current 

speeds, and flood depth durations.

Linking NACCS to High Resolution Nearshore Models in New 

Hampshire (Great Bay and Hampton-Seabrook)

The effects of sea-level rise on future storm surge can be simulated 

by running the high-resolution models under various sea-level 

rise scenarios for any given year into the future. This research 

has begun in New Hampshire (Lippmann, et al., 2019) using 

the FVCOM model (Chen, et al., 2003). The effects of sea-level 

rise on storm surge energy transformation and flood and ebb 

tidal current magnitudes were examined in the two major New 

Hampshire estuarine systems: Hampton-Seabrook Estuary (HSE) 

and the Great Bay Estuary (GBE). To address specific federal grant 

requirements, simulations were computed for the 1% annual 

exceedance probability storm surge (5.3 feet) synchronized at 

HSE with Mean High Water (MHW) both with and without RSLR 

of 2.4 feet (mid-century estimate for RSLR) and at GBE with the 

maximum spring tide with and without RSLR of 6.3 feet (end of 

century estimate for RSLR). 

Results for the two estuaries are quite different (Lippmann et 

al., 2019). For GBE the tides are dissipated by bottom friction as 

they progress up the narrow Piscataqua River with energy decay 

of about 50% at the bridges where the Piscataqua River enters 

the Little Bay (see also Cook, et al., 2019). Under storm surge 

forcing the water levels increase throughout the estuary, but the 

dissipation remains about the same with again 50% of the energy 

decaying up to the Little Bay bridges. With the inclusion of RSLR, 

the models with and without storm surge show similar behavior, 

with water levels increasing throughout the estuary but with the 

same dissipation. This suggests that projections for the inundation 

in the GBE under storm surge and RSLR can be reasonably 

approximated based on the expected dissipation occurring in 

the estuary today. In other words, since the spatial variation in 

dissipation estimates throughout the estuary (obtained from 

present day observation) do not change substantially under storm 

surge and RSLR (Lippmann, et al., 2019), prediction of total water 

levels everywhere can be easily estimated. For example, a storm 

surge of 5.3 feet at the mouth of the Piscataqua River occurring at 

maximum spring tide elevation (about 6.5 feet above Mean Sea 

Level (MSL)) results in a total increase in water level at the mouth 

of the estuary of 11.8 feet above MSL; this value reduces to 5.9 feet 

at the Little Bay bridges and remains about the same throughout 

the upper regions of the Great Bay. Perhaps of greater value for 

land-use planning and engineering design, is the effect on storm 

surge magnitude for specific storm events, which is possible to 

interpret from the NACCS data.

In contrast, for HSE, the dissipation of the tides under present 

day sea-level is relatively small, with about 4% energy decay 

upstream in the tidal channels. Under storm surge forcing, the 

energy decay increases in the narrow inlet by about 20%. Under 

RSLR with and without storm surge the dissipation increases even 

more, with decay in energy of about 30-40% in the inlet and an 

additional 5% throughout the back bay areas. This suggests that, 

although water levels will increase under storm surge and RSLR, 

the inundation extent at HSE will be somewhat mitigated by the 

characteristics of the dissipation through the narrow inlet. Figure 

5.2 shows an example of the predicted inundation for HSE for the 

100-year storm under 2.4 feet RSLR (projected for year 2060) at 

MHW (Kirshen et al., 2018).

5
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Table 5.2 summarizes the inland areas inundated during 

simulated model runs and the percentage increase from the case 

of no storm at present day sea level at GBE (synced with spring 

tide) and HSE (synced with MHW-level tide) for the scenarios with 

100-year (1%) storm and no RSLR, year 2100 SLR (6.3 feet), and 

the 100-year (1%) storm with 6.3 feet of SLR (from Lippmann et 

al., 2019). The impact of inundation from storm surge and RSL on 

economic and social values requires conducting a social impact 

assessment (SIA) and social vulnerability index (SVI) for coastal 

communities. Impacts on ecosystem services depends on the 

specific wetland areas that are affected and requires localized 

assessment. Kirshen et al. (2018) examined the effects of climate 

change on three communities in Hampton, Hampton Falls, and 

Seabrook, and found that the most socially vulnerable census 

blocks were 8.6 times more likely to be located in the flood zone 

than those living in blocks with low social vulnerability (see Figure 

10 in Kirshen et al., 2018 for the inundation extent under the 1% 

or 100-year storm and 2060 RSL). Under climate change, census 

blocks with high percentages of the population living in poverty 

were 17.7 times more likely to be located in the flood zone, and 

that the analysis reflects the winter/spring population more than 

the summer population in coastal areas. These populations are 

also more at risk from storm surge alone (without consideration 

of wave effects on the oceanfront beaches and dunes). Estimated 

costs associated with damage to structures can be compared to 

estimated costs to develop and implement coastal adaptation 

strategies and engineering of coastal protection barriers. Changes 

to salt marsh characteristics were more heavily weighted toward 

SLR impacts and result in most of the high-marsh areas being 

converted to low-marsh by 2060 unless the marsh can build very 

rapidly (greater than 5 mm per year). 

5

Figure 5.2. Inundation extent for Hampton-Seabrook Estuary under the 100-year (1 %) 
storm surge event with relative sea level (RSL) rise of 0.73 m/2.4 feet occurring at MHW. 
Source: Kirshen et al. (2018).
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Effects of Storm Surge on Currents

The simulated model results also show that depth-averaged 

flood and ebb tidal current magnitudes down the center of the 

main channel in the GBE could increase by 25% under projected 

6.3 feet RSLR, and by 50 - 100% under storm surge forcing with 

and without RSLR. Similarly, in HSE, depth-averaged flood and 

ebb tidal currents in the inlet are expected to increase by a factor 

of two to three under storm surge, and further increase under 

RSLR. Table 5.3 summarizes the fractional increase in the average 

and maximum ebb and flood tidal currents relative to the case 

with no storm and 2019 sea level for GBE (at spring tides) and 

HSE (at MHW-level tides) for the scenarios with 100-year storm 

and no RSLR, 6.3 feet RSLR, and the 100-year storm with 6.3 feet 

RSLR (Lippmann et al., 2019). Simulations suggest that RSLR 

will have a substantial effect on activities and processes where 

current strength, increased bottom stress, and structural loading 

are important, such as safe navigation, mooring design, bridge 

and pile scour and structural integrity, and sediment transport 

and bank erosion.

5 Table 5.2. Inland areas inundated (km2) during simulated model runs and the percentage increase from the case of no storm, present day sea level. GBE runs are for inundation at spring tide while 
HSE runs are for inundation at tidal elevations near MHW. The 2100 RSLR projection from NOAA (6.3 feet) was selected for both estuaries for comparison. Source: Lippmann et al. (2019). 

Estuary
No Storm 1% (100-year) Storm No Storm 1% (100-year) Storm

No RSLR No RSLR 6.3 feet RSLR 6.3 feet RSLR

Great Bay 58.4 km2 77.2 km2 (32%) 70.5 km2 (21%) 86.8 km2 (49%)

Hampton-Seabrook 10.8 km2 24.7 km2 (129%) 24.1 km2 (123%) 28.1 km2 (160%)

Table 5.3. Fractional increase in the average and maximum currents for the flood and ebb phases for three scenarios. GBE runs are for spring tides while HSE runs are for MHW tidal heights 
(in feet). Source: Lippmann et al. (2019).

Estuary Phase
No Storm 1% (100-year) Storm 1% (100-year) Storm

6.3 feet RSLR No RSLR 6.3 feet RSLR

Great Bay  

Avg. Flood 1.09 1.31 1.43

Avg. Ebb 1.07 1.23 1.32

Max. Flood 1.32 1.52 1.97

Max. Ebb 1.26 1.41 1.61

  Hampton-Seabrook

Avg. Flood 1.41 2.53 2.84

Avg. Ebb 1.74 2.29 2.64

Max. Flood 1.85 3.46 4.30

Max. Ebb 2.29 3.44 4.17
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Storm Waves and Sediment Transport

It should be noted that these model simulations do not include 

effects from storm waves. This is particularly important along 

open coast sandy beaches where beach and dune overtopping 

could occur and where wave forcing (e.g., wave set-up) and swash 

motions (e.g., wave run-up) could further increase water levels at 

the shoreline during storms. In addition, the simulations were 

run on 2019 bathymetry and topography that will likely not be 

the same in future years where incremental or sudden changes 

in sediment deposition and erosion patterns may occur in the 

future. Moreover, the incremental rise in sea level will raise water 

levels at the shoreline and in estuaries and salt marshes allowing 

waves and currents to impact larger areas including uplands not 

presently subjected to erosional forces and flooding. 

Climate Change Impacts on Storm Intensity and Frequency

Increases to global ocean temperatures due to climate change 

could lead to changes in the frequency, intensity and behavior of 

extreme tropical cyclones (Houser et al., 2014; Kossin et al., 2017). 

For example, in the North Pacific Ocean, the observed location 

of the annual mean tropical cyclone peak lifetime intensity has 

shifted about two degrees poleward over the past 60 years. This 

change can have a substantial effect on the exposure and risk 

to coastal communities. The effects in the North Atlantic are not 

as well established, yet strong correlation between sea surface 

temperature and increases in hurricane activity in Atlantic storm 

development regions suggests that future North Atlantic storms 

could become more intense and more frequent (Emanuel, 

2007; Emanuel, 2013; Knutson et al., 2013), particularly in light 

5
BOX 5.2: MAXIMUM CURRENTS UNDER STORM SURGE WITH SEA-LEVEL RISE

■■ High resolution model simulations suggest that maximum flood and ebb currents will increase under storm surge in the 

presence of sea-level rise.

■■ Flood and ebb tidal currents will also increase under sea-level rise, even without storm surge.

■■ Consequences of increased currents include loading forces on structures, increased bottom stress and sediment resuspension, 

marsh and riverbank erosion, and impacts on mooring design and navigation.

BOX 5.3: FUTURE CHANGES IN TOPOGRAPHY AND STORM INTENSITY

■■ Changes to coastal topography due to sediment transport (e.g., erosion and deposition along beach and dunes, salt marshes, 

and river banks) and human interventions (e.g., sediment nourishment or implementation of engineered structures) over 

many years will change the effects of forecasted storm surge under sea-level rise scenarios.

■■ Changes to the intensity of extreme storms will likely increase storm surge estimates (Kossin et al., 2017).
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of projected increases in sea surface temperature over the next 

century. Horton et al. (2015) estimate that the number of intense 

hurricanes, extreme hurricane winds, and hurricane precipitation 

are “more likely than not” going to increase by the year 2080, 

but conclude that the change to future nor’easters is unknown. 

Nonetheless, ignoring the possible effects of increasing extreme 

storm intensity and frequency could substantially underestimate 

the damages and risks associated with future storm impacts (Pielke 

et al., 2008). If extreme storms increase in intensity, then results 

from, for example, the NACCS study, would likely under-predict 

the maximum water level changes under extreme events for any 

given return period storm. Herein we discussed the potential 

storm surge from the NACCS study without consideration of 

climate-induced increases in storm intensity or frequency, and 

thus it should be recognized that the 100-year return period 

storm surge estimated from the NACCS might well be the 10 

or 50-year (or some other more frequent) event in the future. 

Considering that damage effects from extreme storms increase 

substantially as the storm intensity increases, the impacts on risk 

assessment could be also be substantial, but large uncertainties in 

extreme storm projections over the next century make it difficult 

to confidently incorporate potential changes in storm properties 

into storm distributions for climate change impacts (Houser et al., 

2014). This is an important area of ongoing research, and should 

be more fully considered in future studies of storm surge impact 

on coastal change and damage in New Hampshire.

5.4 EMERGING TRENDS IN COASTAL STORMS

Estimates of inundation and increases in current velocities 

resulting from extreme storms have impacts on buildings 

and infrastructure in coastal areas. Estimates of the damage at 

the individual structure level can be provided from a Coastal 

Environmental Risk Index (CERI; Spaulding et al., 2016). CERI uses 

NACCS AEP curves as offshore boundary conditions to compute 

nearshore wave propagation in the presence of storm surge 

using STWAVE (Smith et al., 2001). The simulations provide the 

parameters to apply the NACCS damage curves and calculate 

the CERI in inundated coastal areas at residential scales. CERI 

has been used to examine the effects of RSLR and shoreline 

erosion on damage to coastal homes in Rhode Island (Grilli et al., 

2017). Advancements to CERI with more sophisticated nonlinear 

models that include dynamic wave effects (like wave set-up and 

run-up) is the subject of ongoing research efforts. Applications of 

simulated extreme storm inundation and water levels can be used 

to estimate the damage provided the first finished floor elevation 

and economic data is available for specific buildings. Efforts to 

expand CERI to coastal New Hampshire have been proposed 

and collaborations amongst academic and governmental teams 

among New England states have begun.

One area of additional research should focus on the interaction 

among RSLR, storm surge, and heavy precipitation on flooding 

in the Great Bay Estuary. More detailed discussion of this topic is 

provided in Section 8.5.

5
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6.1 KEY FINDINGS

GW 1. Coastal groundwater levels will rise with RSLR.

Tidal-water inundation is commonly recognized as an important consequence of RSLR, 

but RSLR-induced groundwater rise will also impact coastal areas. The Groundwater Rise 

Zone (GWRZ) is projected to extend up to 2.5 to 3 miles inland from the coast in coastal 

New Hampshire. This is approximately three to four times farther inland than tidal-water 

inundation. 

GW 2. Mean groundwater levels are projected to rise as a percentage of RSLR with 

the magnitude of groundwater rise decreasing with distance from the coast.

Mean groundwater levels are projected to rise 66% of the projected RSLR between 0 - 0.6 

miles inland of the coast, 34% between 0.6 - 1.2 miles, 18% between 1.2 - 1.9 miles, 7% 

between 1.9 - 2.5 miles, and 3% between 2.5 - 3.1 miles of the coast. More than five feet 

of RSLR-induced groundwater rise is projected to occur in approximately one-half of the 

land area within 0.6 miles of the coast with 6.6 feet of RSLR.

GW 3. The magnitude and extent of RSLR-induced groundwater rise is influenced 

by the coastal geometry, geology, and the proximity of freshwater discharge areas 

such as streams and freshwater wetlands.

The magnitude of RSLR-induced groundwater rise decreases with distance inland 

from the coast, but other factors also influence the spatial variability of RSLR-induced 

groundwater rise. The projected magnitude and inland extent of groundwater rise 

is greatest in northern coastal New Hampshire including Newington, Portsmouth, 

Greenland and Rye, where the groundwater is influenced by tidal water on three sides. 

Groundwater rise is dampened near streams accompanied by an increase in streamflow 

possibly producing localized inundation in some riverine floodplains. 

S E A- L E V E L  R I S E  I N D U C E D 
G R O U N DWAT E R  R I S E

6
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6.2 CHANGES FROM 2014 STAP REPORT

RSLR-induced groundwater rise was not evaluated in the 2014 

STAP Report.

6.3 UNDERSTANDING SEA-LEVEL RISE INDUCED 

GROUNDWATER RISE

High-tide and storm-related flooding have been recognized 

as consequences of RSLR and many vulnerability studies and 

adaptation plans attempt to address this concern. Studies have 

shown that coastal groundwater will also rise with RSLR resulting 

in other potential impacts discussed below (Bjerklie et al., 2012; 

Cooper et al., 2015; Habel et al., 2017; Knott et al., 2018a; Masterson 

and Garabedian, 2007; Masterson et al., 2014; Oude Essink et al., 

2010; Rotzoll and Fletcher, 2013; Walter et al., 2016). 

Fresh and saline groundwater and surface water interactions 

near the coast are complex as shown in Figure 6.1. Groundwater 

flows from inland areas with high hydraulic head to low hydraulic 

head at the coast where groundwater discharges to the sea. 

Groundwater levels depend on aquifer recharge, groundwater 

discharge to surface-water bodies, groundwater withdrawals, 

evapotranspiration, and sea level (Anderson and Emanuel, 

2010; Charette et al., 2012; Mulligan and Charette, 2006). As sea 

levels rise, groundwater will also rise until a new equilibrium is 

established between aquifer recharge and groundwater discharge, 

withdrawals, and other losses. Due to the interconnectedness 

of the groundwater and surface-water systems, RSLR-induced 

groundwater rise may contribute to water-quality degradation, 

saltwater intrusion, and streamflow increases as represented by 

numbers 2, 3, and 4, respectively, in Figure 6.1. 

RSLR-induced groundwater rise is expected to impact many 

parts of the coastal United States. In areas where groundwater is 

shallow, groundwater rise may result in land-surface inundation 

and wetlands expansion, and it may degrade the integrity and 

function of infrastructure (Bjerklie et al., 2012; Knott et al., 2018a; 

Masterson et al., 2014). Rising groundwater is projected to cause 

flooding problems at the Homestead Air Reserve Base in Florida 

(Cooper, H. et al., 2015) and double the area of land inundation 

in Honolulu, Hawaii (Rotzoll and Fletcher, 2013). RSLR-induced 

groundwater rise is also predicted to have serious consequences 

for ecology and water quality in barrier island ecosystems (Manda 

et al., 2015; Masterson et al., 2014). Freshwater and saltwater 

wetland ecosystems, including vegetation, biota, and substrate, 

are sensitive to water depth, flooding frequency and duration, 

and salinity changes (Lorah and Olsen, 1999; Masterson et al., 

2014; Wilson et al., 2012). Consequently, hydrologic changes 

associated with RSLR and RSLR-induced groundwater rise can 

result in wetland expansion, migration or transition (Moffett et 

al., 2012). Infrastructure is also at risk from rising groundwater. 

6

Figure 6.1. Schematic drawing showing the interconnected system of groundwater (fresh 
and saline) and surface water. Some consequences of rising groundwater are indicated: 
(1) SLR-induced groundwater rise, (2) septic system failure and basement flooding, (3) 
landward movement of the freshwater/saltwater interface, and (4) increased groundwater 
discharge to streams. Source: U.S. Geological Survey; not to scale, vertically 
greatly exaggerated.
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Coastal-road pavements experience premature failure when 

rising groundwater moves into the supporting base material 

(Knott et al., 2017; Roshani, 2014). On-site wastewater treatment 

systems are at a high risk of failure when the vertical separation 

between the leaching field and the groundwater table no longer 

meets the protective standards (Habel et al., 2017; Manda et al., 

2015), and centralized wastewater treatment efficiencies can be 

reduced when groundwater infiltrates the collection systems 

(Flood and Cahoon, 2011).

Scientifically based numerical models are useful for simulating 

future conditions over the long-time frames associated with 

RSLR (Pitz, 2016) and groundwater models have been used 

to simulate past and future groundwater flow and transport. 

Many of these studies have used USGS MODFLOW (Harbaugh, 

2005) for 3-dimensional numerical modeling of RSLR-induced 

groundwater changes (Bjerklie et al., 2012; Habel et al., 2017; 

Masterson and Garabedian, 2007; Masterson et al., 2014;  Oude 

Essink et al., 2010; Walter et al., 2016). In coastal New Hampshire, 

a regional MODFLOW model was used to investigate the effect 

of RSLR on groundwater levels (Knott et al., 2018a). Coastal 

New Hampshire has a rich variety of natural resources including 

rivers and streams, fresh and saltwater wetlands, and marine 

environments and the 3-dimensional model was chosen to 

simulate the region’s complex hydrogeology and groundwater/

surface water interactions (Knott et al., 2018a; Mack, 2009).

Changes in coastal groundwater levels are caused by many factors 

in addition to RSLR. Changes in temperature, evapotranspiration, 

precipitation, runoff, snowmelt, and land development will 

all contribute to groundwater-level changes. For example, 

an increase in extreme rainfall events may or may not raise 

groundwater levels. The increased precipitation may infiltrate 

the ground as recharge raising groundwater levels or the 

precipitation may come at such a high rate that it runs off without 

infiltrating the ground surface. Recent research has shown that 

climate change may cause a 10% increase in annual recharge 

rates in the New Hampshire coastal region over the next century. 

On the other hand, increases in the amount of impervious surface 

associated with population increases may decrease recharge by 

5 to 10% with a corresponding increase streamflow (Bjerklie and 

Sturtevant, 2017b). Also, increasing groundwater withdrawals 

for drinking water may locally reduce groundwater tables (Mack, 

2009), possibly enhancing saltwater intrusion near the coast. This 

chapter focuses only on groundwater level changes caused by 

RSLR and recharge rates and groundwater withdrawals were held 

constant to isolate this effect.

6.4 HISTORICAL TRENDS IN SEA-LEVEL RISE INDUCED 

GROUNDWATER RISE

While many of the studies showing coastal RSLR-induced 

groundwater rise are modeling studies, long-term increases 

in groundwater level have also been measured in the field. For 

example, groundwater levels were measured in well TSW 1 located 

approximately 980 ft from the coast on Cape Cod over a 51-year 

period from 1950 through 2000 (Figure 6.2). Groundwater rose 

2.1 mm/year in this monitoring well compared to a 2.3 mm/year 

rise in sea level recorded at the Boston tide gauge over the same 

period (McCobb and Weiskel, 2003). 

In southern Florida, a reduction in the soil storage capacity 

associated with high sea levels was identified farther inland than 

high-tide flooding in wells with at least 30 years of record in Palm 

Beach, Miami Dade and Broward Counties. The soil storage capacity 

is proportional to the land surface-to-groundwater separation. As 

groundwater rises, the soil storage capacity is reduced, resulting 

in an increased risk of flooding (Bloetscher et al., 2016).

6
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6.5 SEA-LEVEL RISE INDUCED GROUNDWATER RISE 
PROJECTIONS

Knott et al. (2018a) investigated RSLR-induced groundwater 

rise for four future sea levels projected to occur by early-mid-

century, late-mid-century, and end-of-century and mapped 

a Groundwater Rise Zone (GWRZ) in coastal New Hampshire 

(Knott et al., 2018a). The GWRZ is the area where groundwater is 

projected to rise with RSLR. The study area is shown in Figure 6.3.

Groundwater Modeling Methodology 

An existing numerical groundwater-flow model (Mack, 2009) 

was updated and modified to investigate the effect of RSLR on 

groundwater levels in coastal New Hampshire (Knott et al., 2018a). 

The U.S. Geological Survey’s (USGS) 3-dimensional computer 

code MODFLOW-2005 (Harbaugh, 2005) was used to predict 

steady-state groundwater piezometric head at a resolution of 

200 feet x 200 feet in a model area of 158 mi2 in New Hampshire 

and 30 mi2 in Massachusetts. Piezometric head approximates the 

groundwater-table elevation in unconfined aquifers. 

The model consists of five layers, two in the unconsolidated 

deposits and three in bedrock. The model boundaries correspond 

to natural hydrologic boundaries including the Gulf of Maine (east), 

the Piscataqua Estuary (north), the Squamscott River (west), and 

the Merrimack Estuary in Massachusetts (south) (Figure 6.4). Model 

inputs included LiDAR land surface elevations (Photo Science Inc., 

2011), aquifer recharge (Dripps and Bradbury, 2007), hydraulic 

conductivity, aquifer thickness, groundwater withdrawals (NHDES 

Drinking Water & Groundwater Bureau, personal communication, 

2016), rivers/streams (NHDOT, 2010; PREP, 2014; CSRC-UNH, 

2006), and stream stage (Photo Science Inc., 2011). The hydraulic 

conductivity and aquifer thickness were determined from surficial 

6

Figure 6.2. Groundwater levels measured in well TSW 1 compared with surface-water 
levels measured at the Boston tide gauge (NOAA, 2019). TSW 1 is circled in red on the map of 
outer Cape Cod. Source: McCobb and Weiskel (2003).

Figure 6.3. The study area in coastal New Hampshire showing the 13 New Hampshire 
communities included in the groundwater-modeling study. Source: Mack (2009) and 
Knott et al. (2018a).
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and bedrock geology (Lyons et al., 1998; Mack, 2009; Moore, 1990; 

CSRC-UNH, 2004; Stekl and Flanagan, 1992) and confirmed with 

boring logs (Barker, 2016; NHDES, 2016). A complete description 

of the model construction and modifications are given in Mack 

(2009) and Knott (2018a), respectively. 

Groundwater-table elevations were compiled from multiple 

sources including the NHDES, NH Geological Survey, the U.S. Air 

Force, USGS and the NH Department of Transportation into a 

database and contoured. Groundwater heads from 2,919 wells were 

used in the study, including 1,645 wells installed in unconsolidated 

deposits and 1,274 in bedrock. Monitoring wells with accurately 

surveyed elevations were used for model calibration. Groundwater 

heads in wells that were not surveyed and surface-water elevations 

were estimated using LiDAR ground-surface elevations referenced 

to the North American Vertical Datum of 1988 (NAVD88). The 

topography and groundwater head contours within the study area 

are shown in Figure 6.4. (Knott et al., 2018a).

Sea level at the coast was initially set at the current MSL (-0.31 feet 

NAVD88) measured at the Fort Point tide gauge in Portsmouth 

(NOAA, 2016) for the baseline simulation. The freshwater/

saltwater interface is assumed to follow the coastline due to the 

low bedrock hydraulic conductivity (Mack, 2004) and saltwater 

intrusion was not modeled. Density effects were accounted for 

using freshwater equivalent heads at the coast (Rumbaugh and 

Rumbaugh, 2011). NOAA’s high emissions SLR scenario (relative 

to 1992) was used to estimate future MSLs (Parris et al., 2012). The 

use of the Parris et al. (2012) scenarios is consistent with the NH 

Coastal Risks and Hazards Commission’s (NH CRHC) Science and 

Technical Advisory Panel (STAP) report (Kirshen et al., 2014). RSLR 

of 1.0, 2.7, 5.2, and 6.6 feet corresponding to the years 2030, 2060, 

2090, and 2100 were simulated. These fall between the likely and 

unlikely SLR projections for RCP 4.5 (Table 4.2). The MSL boundary 

6

Figure 6.4. Groundwater modeling study area. The rectangular area is the groundwater 
model domain and the model boundaries, the Merrimack River, Gulf of Maine, Piscataqua 
Estuary, and Squamscott River, are labeled. Red to blue shading illustrates high to low 
topography, and observation wells are indicated. Approximate groundwater-table elevations 
relative to NAVD88 are illustrated with 10-ft contour lines from 0 at the coast to 110 feet at 
inland locations. Source: Modified from Knott et al. (2018a).
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This modeling study is a preliminary investigation of the long-term 

effect of RSLR on groundwater levels. Other factors that influence 

groundwater levels such as aquifer recharge and groundwater 

withdrawals were held constant in the simulations to isolate the 

influence of RSLR. Recent research on the climate-change impacts 

on hydrology in New Hampshire have shown that under most 

GCMs and RCPs groundwater recharge is expected to increase 

by the mid-21st century. The projections vary more toward the 

end of the century depending on the balance between increased 

precipitation and increase evapotranspiration (Bjerklie et al., 

2015; Bjerklie and Sturtevant, 2017a; Bjerklie and Sturtevant, 

2017b). It was also assumed that groundwater rise is driven 

only by piezometric head changes at the coast, i.e. a migrating 

coastline was not simulated. The coastline will change through 

inundation, erosion, and sedimentation with RSLR. An increase 

in recharge and the effect of a migrating coastline have the 

potential to increase the vertical magnitude and inland extent of 

groundwater rise suggesting that the estimates presented here 

may be conservative in some parts of the study area.

Finally, this study considered groundwater rise for 1.0, 2.7, 5.2 and 

6.6 feet of RSLR. Additional simulations can be run for different 

projected sea levels, as well as future changes in recharge and 

groundwater withdrawals. The model can also be converted to 

a transient or quasi-steady-state model to investigate seasonal 

changes and a migrating coastline.

Spatial Distribution of Projected Groundwater Rise

Groundwater rise is projected to be highest at the coast, 

decreasing with distance inland. The ratio of mean groundwater 

rise to RSLR was found to be relatively constant for the sea levels 

analyzed. Simulated RSLR-induced groundwater rise in the study 

area is shown as a percentage of RSLR in Figure 6.5. The hatching 

6 condition was increased accordingly and the model was run 

in steady state for each simulation. Groundwater piezometric 

heads calculated by the model were used to generate digital 

groundwater elevation models for the current MSL and the four 

future RSLR states. Groundwater elevations at MSL were then 

subtracted from the future groundwater elevations to calculate 

the groundwater rise (Knott et al., 2018a).

Limitations and Assumptions

RSLR-Induced groundwater rise was simulated in the study area 

using an existing USGS 3-dimensional groundwater flow model. 

The model construction, supporting data, inputs, assumptions 

and limitations are documented in Mack (2009) and Knott et 

al. (2018a). The assumptions, limitations and uncertainties are 

briefly discussed here. 

The regional model simulates steady-state groundwater flow 

in the unconsolidated sediments (less than 100 feet thick) and 

fractured bedrock. The model inputs include topography, annual 

average aquifer recharge, stream delineation and stage, aquifer 

material properties and MSL. All these input parameters have 

uncertainties associated with measurement errors as well as 

temporal and spatial variability (Knott et al., 2018a). Since the 

model was run in steady state, seasonal groundwater fluctuations 

and transient effects such as saltwater intrusion and changes in 

aquifer storage were not simulated. Despite these uncertainties 

and assumptions, the model simulations have great value in 

investigating future trends in groundwater elevations and 

changing flow patterns caused by projected RSLR. To determine 

what the future average groundwater levels may be at a location 

in the study area, projected groundwater rise should be added to 

the average groundwater levels measured in that local area. 
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represents the extent of tidal-water inundation with 6.6 feet of 

RSLR. The GWRZ, illustrated with colors from light blue to red, 

extends 3-4 times farther inland than the extent of tidal-water 

inundation from RSLR. Mean groundwater rise is projected to 

be 66% of RSLR between 0-0.6 miles of the coast, 34% between 

0.6-1.2 miles, 18% between 1.2-1.9 miles, 7% between 1.9-2.5 

miles, and 3% between 2.5-3.1 miles of the coast. More than five 

feet of RSLR-induced groundwater rise is projected to occur in 

approximately one-half of the land area within 0.6 miles of the 

shoreline with 6.6 feet of RSLR (Knott et al., 2018a).

The largest magnitude and inland extent of RSLR-induced 

groundwater rise is projected to occur in the northern part of 

the study area. Mean groundwater rise that is 50% of RSLR is 

projected to occur 1.2-1.9 miles from the shoreline in this subarea 

(Knott et al., 2018a). For example, with 6.6 feet of RSLR, a mean 

groundwater rise of approximately 3.3 feet is projected to occur 

1.2-1.9 miles from the coast in this area. This is consistent with the 

findings in New Haven, CT [Bjerklie et al., 2012), but the predicted 

inland distance of groundwater rise is about one half that found 

in the sand and gravel aquifer of Cape Cod (Walter et al., 2016). 

Box plots of the RSLR-induced groundwater rise calculated in the 

model grid cells within each distance interval are presented in 

Figure 6.6. These plots illustrate the inverse relationship between 

groundwater rise and distance from the coast as well as the large 

variability around the mean. Because of this large variability, 

the mean values should be used with caution. While the largest 

magnitude of RSLR-induced groundwater rise will occur on 

average near the coast, there are areas near the coast where 

groundwater rise will be smaller than the average. Likewise, 

there are areas farther from the coast where groundwater rise 

6

Figure 6.5. Projected groundwater rise as a percent of RSLR in the coastal New Hampshire 
study area. Source: Modified from Knott et al. (2018a).



2 0 1 9  N H  C O A S T A L  F L O O D  R I S K  S U M M A R Y  P A R T  I :  S C I E N C E   |  S E C T I O N  6   |   3 7  

is projected to be greater than the average. This highlights the 

need to evaluate local hydrogeologic conditions when designing 

for future groundwater levels (Knott et al., 2018a). 

Distance from the coast is not the only factor controlling the 

spatial distribution of groundwater rise in the study area. The 

magnitude and areal extent of groundwater rise is influenced 

by the configuration of the coastal-land area, the geology, and 

the location of groundwater discharge areas such as streams or 

wetlands (Bjerklie et al., 2012; Hoover et al., 2017; Knott et al., 

2018a; Oude Essink et al., 2010; Walter et al., 2016). Groundwater 

rise beneath islands or peninsulas is more pronounced than along 

straight coastlines because these land masses are influenced by 

sea levels on three or more sides (Knott et al., 2018a; Walter et al., 

2016). For example, groundwater rise is projected to be higher in 

Portsmouth, Newington, and Greenland than in North Hampton 

due to tidal influence from the Gulf of Maine, the Piscataqua 

Estuary, and Great Bay. This was also found on Cape Cod where 

the groundwater rise on the narrow outer Cape is projected to be 

twice that projected for the wider part of the peninsula  (Walter 

et al., 2016). RSLR-induced groundwater rise is also projected to 

occur farther inland in highly conductive deposits, such as thick 

sand and gravel. In the Netherlands, RSLR-induced groundwater 

rise is predicted approximately six miles from the coast in 690 to 

980 feet thick unconsolidated deposits (Oude Essink et al., 2010). 

RSLR-induced groundwater rise is projected to occur about twice 

as far inland in the relatively permeable and thick (greater than 200 

feet) sand and gravel aquifer on Cape Cod as compared to coastal 

New Hampshire where the surficial geology is heterogeneous and 

thin (approximately 40 feet on average) (Mack, 2009). Consistent 

with these findings,  the highest magnitude and extent of 

Figure 6.6. Simulated groundwater rise versus distance from the coast for the four sea-
level rise scenarios: (a) 1.0 ft, (b) 2.7 ft, (c) 5.2 ft, and (d) 6.6 ft. Each box shows the mean 
(x), median, interquartile range, and outliers for each distance interval from the coast. 
Source: Knott et al. (2018a).

6
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projected groundwater rise is in the northern part of the study 

area where the most transmissive geologic materials are found 

and tidal-water bodies on three sides influence groundwater 

levels (Knott et al., 2018a).

Increase in streamflow

The magnitude of RSLR-induced groundwater rise is dampened 

near streams and accompanied by an increase in groundwater 

discharge to streams and freshwater wetlands (Bjerklie et al., 2012; 

Fiore et al., 2018; Knott et al., 2018a; Masterson and Garabedian, 

2007; Walter et al., 2016). In the study area, a rise in relative sea 

level of 6.6 feet is predicted to cause more groundwater discharge 

to streams and less discharge directly to the ocean. The volume 

of streamflow is predicted to increase by 13% and the volume 

of direct groundwater discharge to the ocean is predicted to 

decrease by 22%. The dampening of groundwater rise near 

streams can be seen in Figure 6.4. (Knott et al., 2018a) 

This is consistent with the findings in coastal New Jersey, 

where RSLR-induced groundwater rise resulted in increased 

groundwater discharge to freshwater streams and wetlands 

with a corresponding decrease in fresh groundwater discharge 

to marine water environments (Fiore et al., 2018). On Cape Cod 

and in New Haven, CT, two very different geological settings, the 

inverse relationship between groundwater rise and groundwater 

discharge to surface-water bodies was also discovered. In New 

Haven, a 34% increase in streamflow with three feet of RSLR is 

projected and accompanied by dampened groundwater rise 

compared to areas without surface-water drainage (Bjerklie et al., 

2012). With approximately six feet of RSLR on Cape Cod, where 

ponds and streams are in direct connection with groundwater, 

the groundwater discharge to freshwater streams and wetlands 

is projected to increase from 49 to 61% of the total outflow 

with a dampening of groundwater rise around these discharge 

areas (Walter et al., 2016). The increased groundwater discharge 

to streams is accompanied by a rise in the freshwater/saltwater 

interface in some locations on Cape Cod (Masterson and 

Garabedian, 2007; Walter et al., 2016).

Increased streamflow from groundwater rise could help to 

maintain summertime streamflow and lower summertime stream 

temperature, alleviating some adverse effects of climate-change 

induced temperature increases on stream biota. Increases in 

streamflow discharging to coastal waters could also change 

salinities and circulation, with unknown effect.

Groundwater inundation, expansion of wetlands

Wetlands have been widely recognized for flood control, a 

function that is essential to the resiliency of waterfronts and 

coastal economies in the face of RSLR, more intense storms, and 

storm surge (Linhoss et al., 2015; Walters and Babbar-Sebens, 

2016). Inland wetlands provide storage for riverine flood control 

and coastal wetlands provide both storage and energy dissipation 

from waves and storm surge. Healthy wetland ecosystems 

produce food, provide protected areas for spawning and young 

fish, and attenuate pollutants, all functions important for healthy 

and thriving fisheries (Graff and Middleton, 2001).

Freshwater and saltwater wetlands are sensitive to the duration 

of root zone saturation and are, therefore, highly susceptible to 

changes in groundwater levels (Moffett et al., 2012; Rheinhardt 

and Fraser, 2001). Long-term changes in groundwater levels, 

groundwater discharge, and salinity may result in the transition, 

degradation, or drowning of wetland vegetation (Cooper. et al., 

2015; Fiore et al., 2018). In a barrier island ecosystem off the Virginia 

coast, Masterson et al. (2014) discovered that the freshwater 

lens between the fresh groundwater table and the freshwater/

6
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saltwater interface shrinks with RSLR-induced groundwater rise 

(Figure 6.7).

In the coastal New Hampshire study area, approximately one 

quarter of the land area is freshwater or saltwater wetland. 

Approximately 15% of the wetlands are freshwater consisting 

of forested/shrub wetlands, emergent wetlands, ponds, lakes, 

and riverine wetlands, and 10% are saltwater wetlands (USFWS, 

2001). Freshwater and coastal wetlands are both projected 

to be impacted by RSLR either from tidal-water inundation, 

groundwater inundation (GWI), or both. Low-lying lands adjacent 

to existing freshwater wetlands are the most vulnerable to 

wetland expansion from GWI. Saltwater wetland vegetation and 

habitat are also expected to migrate, transition, or drown with 

RSLR (NHFG, 2014; Torio and Chmura, 2013). Wetland expansion 

has implications for wetlands-protection policy, surface and 

groundwater quality, and infrastructure. Wetland vegetation 

transition has implications for flood control, fisheries and habitat.

6.6 SEA-LEVEL RISE INDUCED GROUNDWATER RISE 

EMERGING ISSUES

RSLR-induced groundwater rise in coastal New Hampshire is 

directly influenced by the magnitude of RSLR projected for the 

coastal region. Changes in the RSLR projections will also change 

the groundwater rise projections. RSLR is not the only factor 

controlling groundwater levels, however. Long-term changes in 

aquifer recharge (controlled by precipitation, evapotranspiration, 

runoff, etc.), groundwater withdrawals, and land-use will also 

influence future groundwater levels (Walter et al., 2016; Knott et 

al., 2018a; Bjerklie et al., 2012; Bjerklie and Sturtevant, 2017b). 

Groundwater rise caused by RSLR will impact both built and 

natural systems in areas within the GWRZ where the current 

groundwater is shallow (Knott et al., 2018a; Walter et al., 2016; 

Masterson et al., 2014). Adaptation planning will require not 

only knowledge of the magnitude and areal extent of projected 

groundwater rise, but also the current and projected groundwater 

depth below the land surface.

Rising groundwater is a concern in coastal New Hampshire for 

the following reasons:

■■ RSLR-induced groundwater rise will contribute to pavement-

life reductions in coastal road infrastructure. The presence 

of water in the underlying, unbound layers of the pavement 

structure weakens the structure leading to premature 

pavement failure. Approximately 77% of 635 miles of roads 

in the study area are located within the GWRZ and 23% have 

groundwater within five feet of the pavements’ surface, making 

them potentially vulnerable to reduced pavement life with 

RSLR-induced groundwater rise (Knott et al., 2018b). Rising 

groundwater also has the potential to impact underground 

utilities in the vulnerable roads’ right-of-way (NYCDEC, 2019; 

Flood and Cahoon, 2011; MassDEP, 2017). 

6

Figure 6.7. Schematic showing RSLR-induced changes to fresh and salty groundwater 
with implications for the ecosystem at a barrier island in Virginia. Source: Modified from 
Masterson et al. (2014).



2 0 1 9  N H  C O A S T A L  F L O O D  R I S K  S U M M A R Y  P A R T  I :  S C I E N C E   |  S E C T I O N  6   |   4 0  

■■ Some buildings are at risk from RSLR-induced groundwater 

rise (NYCDEC, 2019). Many of the buildings in Portsmouth’s 

historic district have basements that are vulnerable to 

groundwater seepage and uncontrolled moisture is a 

major cause of deterioration in historic structures. Some, 

including the Strawbery Banke Museum (2017), have already 

experienced moisture damage from high groundwater leading 

to recommendations for groundwater monitoring in this area 

(Merrill and Gray, 2018). In urban areas, rising groundwater is 

an engineering concern where buildings or foundations not 

anchored to bedrock may be destabilized (Johnson, 1994; 

NYCDEC, 2019).

■■ Rising water tables can cause inundation of cesspools and 

septic-system leach fields. This raises concerns that more 

septic systems will fail and contaminants will be mobilized 

as rising groundwater moves into or close to septic-system 

leaching fields (Cooper et al., 2016; Iverson et al., 2015; Mihaly, 

2018). Nutrients and bacterial contamination from overland 

non-point source pollution and septic-system effluent in 

groundwater discharge are already causing eutrophication 

and degradation of many coastal surface-water bodies in 

New Hampshire, including Great Bay (Amador et al., 2018; 

Anderson, 2016; Ballestero et al., 2004; Berg et al., 2016; Iverson 

et al., 2015). RSLR-induced groundwater rise will exacerbate 

these problems in areas where the groundwater separation is 

already marginal.

■■ RSLR has the potential to contribute to the inland and 

upward movement of the freshwater/saltwater interface with 

implications for  water quality in drinking water wells close to 

the shoreline (Jacobs et al., 2017; Masterson, 2004; Walter et 

al., 2016). In areas where increased groundwater discharge to 

streams occurs with groundwater rise, the freshwater/saltwater 

interface will consequently rise because the direct groundwater 

flow to the coast is reduced (Masterson and Garabedian, 2007; 

Walter et al., 2016). Movement of the freshwater/saltwater 

interface can also be caused by increases in drinking-water 

demand and pumping volumes (Loaiciga and Pingel, 2007; 

Masterson and Garabedian, 2007; Walter et al., 2016).

Future Research Needs

A regional study of RSLR-induced groundwater rise in coastal New 

Hampshire has identified the GWRZ and the spatial distribution 

of groundwater rise in the study area (Knott et al., 2018a). This 

study’s research objective was to investigate only long-term RSLR-

induced groundwater rise and all other input parameters such as 

aquifer recharge, groundwater withdrawals, and land use were 

held constant. Recharge is projected to increase by mid-century 

based on projected increases in precipitation (Bjerklie et al., 2015; 

Bjerklie and Sturtevant, 2017a; Bjerklie and Sturtevant, 2017b; 

Hayhoe et al., 2015). Additional research is needed to assess the 

combined effect of long-term changes in recharge and RSLR on 

groundwater levels, and groundwater discharge to streams and 

coastal discharge areas. In addition, the regional model was run in 

steady state. Saltwater intrusion, seasonal effects, and a migrating 

coastline were not simulated. Additional research is needed to 

investigate potential inland migration of the freshwater/saltwater 

interface with consequences for drinking water supplies, changes 

in seasonal groundwater levels that are important for ecosystems 

and the performance of infrastructure, and the effect of a 

migrating coastline on the inland extent of the GWRZ. 

The expansion of inland and coastal wetlands has implications 

for land-use planning and development, flood control, and 

ecosystem management. A preliminary analysis of RSLR-induced 

groundwater rise on Portsmouth wetlands (Knott et al., 2018a) 

should be expanded to identify other wetland areas in coastal 

6
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New Hampshire for detailed study. Wetland hydrology is complex 

with interactions between fresh and saline groundwater and 

surface water, coupled with sedimentation, erosion, and wetland 

plant transitions. Changes in groundwater discharge to wetlands 

and surface-water infiltration may alter salinity and ecosystem 

function. A more detailed wetlands analysis like the Masterson 

et al. (2014) barrier island study could be designed to investigate 

the complex interactions between fresh and saline groundwater 

and tidal surface waters in the Hampton-Seabrook or Rye wetland 

ecosystems.

Long-term groundwater rise in areas where groundwater is 

currently shallow has implications for coastal infrastructure and 

water quality. Research in coastal New Hampshire has shown that 

RSLR-induced groundwater rise may result in premature pavement 

failure in 23% of the region’s roads if adaptation planning is not 

implemented (Knott et al., 2018b). Similar research should be 

done to map the groundwater depth for current and rising water 

tables to identify areas where rising groundwater may mobilize 

and transport contaminants to sensitive surface-water bodies 

like Great Bay. This research can provide adaptation-planning 

guidance and inform policy making in land-use, septic-system 

design and permitting, and the clean-up of waste disposal sites 

(Elmir, 2018; Walter et al., 2016). 

6
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7.1 KEY FINDINGS

PPT 1. The magnitude of daily extreme precipitation events has increased by 15-38% in 

New Hampshire’s coastal watershed since the 1950s. Some of these large precipitation 

events have contributed to significant springtime flooding events in coastal New 

Hampshire watersheds.

PPT 2. The frequency of extreme precipitation events is projected to increase over the 

course of the next several decades, especially in the springtime. This increase will likely 

result in an increased risk of flooding.

PPT 3. The magnitude of future flooding will depend in part on how much the effective 

impervious surface changes in the coastal watershed due to development both inland 

and along the coast.

7.2 CHANGES FROM 2014 STAP REPORT

■■ Key findings similar – more detailed analysis supports basic findings in 2014 report.

■■ Results from analysis of 29 new statistically downscaled GCM simulations (based on 

2017 National Climate Assessment – Climate Science Special Report) are included.

7.3 PRECIPITATION IN NEW HAMPSHIRE

New Hampshire is characterized by a humid climate and a relatively uniform distribution 

of precipitation throughout the year totaling between 40-45 inches on average annually 

(Runkle et al., 2017). New Hampshire’s proximity to the coast and position below the 

confluence of several major North American storm tracks results in the frequent passage 

of midlatitude storm systems capable of producing heavy precipitation over one or more 

days. Coastal New Hampshire is regularly impacted by coastal storms, which in addition 

to storm surge, often produce heavy precipitation in the form of rain or snow depending 

on the time of year (Kunkel et al., 2012). 

P R E C I P I TAT I O N7
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Total annual precipitation for the U.S. Northeast increased over 

the 20th century (Hoerling et al., 2016; Huang et al., 2017) and is 

projected to continue to increase through the end of this century 

(Hayhoe et al. 2007, 2008; Easterling et al., 2017). This is largely 

due to increases in precipitation extremes, which are projected to 

be highest across coastal areas including coastal New Hampshire 

(Thibeault and Seth, 2014). Commonly used measures of extreme 

precipitation, like the frequency of heavy daily events exceeding 

one inch and the intensity of multi-day precipitation events, have 

increased since the mid-20th century (Wake et al. 2014; Guilbert 

et al., 2015). Such events are projected to increase over the 

coming decades and will be a contributing factor in the increase 

in total annual and seasonal precipitation (Thibeault and Seth, 

2014). In addition to RSLR, increases in both total and extreme 

precipitation will likely increase the flood risk for communities 

within New Hampshire’s coastal watershed (Figure 7.1; Wake et 

al., 2011, 2014). 

7.4 HISTORICAL TRENDS IN PRECIPITATION (1895 TO 2018)  

Recent increases in precipitation during the summer and fall 

seasons contributed to an increase in total annual precipitation 

across coastal New Hampshire of 10-15% above the early 20th 

century average (Easterling et al. 2017). These changes are 

attributed to increases in the intensity of daily events and 

frequency of extreme multi-day events, particularly during spring 

and fall (Kunkel et al., 2013; Easterling et al., 2017).

Annual & Seasonal Precipitation

Records from United States Historical Climatology Network 

(USHCN) meteorological stations in Durham, New Hampshire 

and Lawrence, Massachusetts (Figure 7.1) show increases in total 

annual precipitation of 14% and 8% respectively, above early 

20th century average (Table 7.1a). Consistent with Kunkel et al. 

(2013), the largest seasonal change occurred in fall with increases 

greater than 20% at both long-term stations.

Precipitation increased significantly across the region since 1970, 

driven primarily by significant increases in summer rainfall (Table 

7.1b). Historical precipitation data was analyzed from three 

locations within the New Hampshire coastal watershed (Durham 

and Epping, New Hampshire, and Sanford, Maine) as well as 

7

Figure 7.1. Map of New Hampshire’s coastal watershed with location of sites where 
meteorological data was collected.



2 0 1 9  N H  C O A S T A L  F L O O D  R I S K  S U M M A R Y  P A R T  I :  S C I E N C E   |  S E C T I O N  7   |   4 4  

Concord, New Hampshire (just west of the New Hampshire 

coastal watershed) (Figure 7.1) to explore regional variability. 

Studies indicate that while the frequency of summer season 

storms has decreased (Chang et al., 2016), warming increases the 

intensity of precipitation associated with frontal precipitation 

and cold season nor’easter type storms (Kunkel et al., 2012; Colle 

et al., 2013; Janssen et al., 2016). The period evaluated included 

record breaking summer total precipitation from 2005-2009 and 

all years from 2004-2015 were above normal (Runkle et al. 2017). 

There was a slight positive trend in the liquid-water equivalent 

(total of rain plus melted snow) winter precipitation in Concord 

and Durham, and a slight negative trend in Epping and Sanford, 

none of which are statistically significant. A trend toward more 

precipitation in winter since 1970 was observed in long-term 

records at other U.S. Northeast stations, but high year to year 

variability limits interpretation (Huang et al. 2017).  

Extreme Precipitation

Late 20th infrastructure and storm water systems designed for 

the precipitation return period values published in the “Rainfall 

Frequency Atlas of the United States: Technical Paper No. 40” 

(Hershfield, 1961; abbreviated TP-40) are vulnerable to increases 

7

Table 7.1. (a) Long-term (1901-2018) and (b) recent (1970-2018) trends in total annual and seasonal precipitation for weather stations within and close to New Hampshire’s coastal watershed. 
Significant linear trends (p<0.05) are underlined and in bold text. Percent change at USHCN stations in Durham, NH and Lawrence, MA (1901-2018) calculated as present day average for 1989-2018 
minus 1901-1960 average divided by 1901-1960 average (following Easterling et al., 2017).

(a) Long-term change Durham, NH Lawrence, MA

Total Precipitation (inches per decade) Trend % Change Trend % Change

Annual 0.78 14 0.48 8

Winter (DJF) 0.00 -4 -0.02 -3

Spring (MAM) 0.21 13 0.09 5

Summer (JJA) 0.20 19 0.08 6

Fall (SON) 0.35 25 0.35 23

(b) Recent trends Concord, NH Durham, NH Epping, NH Sanford, ME

       Total Precipitation (inches per decade)

Annual 2.10 0.98 0.93 1.23

Winter (DJF) 0.24 0.25 -0.22 -0.24

Spring (MAM) 0.26 -0.05 0.24 -0.10

Summer (JJA) 0.84 0.91 0.49 0.92

Fall (SON) 0.68 0.19 0.25 0.46
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in precipitation extremes (Dupigny-Giroux et al., 2018). The 

estimates from 1961 are more than one inch lower compared 

to the revised NOAA Atlas 14 (2015) precipitation frequency 

estimates for coastal cities (Table 7.2). For both the Durham and 

Epping stations, the Atlas-14 estimate for the 25-year 24-hour 

precipitation event increased 1.3 inches (26% increase) since the 

1950s, while the 50-year and 100-year 24-hour precipitation event 

has increased 1.8 - 2.1 inches, an increase of 32 - 36%. Increases 

farther inland in Concord, New Hampshire for the 25-, 50-, and 

100-yr 24-hr storm have been more modest, ranging from 8 

to 13%. Point frequency estimates for the Northeast Regional 

Climate Center’s (NRCC) Precip.net database (DeGaetano, 2009) 

are slightly lower than Atlas-14 for the 25- and 50-year return 

periods, but slightly higher for the 100-year return period. 

Consistent with Northeast regional patterns (Easterling et al. 

2017), the total amount of precipitation falling during the largest 

7

Table 7.2. The 24-hr point precipitation estimates for 25-, 50-, and 100-year return periods at Concord, Durham, and Epping, NH from NOAA TP-40 (1961), the updated NOAA Atlas-14 (2015), and 
the Northeast Regional Climate Center (NRCC) Partial Duration Series Extreme Precipitation Estimates (DeGaetano, 2009). Mean precipitation frequency value is shown for all. The upper and lower 
limits and percent difference from TP-40 is shown for Atlas 14 and precip.net. 

24-hr Total Precipitation (inches): Concord, NH Durham, NH Epping, NH

NOAA Technical Paper 40 (1961)

25-year 5.0 5.2 5.2

50-year 5.6 5.7 5.6

100-year 6.2 6.2 6.4

NOAA Atlas 14 (2015)

25-year
5.41 (4.32-6.79) 

8%
6.54 (5.19-8.38) 

26%
6.58 (4.93-8.95 

27%

50-year
6.19 (4.82-7.98) 

11%
7.50 (5.82-9.85) 

32%
7.54 (5.57-10.50) 

35%

100-year
6.98 (5.22-9.38) 

13%
8.46 (6.37-11.6) 

36%
8.51 (6.17-12.40) 

33%

NRCC Precip.net (2009)

25-year
5.20 (4.56-5.86) 

4%
5.98 (5.13-6.84) 

15%
5.99 (4.64-7.28) 

15%

50-year
6.16 (5.23-7.12) 

10%
7.15 (5.90-8.44) 

28%
7.19 (5.18-9.1) 

28%

100-year
7.30 (6.01-8.68) 

18%
8.56 (6.78-10.42) 

38%
8.62 (5.78-11.38) 

35%
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precipitation events has increased since mid-century across 

coastal New Hampshire. 

Among the different measures of extreme precipitation, there 

was a greater increase in the frequency of extreme, multi-day 

(4 inches in two days) precipitation events compared to daily 

precipitation extremes (Table 7.3). As part of the larger, U.S. 

Northeast regional pattern, most extreme 24-hour precipitation 

totals occur within multi-day precipitation events associated with 

passing storms (Agel et al., 2015). On average, daily events of one 

inch or greater occur approximately 5-10 times per year across 

coastal New Hampshire and there was a small (<1 event per 

decade) increase in occurrence at three of the four precipitation 

records since 1970 (Table 7.3b). There was a 12-16% increase in 

maximum daily precipitation (PMAX; Figure 7.2) and a 14-32% 

increase in the occurrence of daily precipitation exceeding the 

99th percentile value (Figure 7.3) for present day compared 

to the early 20th century but the long-term trends were not 

significant (Table 7.3a). These recent increases in extreme daily 

precipitation values indicate a change in the magnitude of the 

trend since the early 2000’s consistent with records across coastal 

northern New England (Douglas and Fairbank, 2011). At Durham 

station, five of the nine events greater than or equal to 5.2 inches 

in 24 hours (which represents the TP-40 (1961) value for the 25-

yr return period threshold) occurred after 1970. Of those five 

7

Table 7.3: (a) Long-term (1901-2018) and (b) recent (1970-2018) trends extreme precipitation for weather stations within New Hampshire’s coastal watershed. Significant linear trends (p<0.05) 
underlined and in bold. Percent change at USHCN stations in Durham, NH and Lawrence, MA (1901 to 2018) calculated as present day average for 1989-2018 minus 1901-1960 average divided by 
1901-1960 average (following Easterling et al., 2017).

(a) Long-term change Durham, NH Lawrence, MA

Extreme Precipitation Trend % Change Trend % Change

Annual PMAX (inches per decade) 0.04 16 0.02 12

≥ 99th percentile (events per decade) 0 14 0 32

1” in 24 hours  (events per decade) 0 1 0.3 30

4” in 48 hours (events per century) 3.5 173 3.4 173

(b) Recent trends Concord, NH Durham, NH Epping, NH Sanford, ME

Extreme Precipitation (inches per decade)

Annual PMAX 0.21 0.05 0.11 0.16

Extreme Precipitation (events per decade)

≥ 99th percentile 0.3 0.1 0.0 0.2

1” in 24 hours 0.7 -0.4 0.4 0.3
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events, two met the 50-yr return period threshold (5.7 inches) 

and one surpassed the threshold for the TP-40 100-yr event (6.2 

inches). The frequency of extreme multi-day precipitation events 

(≥4 inches over two or more consecutive days) nearly doubled 

over the past century (Table 7.3a); a majority of which occurred 

within the latter half of the 1960-2009 period of record (Figure 

7.4). Historically, these extreme events are most common in fall 

(see Kunkel et al., 2010) and spring and infrequent in winter. 

Locally, observed changes in total annual and seasonal 

precipitation are consistent with regional patterns (Douglas and 

Fairbank, 2011; Agel et al., 2015; Kunkel et al., 2013; Hoerling et al., 

2016; Easterling et al., 2017; Huang et al., 2017; Runkle et al., 2017). 

This includes significant increases in long-term total annual and fall 

precipitation, and increases more recently (since 1970) in summer. 

The summer season had the largest total increase over recent 

7

Figure 7.2. Maximum annual daily precipitation at Durham, NH (green line) and Lawrence, 
MA (blue line) USHCN stations. Linear trends (dotted lines) represent a change in the annual 
maximum value for daily precipitation of 0.04 and 0.02 inches per decade respectively.

Figure 7.3. Number of events per year exceeding the 99th percentile precipitation value at 
Durham, NH USHCN Station. Linear trend (dotted lines) are not significant.

Figure 7.4. Number of extreme precipitation events (per decade) of 4” or more over two or 
more days since 1960. Data for the most recent decade (2010-2019*) is complete through 2018. 
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decades and five of the 10 wettest summers on record occurred 

after 2004. In addition to extreme precipitation, recent years have 

been punctuated by periods of moderate (2010, 2012, 2013, and 

2015) to extreme (2016) drought development during the warm 

season. At the same time, there was an observable, positive shift 

in the winter trend, which is consistent with the regional pattern 

(Huang et al., 2017) and projections for an increasing trend in 

winter precipitation throughout this century (Thibeault & Seth 

2014). Increases in total precipitation can be attributed in part 

to increases in extreme precipitation, including the frequency of 

extreme 1-day, 2-day, or longer events, all of which have increased 

regionally since the 1990s’s (Hoerling et al., 2016; Huang et al., 

2017). Results from Huang et al (2017) suggest that almost half 

of the extreme precipitation increase since 1996 is due to tropical 

cyclones, with fronts responsible for 25% of the increase, and 

extratropical cyclones accounting for 15% of the increase.

7.5 PROJECTED FUTURE TRENDS IN PRECIPITATION

Regional precipitation patterns projected through the end of this 

century indicate that overall annual precipitation and extreme 

precipitation events will continue to increase (Hayhoe et al. 2007, 

2008; Thibeault and Seth, 2014; Easterling et al., 2017). In addition, 

the seasonal distribution of precipitation is likely to change from 

the observed historical pattern (Lynch et al., 2016). For coastal 

New England, the largest seasonal increases are expected to shift 

from summer and fall to spring and winter. For example, winter 

and spring precipitation is projected to increase by 10-15% by 

the end of the 21st century with little change in summer and 

fall under the growing greenhouse gas concentration scenario 

(RCP 8.5) (Easterling et al., 2017; Runkle et al., 2017). Seasonal 

differences may be due to an increase in cold season storm 

frequency and intensity by the end of the century (Colle et al., 

2013). The Northeast U.S. region is expected to see the largest 

increase in extreme precipitation event frequency of all U.S. 

regions (Janssen et al., 2016). A minimum increase of 10% over 

present day is expected by mid-century and an increase of more 

than 20% is likely by end of century under RCP 8.5 (Easterling et 

al., 2017; Hayhoe et al., 2017). 

Table 7.4 presents a summary of simulated historical (1980-2005) 

and projected future (2006-2099) daily precipitation estimates for 

Durham, Concord, and Portsmouth, New Hampshire. These values 

represent the ensemble mean of the 29-member, high resolution 

(4 km) statistically downscaled Coupled Model Intercomparison 

Project (CMIP5) for representative concentration pathways (RCP) 

scenarios leading to lower (4.5 W m-2) and higher (8.5 W m-2) 

warming by end of century (Burakowski et al., 2019). Statistical 

downscaling was performed using localized constructed analogs 

(LOCA) (Pierce et al., 2014, 2015), the same technique used in 

the 2017 National Climate Assessment Climate Special Science 

Report (Castellano and DeGaetano, 2017; Easterling et al., 2017). 

Ensemble means are weighted following Sanderson et al. (2017). 

Overall, annual precipitation is expected to increase across the 

coastal watershed under both RCP’s (Table 7.4). 

Following the larger regional pattern (Thibeault and Seth, 2014; 

Easterling et al., 2017), annual precipitation in southeastern New 

Hampshire is projected to increase 5-10% by mid-century and 

7-15% by the end of the 21st century (Table 7.4). However, the 

projected increase in precipitation is not distributed uniformly 

throughout the year and is expected to be highest in winter 

(12 - 28%; Figure 7.5). In general, the higher percentage change 

occurs for RCP 8.5, although there is relatively little difference 

in the amount of annual and seasonal precipitation between 

the two greenhouse gas concentration scenarios. These results, 

consistent with previous findings (Hayhoe et al. 2007; Wake et al. 

7
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7 Table 7.4. Projected 21st century change in total annual, seasonal and extreme precipitation for (a) Concord, (b) Durham, and (c) Portsmouth NH from CMIP5 
weighted means of daily precipitation output from 29 models. Projected change is calculated as the difference from, and percent of, the modeled 1980-2009 average 
for each 30-year time period. Percent change calculated as the difference divided by the historical average. Modeled value weights based on Sanderson et al. (2017).
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2014; Easterling et al., 2017) indicate that the coastal watershed, 

and much of New England, will experience a modest increase in 

the amount of precipitation over the 21st Century.

The projected change in extreme precipitation events shows a 

larger increase (Table 7.4) compared to the annual and seasonal 

change. For example, an 8-18% increase under RCP 4.5 and 13-24% 

increase under RCP8.5 by end the end of the century is projected 

for the amount of precipitation falling on the wettest day of the 

year (Figure 7.6a). The number of 1-day events that produce one 

inch is projected to increase 23-26% under RCP 4.5 and 38-44% 

under RCP 8.5, with greater increases in two inch events under 

both scenarios by the end of the century. The largest increases 

7

Figure 7.5. CMIP5 mean modeled historical (1980-2005) and projected future (2006-2099) total seasonal at Portsmouth, NH for (a) winter, (b) spring, (c) summer, 
and (d) fall for RCP4.5 (blue) and RCP8.5 (red) (from Burakowski et al., 2019.) Ensemble means are weighted following Sanderson et al. (2017).
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are projected for 2-day storm totals exceeding four inches (114-

154%) by the end of the century under RCP 8.5 (Figure 7.6b).

7.6 PRECIPITATION EMERGING ISSUES

As described in Section 7.4, the observed increases in total 

annual and seasonal precipitation are attributed to an increase 

in the intensity and frequency of individual precipitation events 

(Kunkel et al., 2013; Guilbert et al., 2015; Easterling et al., 2017). 

Recently updated daily point extreme precipitation estimates 

for the Great Bay watershed show a 15-38% increase in the 

magnitude of extreme daily precipitation compared to mid-20th 

century estimates (Table 7.2). As precipitation intensity continues 

to increase, the frequency of extreme daily precipitation events 

(>=1 inch in 24 hours) are also projected to increase across the 

Great Bay watershed (Thibeault and Seth, 2014; Easterling et al., 

2017). 

Given the expected increases in the magnitude and frequency of 

daily precipitation extremes, estimates for projected changes in 

the intensity, frequency, and duration of extreme precipitation at 

sub-daily time scales are needed for the design and maintenance 

of water systems and transportation infrastructure (Fadhel et 

al., 2017). These sub-daily model simulations have recently 

been completed for the northeast US (Komurcu et al., 2018) and 

analysis of this output should be included in the next assessment. 

Historical and projected point estimate Intensity-Duration-

Frequency (IDF) curves for the Great Bay region were not included 

in this report but given the practical applications of IDF curves, it 

is recommended they be included in future reports. 

7

Figure 7.6. CMIP5 mean modeled historical (1980-2005) and projected future (2006-2099) 
for (a) annual maximum daily precipitation and (b) events greater than 4” at Portsmouth, NH 
under RCP4.5 (blue) and RCP8.5 (red) (from Burakowski et al., 2019). Ensemble means are 
weighted following (Sanderson et al., 2017)

(a)

(b)
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8.1 KEY FINDINGS

FWF 1. Freshwater flooding in coastal New Hampshire has increased in magnitude and 

frequency.

The magnitude and frequency of freshwater floods in New Hampshire’s coastal watershed 

have increased over the past four decades in response to both climate change and 

development that has led to an increase in impervious surface.

FWF 2. Freshwater flooding is expected to increase in the future.

Analysis of historical floods shows that extreme precipitation events are only loosely 

correlated with runoff and flood damage. Projecting future flooding depends 

fundamentally on accurately projecting antecedent conditions (e.g., soil moisture, 

snowpack, reservoir storage) which presents a significant challenge. However, three 

separate research projects that have projected future flooding in coastal New Hampshire 

have all concluded that we should expect an increase in floods in the future, both as a 

result of climate change and land use change driven by development pressure. 

8.2 CHANGES FROM 2014 STAP REPORT

■■ Past and potential future changes in freshwater flooding were not included in the 

2014 STAP Report.

8.3 UNDERSTANDING FRESHWATER FLOODING

Historical settlement patterns along rivers places many of New Hampshire’s communities 

at risk of flooding, the costliest and most frequent natural hazard for New Hampshire 

(Figure 8.1) and for New England more broadly. Flooding events account for 60% of 

New Hampshire’s presidentially declared disasters and emergency declarations and 67% 

of the federal reimbursement provided by FEMA for those disasters and declarations 

(FEMA, 2019). 

F R E S H WAT E R  F LO O D I N G8
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While coastal flooding is expected to increase with rising sea 

levels and changing storm surge (Chapter 4 and 5), riverine (aka 

freshwater) flooding is also expected to increase in response to 

increases in extreme precipitation events in the northeast US 

(e.g., Chapter 7, Hayhoe et al., 2007; Douglas and Fairbank, 2011; 

Guilbert et al., 2015, Demaria et al. 2016, Easterling et al. 2017). 

In addition, coastal watersheds in southeastern New England 

have experienced the greatest urban expansion in the northeast 

US since 1975 (Torbick and Corbierea, 2015), and there remains 

significant development pressure in many watersheds across all 

of New England (Stein et al., 2009; Dupigny-Girouz et al., 2018). 

Changes in flood frequency and magnitude depend upon a 

combination of factors, including precipitation (amount, type, 

intensity), antecedent conditions (e.g., soil moisture, snowpack, 

reservoir storage), and land use and land cover. As a result, 

large precipitation events do not necessarily lead to high river 

discharges (e.g., Ivancic and Shaw, 2015). Analysis of historical 

precipitation and discharge observations from across New 

England illustrate the complexity of predicting hydrologic flood 

response to extreme precipitation events as storm intensity is 

only loosely correlated with runoff and flood damage (Figure 8.2). 

Furthermore, the same precipitation event can cause drastically 

different flood events in different locations across a region 

due to the large spatial variability in antecedent conditions 

(Woldemeskel and Sharma, 2016). Many historical New England 

flood events were preceded by wet conditions (Paulson et 

al., 1991), because saturated soils (Dunne and Black, 1970) or 

other subsurface stores (McDonnell, 2013) maximize runoff and 

river discharge during storm events. In a detailed review of the 

8

Figure 8.1. Federal expenditures on all presidentially declared disasters and emergency 
declarations for flood and flood-related events (blue bars) and all other disasters (white bars) 
in New Hampshire from 1986-2018, in 2018 dollars. Source: Data from FEMA (2019).

Figure 8.2. Seventy-two-hour precipitation plotted against runoff for the largest 
precipitation and flood events (80th percentile) across New England between 1980-2016. 
Flood damage estimates (filled circles) from Pielke (2002) and FEMA (2016). No relationship 
exists between precipitation, runoff, and damage. *Damage estimates not comparable 
between sources. Source: Adapted from Wake et al. (2017).
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generating mechanisms for floods in New England, Collins et al. 

(2014) conclude that the greatest number of annual floods occur 

during the late winter/early spring and that the dominant flood 

producing mechanism is rainfall (linked to nor’easters and Great-

Lakes sourced storms), although rainfall combined with snowmelt 

also represents an important mechanism for generating floods. 

Furthermore, despite causing some of the region’s largest floods, 

tropical cyclones account for a relatively small proportion of all 

floods in the region. 

A few studies have concluded that maximum streamflows across 

New England and the Northeast US have remained the same or 

decreased in recent decades (Douglas et al., 2000; McCabe and 

Wolock 2002; Lins and Slack 2005; Small et al., 2006; Villarini and 

Smith, 2010; Slater and Villarini, 2016). Small et al. (2006) explained 

this paradox (i.e., increased precipitation but no increase in high 

streamflows) in the eastern US by noting that “precipitation is 

increasing during the fall but not during the spring, the season 

when high flows are generally observed”. This is the case for New 

Hampshire’s coastal watershed which has experienced the largest 

increase in precipitation during the fall compared to weak and 

variable trends in the amount of spring precipitation (Table 7.1).

Several other New England specific studies have found an 

increase in maximum streamflow. An analysis of flow records for 

New England watersheds that exhibit minimal human influence 

concluded that flood magnitudes have increased since 1970 

(Collins, 2009). Hodgkins (2010) analyzed 28 long-term stream 

gage records across Maine and found an increase in peak 

flows. Additional studies on rivers with minimal human impact 

confirmed that the magnitude and frequency of floods across 

New England are increasing (Armstrong et al., 2012; 2014). Frei et 

al. (2015) find that extreme streamflow events are increasing over 

the northeast US, especially during the warm season, caused 

primarily by an increase in frequency of events. Marini et al. 

(2016) analyzed daily streamflow data and found that maximum 

streamflows displayed more variability in recent decades in New 

England and an increasing trend in annual maximum flows in 

coastal New England. 

8.4 HISTORICAL TRENDS IN FRESHWATER FLOODING IN 
NEW HAMPSHIRE’S COASTAL WATERSHED

There are several lines of evidence that indicate peak discharge in 

New Hampshire’s coastal watershed has increased over the past 

several decades. Data from the United States Geological Survey 

(USGS) stream gages on the Lamprey and Oyster rivers provide 

the longest daily discharge records in the coastal New Hampshire 

watershed (1934 to present; Figure 8.3). 

8

Figure 8.3. Daily peak discharge for the Lamprey River at USGS gage 01073500 (top) and 
the Oyster River USGS gage 01073000 (bottom) from 1934 through April 2019 (USGS, 2019). 
Note the largest five floods (ranked one through five for each record) on both rivers have 
occurred since 1986 (flood dates listed in Table 8.1).
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The five largest daily mean discharge events on both rivers have 

occurred since 1986 (Table 8.1), and the majority of those largest 

events (6 out of 10) have occurred since 2007. Note that four of the 

five highest daily discharges on both rivers have occurred in the 

spring or late winter. Analysis of recent observations shows that 

in the period between 2005 and 2015, flood magnitude increased 

between 14% and 56% on the Lamprey River (depending on 

return period for the flood) and between 17% and 40% on the 

Oyster River (depending on the return period for the flood) (Table 

8.2; FEMA, 2005a; 2015). 

Of the 72 Hydro-Climatic Data Network (HCDN) stream gages in 

New England, only the Oyster River in Durham, New Hampshire is 

in the coastal New Hampshire watershed. Nine of the 10 highest 

peak flows recorded for the Oyster River at the Durham, New 

Hampshire station (1935-2017) occurred since 1970, indicating 

that annual peak discharge has increased over the past 50 years. 

Statistical analyses of annual peak streamflow (USIAC, 1982) for 

1964-2017 show a statistically significant increase in peak flood 

magnitude over the latter part of the record (Figure 8.4). Similarly, 

8

Table 8.1. Daily mean discharge in cubic feet per second (cfs) for the five largest events measured on the Lamprey (USGS gage 01073500) and Oyster (USGS gage 01073000) rivers.

Rank 
(Figure 8.3)

Lamprey River Oyster River

Date cfs Date cfs

1 16-May-2006 8400* 16-Apr-2007 942

2 18-Apr-2007 7590 21-Oct-1996 856

3 7-Apr-1987 7360 14-May-2006 768

4 16-Mar-2010 6550 26-Feb-2010 653

5 23-Oct-1996 6150 6-Apr-1987 557

* Multi-day flood event; mean discharge on 15 May was 7600 cfs and on 17 May was 6240 cfs.

Table 8.2. Difference in the 2005 and 2015 FEMA Flood Insurance Studies (FIS) estimated 1% (100-yr), 2% (50-yr), and 10% (10-yr) annual chance peak discharge between for the Lamprey 
River and Oyster River.

River
Peak Discharge (cfs) Peak Discharge (cfs) Peak Discharge (cfs)

2005 
10-yr

2015 
10-yr

Diff. 
10-yr

2005 
50-yr

2015 
50-yr

Diff. 
50-yr

2005 
100-yr

2015 
100-yr

Diff. 
100-yr

Lamprey* 4120 4690 14% 6270 9750 56% 7300 9690 33%

Oyster** 545 640 17% 777 1030 33% 879 1230 40%

*at Wiswall Dam (184 sq. mile drainage area)
**at USGS gage  01073000 (12.3 sq. mile drainage area)
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the peak discharge thresholds for 10, 25, 50, and 100-year return 

period flows increased for each decade since 1980 (Table 8.3, 8.4).

8.5 PROJECTED FUTURE TRENDS IN FRESHWATER FLOODING

Acknowledging the importance of antecedent conditions, several 

studies have projected that peak streamflows will increase in the 

coastal NH watershed in the future due climate change, including 

more extreme precipitation events, combined with an increase in 

impervious cover from land development. 

One of the original studies to explore potential hydrological 

changes in the northeast US (Hayhoe et al. 2007) used global 

climate model simulations from the IPCC Fourth Assessment 

Report (IPCC, 2007) to drive the Variable Infiltration Capacity 

(VIC) hydrological model. Their results suggest climate change 

is likely to drive a redistribution of streamflow with higher flows 

in winter and spring, and lower flows in summer and fall. In 

addition, the probability of higher winter flows is expected to 

increase substantially (20-70%, with a larger increase under a 

higher emissions scenario). Demaria et al. (2016) also used the 

VIC hydrological model driven by CMIP5 global climate model 

simulations for RCP4.5 and RCP 8.5 to explore streamflow 

projections in the northeast U.S. for the period 2028-2082. 

They found that the magnitude of 3-day peak flows across New 

England, and especially in coastal New Hampshire, are likely to 

increase and that this increase might be due to an increase in 

intense precipitation events in the future.

The potential for future flood risk along the main stem of the 

Lamprey River due to changes in climate and land cover has been 

modeled using the Hydrologic Engineering Center - Hydrologic 

Modeling System (HEC-HMS) (USACE, 2008) and HEC-GeoHMS 

(USACE 2001, 2008, 2009b). A relatively simple curve number 

reduction method (McCuen, 1983; MDE, 2009) was used to model 

8

Table 8.3. Flood peak (cubic feet per second) estimates for the Oyster River at selected dates. Return interval flood magnitude estimates based on the Bulletin 17B methods (Log Pearson Type III 
distribution).

Year 1970 1980 1990 2000 2017

Q10 517 516 540 577 615

Q25 615 627 662 730 822

Q50 683 709 752 849 997

Q100 746 788 841 972 1192

Table 8.4. Increases in the Table F3 predicted flood flows different return periods as a percentage of the 1970 predicted flood flow (1980-2017).

Year 1970 1980 1990 2000 2017

Q10 - 0% 4% 12% 19%

Q25 - 2% 8% 19% 34%

Q50 - 4% 10% 24% 46%

Q100 - 6% 13% 30% 60%
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changes in impervious surface area resulting from projected 

development within the Lamprey River watershed (Scholz, 2011). 

The results show that the 100-year floodplain and associated 

peak flood water discharge have increased significantly from 

the 1950s to 2000s and will continue to increase in the future. 

For example, water discharge associated with 100-year flood 

is projected to increase 66% and the elevation of the 100-year 

flood discharge is projected to increase 4.4 feet between 2005-

2100 under a high emissions climate scenario and aggressive 

buildout of the Lamprey River Watershed (Scholz, 2011; Wake et 

al., 2013). This initial modeling was updated and used to explore 

the potential economic impacts of flooding on the main stem of 

the Lamprey River using the Federal Emergency Management 

Agency’s Hazards-United States (Hazus) model (FEMA, 2012). The 

results (Geosyntec Consultants, 2016) confirm previous findings 

regarding future increases in discharge and flood inundation 

area resulting from climate change and development within the 

watershed, and also conclude that potential economic losses in 

communities along the Lamprey River from future floods will 

likely increase as well.

Bjerklie and Sturtevant (2017a, b) used the USGS watershed model 

Precipitation Runoff Modeling System (PRMS) to simulate daily 

streamflow records for New Hampshire using daily simulated air 

temperature and precipitation from five different global climate 

model (GCM) simulations for the RCP 4.5 and 8.5 scenarios. They 

find that mean annual streamflow is likely to increase by mid-

21st century for all GCM input data sets tested. The increases are 

primarily during late fall, winter, and spring, with decreasing mean 

streamflows in summer and early fall. There is likely to be more 

frequent flood flows; however, the magnitude of the large floods 

may not appreciably increase even though mean streamflows 

are projected to increase. By the end of the century, the RCP 

Figure 8.4. Oyster River in Durham, NH (a) observed annual peak flow (1935-2017). Annual 
peak streamflow statistics were calculated using the methods delineated in Bulletin 17 B 
(USIAC, 1982) for the (b) mean, (c) standard deviation, and (d) skew of computed annual log 
10 peak discharge (1964-2017). The blue markers are the annual values and the red markers 
are the least-squares fitted linear trendlines. The slopes for each these trendlines are all 
statistically significant at the 99% level (Mann-Whitney 1947).
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8.5 scenario for some of the GCM input data sets showed mean 

annual streamflows beginning to decrease, due to increases in 

evapotranspiration outpacing increases in precipitation. These 

results are consistent with previous work by Bjerklie et al. (2015).

Two other findings from the Bjerklie and Sturtevant (2018) study are 

important for our understanding of coastal flood risk in the future. 

They found that groundwater recharge is projected to increase in 

coastal areas in NH. In addition, they explored the sensitivity of 

their findings to increases in impervious surfaces in NH’s coastal 

region. They find a 30% increase in mean streamflow in the Exeter 

and Oyster Rivers resulting from a doubling of impervious surfaces 

in the watersheds with the increase in mean streamflow caused by 

larger high streamflows. In addition, there was a 5-10% reduction 

in recharge which would result in lower baseflows.

Large storm surge events in coastal NH resulting from tropical or 

extratropical storms are often accompanied by large precipitation 

events. When these two phenomena are combined, the potential 

for flooding (termed ‘compound flooding’) can be much greater 

(Wahl et al., 2015). One important area of additional research 

should focus on the interaction among RSLR, storm surge, and 

heavy precipitation on flooding in the Great Bay Estuary. For 

example, the estimated 100-year discharge for the five largest 

rivers flowing into Great Bay and Little Bay total 31,008 cfs (Table 

8.5). If we assume this peak flow continued for 24 hours (unlikely, 

but this provides an upper estimate) total discharge from these 

five rivers would be 2,679 million cubic feet. This is about 70% of 

the total volume of water in Great Bay and Little Bay above Dover 

Point at high tide (3,814 million cubic feet; Swift and Brown, 

1983; Trowbridge, 2007), suggesting that compound flooding 

could be significant not only at the freshwater/tidal interface 

in tributaries that feed into Great Bay, but also for other areas 

of the Great Bay Estuary, such as the Route 16 corridor in Dover 

Point. Future versions of NOAA’s National Water Model (https://

water.noaa.gov/about/nwm) are expected to provide coupled 

terrestrial and coastal estuary modeling capabilities that could be 

useful for exploring projections of compound flooding in Great 

Bay under different scenarios of RSLR, storm surge, and extreme 

precipitation events.

Table 8.5. Estimated 100-year discharge for rivers flowing into Great Bay and Little Bay (from FEMA, 2008) and potential discharge into Great Bay and Little Bay over 24 hours.

River Peak Dishcarge (cfs) 24 hr discharge (million ft3)

Cocheco 11,100 959

Oyster 1,220 105

Lamprey 9,400 812

Exeter 8,530 737

Winnicut 758 65

TOTAL 31,008 2,679
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APPENDIX A

Table 4.2.B. Decadal relative sea-level rise (RSLR) estimates (in feet) above 2000 levels for NH based on K14 projections for the stabilized greenhouse gas concentration scenario (RCP 4.5) and 
the Seavey Island tide gauge record. 

Year Central Estimate Likely Range 1-in-20 Chance 1-in-100 Chance 1-in-200 Chance
1-in-1000 

Chance

 
50% probability 

SLR meets or 
exceeds:

67% probability 
SLR is between:

5% probability 
SLR meets or 

exceeds:

1% probability 
SLR meets or 

exceeds:

0.5% probability 
SLR meets or 

exceeds:

0.1% probability 
SLR meets or 

exceeds:

2030 0.5 0.3-0.7 0.9 1.0 1.1 1.3

2040 0.7 0.4-1.0 1.2 1.5 1.6 2.0

2050 0.9 0.5-1.3 1.6 2.0 2.3 2.9

2060 1.1 0.7-1.6 2.1 2.6 3.0 3.8

2070 1.4 0.8-2.0 2.5 3.3 3.7 4.9

2080 1.5 0.9-2.3 3.0 3.9 4.5 6.0

2090 1.7 0.9-2.6 3.4 4.6 5.3 7.3

2100 1.9 1.0-2.9 3.8 5.3 6.2 8.7

2110 2.1 1.0-3.3 4.4 6.1 7.3 10.3

2120 2.3 1.1-3.6 4.9 7.0 8.3 12.0

2130 2.4 1.2-3.9 5.4 7.9 9.3 13.8

2140 2.6 1.2-4.3 5.9 8.9 10.5 15.9

2150 2.7 1.2-4.6 6.4 9.9 11.7 18.1
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