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Across the nation, state and éofficials are now beginning to develop policies that address the
clear and certain consequences of climate change. For coastal communities, a significant
concern is the documented acceleration of sea level rise globally, and the resulting erosion and
inundation of coastal resourcdsis important forstate and local governmentsunderstand the
science behind sea level rige theyconfront these issues

With this goal in mind, the URI Coastal Resources Center, with support fradeRslandSea

Grant and th&R.l. Coastal Resources Management Couf@RMC), has summarized research

from various referencesd dr essi ng sea | evel ri se and the
coasts. This summary is meant to provide a foundation for a discussiog &RMC, URI and

others to establish a CRMC sea level policy that can help mitigate potential impacts to the
coastal zoneThe conclusions of this report were presented on June 8, 200fpratradesigned

to inform CRMC ofthe state of the scienemd toencourage a dialogue among scientists
managers, and local officials.

A. Definition

1. Sea level rise refers to the change in mean sea level through time in response to
global climate and local tectonic changgea levels the height of the sea with
respetto abenchmark and averaged over a period of time sufficient to smooth out

fluctuations caused by waves and tides. Factors that contribute to changes in sea level

include:

i. Eustatic changes aresponsible for global variations in sea level. Eustatic
effects includethermal expansion of seawater as ocean temperatures increase,
increasing melt water from ablating glaciers, and tectonic changes in the
volume of the ocean basins. For the most part, eustatic changesrasathe
of higher air and sea gace temperatures, a consequence of warming due to
increased concentration of greenhouse gasses in the atmosphere.

P«

i.lsostatic effects refer to the respons

sediment loading, and land subsidence due to extraction of evatd.
Isostasy is a regional phenomenon, ehdnges in land surface elevation are
local effects.
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The combination of eustatic and isostatic effects at a particular location is known as
relative sea level.

B. Findings
Historic Trends

1. Since the LasGlacial Maximum about 20,000 years ago, global seal lhas risen by
over 120 mSea level rose rapidly between 15,000 and 6,000 years ago at an average
rate of 10 mm/yr. Geologic data suggests that global sea level has risen at an average
rate of abou0.5 mm/yr over the last 6,000 years and at an average rate of 0.1 to 0.2
mm/yr over the last 3,000 years (IPCC, 2001).

2. Several published studies have attempted to quantify more recBrie(@@iry)
eustatic changes in sea level.

i. Based on worldwide tidgauge records, Gornitz and Lebedeff (1987)
calculated that the global ocean has been rising at a rate of approximately 10
12 cm/century.

ii. Global sea level has risen about 18 centimeters (.59 feet) in the past century
(Douglas, 1997).

iii. In 2001, the IPCC Tird Assessment Report (TAR) suggested thatrate of
global average sea level rise during the 20th century is in the range 1.0 to 2.0
mm/yr, with a central value of 1.5 mm/yr. These estimates were based upon
historic tide gauge records.

iv. Church and Whe (2006) extend the reconstruction of global mean sea level
back to 1870 using tidgauge data. Their findings indicate thal'2@ntury
rate of sea level rise is 1.7 £ 0.3 mm/yr, with a significant acceleration of
0.013 + 0.006 mm/yr.

v. The most recanPCC report (2007a) presents significant variability over the
last 100 years. Total @entury rise is estimated to be 0.17 m. Global sea
level rose at an average rate of 1.8 mm per year between 1961 and 2003. The
rate was faster between 1993 and2@ 3.1 mm per year (Figure 1).

Whether the faster rate for 1993 to 2003 reflects decadal variability or an
increase in the longaerm trend is unclear. It is very likely that some
contribution to the increase in rise is due to loss of ice in Greeafahd
Antarctica.

3. Isostatic changes in land surface elevation can be factored into estimates to provide
relative changes. In Rhode Islatige land is subsiding at a rate of approximately 15
cm per century. This is thought to be in response to readjostohthe underlying
bedrock to release of load from the continental ice sheet (Douglas, 1991). This
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number is combined with the global estimates to calculate relative sea level changes
for Rhode Island.

To examine possible links betwesea levelnd dimate change in New

England, Donnelly et al. (2004) constructed a fggolution relative sea

level record for the past 700 years by radiometrically dating basahaegh

peat samples from Connecticut. The data suggest that on average, relative sea
level rose Imm/year between 1300 and 1850. Beginning in the later half of

the 19" century, this rate increased thifiedd to 2.8 mm/year (Figure 2). The
timing of the observed increase is coincident with the onset of climate

warming and suggests a linktiseen historic sea level rise and recent
temperature increases.

The historic trend (193Q006) observed from the Newport tide gauge
suggests a local rate of 25.7 cra 3/1 cm of sea level rise per century (Figure
3).

Study Publication | Sea Level Rise (mm/yr) | Relative or | Notes
Author(s) | Year Eustatic
Donnelly | 2004 1.0* Relative Average rate between
et al. 1300 and 1850 (CT salt
marsh)
2.8* Relative Average rate between
1850 and present (CT)
NOAA 2007 2.57 +£0.11* Relative Historic (19302006)
rate from Npt. Tide
gauge
Gornitz & | 1987 1.01.2 Eustatic Based on worldwide
Lebedeff tide gauge
Douglas | 1997 1.8 Eustatic Eustatic rise over the
past century
IPCC 2001 1.0-2.0 Eustatic 20" century rise based
upon tide gauge record
Church & | 2006 1.7 £ 0.3 with acceleratior] Eustatic Tide gauge data from
White of 0.013 + 0.006 mm/yr 1870 to 2004
IPCC 2007 1.7 Eustatic 100 year average over
20th century
1.8 Eustatic Trend from 19632003
3.1 Eustatic Trend from 1993003

*Relative sea leveise = Eustatic + Isostatic. The estimated rate of subsidence in Rl is 1.5 (Dodglas, 1991)
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4. Sea levelrise is a product of global warming. Increased surface warming of the earth
will increase the volume of surface ocean wates td thermal expansion, and the
increased melting of glacial ice. Church (2001) suggests that the most important
contribution to 28 and 21 century sea level rise is likely the thermal expansion of
the ocean as it warms.

5. Several published studiesvesattempted to estimate2dentury eustatic changes in
sea level.

i. The U.S. Environmental Protection Agency (Titus & Narayanan, 1995)
predicts 3465 cm of rise globallglue to warming in the next century.

ii. In 2001, the IPCC Third Assessment Report mtedi that by 2100, global
warming would lead to a sea level rise of 9 to 88 cm.

iii. Modelsimulated sea level rise estimates (UCS, 2006) predichyhée end
of the century, global sea level could rise frof@3lincheslargely depending
upon the atmosphieremissions over that time period (Figure 4)

iv. Church and White (2006) use satellite altimetry together withgadee data
to produce reconstructed estimates of global sea back to 1870. As discussed
above, their findings indicate an acceleration 618.+ 0.006 mm/yr. If this
acceleration remained constant, the 1990 to 2100 rise would range from 28 to
34 cm, consistent with projections from the IPCC TAR (Figure 5).

v. IPCC (2007a) further improved their estimated8ao 59 cm ofea levelise
over he next century the result of sixdifferent projected warming scenarios
(Figure 6). The projections include a contribution due to increased ice flow
from Greenland and Antarctica at the rates observed forr2003, but these
flow rates could increase decrease in thieiture (see #below)

vi. Rahmstorf (2007) uses a seempirical relationship to correlate global sea
level rise to global mean surface temperature (a good approximation for
observations of the #century). This relationship is used rdpwith the
range of 21 century warming scenarios presented in the IPCC TAR to
estimate sea level rise between 50 to 140 cm above the 1990 level, although
warns that ice sheets may respond more strongly to temperature irf'the 21
century (Figure 7).

6. Future sea level rise, like the recent rise, is not expected to be globally uniform.
Some regions will become more substantially inundated than the global average, and
others less. As with historic studies, predictions of future sea level rise can be
adjuged to account for local or regional isostasy.
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i. Along the south shore oftiedelsland Boothroydin CRMC (1999) predicted
a 45145 cm rise (above NGVD) by the year 2100. These estimates were
based upon IPCC (1995) and EPA (1995) projections in combinatilon
estimates of regional isostasy. Figure 8 presents relative sea level changes
along the south shore reflecting the more recent IPCC (2001) estimates.

ii. Assuming no change in rate, data from the Newport tidal gauge predicts that
sea level will rise 25.cm over the next century (Figure 8).

7. Model predictions of sea level rise (such as those generated by the IPCC) may be
guite conservative, as recently observed rates of continental ice melt are greater than
those used to generate estimates of seallsesbver the coming centurigahmstorf
et al. (2007) point out that since 1990, observed sea level has been rising faster than
the rise projected by models used to generate IPCC TAR predictions. Satellite
altimetry data show a linear trend of 3.3 £ O./tyr, whereas the IPCC projected a
bestestimate rise of 2.0 mm/yea@verall, a great amount of uncertainty exists as to
the contribution from ice sheet melting.

i. New data (IPCC, 2007a) indicate that losses from the Greenland and Antarctic
icesheetshve Avery |l ikelyodo contributed to
and 2003.

ii. Atfirst glance, it appears that the IPCC in its most recent report (2007a) has
reduced the upper sea level limit from 88 cm (2001 estimates) to 59 cm. In
actuality, theformemic |l uded a contri bution from i
(albeit only for Greenland, as rapid ice flow changes in Antarctica were
considered too unlikely timcludeat the time), while the latter discusses this
ice flow uncertainty separately in the texttistg it could add 10 cm, 20 cm
or even more to the 59 cm cited in the report.

iii. Higher global temperatures imply a greater risk of destabilizing the Greenland
and West Antarctic ice sheets. The Union of Concerned Scientists (2006)
concludes thatitispesi bl e, part i c uénmissidngscenan er a F
that warming could reach a level during this century beyond which it would
no longer be possible to avoid rapid ice sheet melting andlesdaise of
more than 20 feet over the next few centuries

iv. The last time polar regions were significantly warmer than present for an
extended period (roughly 125,000 years ago), reductions in polar ice volume
led to 4 to 6 meters of sea level rise. Overpeck et al. (2006) indicate that polar
warming by the yea2100 may reach levels at or above those of the last
interglacial period, when sea levels weré  higher. Although the study
does not propose a single prediction for the next century, it does suggest that
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the rate of future melting and related seallege could be faster than is
widely thought.

v. Modeling by Gregory et al. (2004) suggest that greenhouse gas concentrations
will probably reach levels before the year 2100 that are sufficient to raise
temperatures and melt the Greenland Ice Sheet (€iiSpg global average
sea leveby severmeters over 1,000 years.

Study Publication | Eustatic Sea | Relative Notes
Author(s) Year Level Rise by | Sea Level in
2100 (or Rhode
Beyond) Island*
EPA 1995 34-65 cm 49-80 cm
Boothroydin | 1999 30-130 cm 45145 cm | Rise is in height above NGVD
CRMC based on a range of EPA (1995)
and IPCC (1995) estimates
NOAA 2005 12.7 cm 25.7 cm Extrapolating historic trend 100
years into the future
IPCC 2001 9-88 cm 24-103 cm
2007 1859 cm 3374 cm
UCS 2006 10-84 cm 2599 cm Dependant upon emissions
scenarios
Several Dependent upon the stability of
meters** continental ice sheets
Church & 2006 28-34 cm 4359 cm Assumes acceleration remains
White constant
Rahmstorf | 2007 50-140 cm 65-145 cm | Based on IPCC TAR warmg
scenarios
Overpeck et | 2006 Several Dependent upon the stability of
al. meters** GIS

*Relative sea level rise = Eustatic + Isostatic. The estimated rate of subsidehoeé&hsRindis 1.5 mm/y
(Douglas, 1991)
** See #7for discussion of uncertaiets with the contributions fromee sheets

Working Draft
Review in Progress June 28, 2007
Pageb6 of 22



Projected Sea Level Rise (cm)

Projected Change in Relative Sea Level for Rl by 2100
Mean projections with upper and lower values indicated by error bar
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C. Implications

1. Any future increase in relative sea level will increase the extent of flood damage over
time. Lower elevations will become increasingly susceptible to flooding. Future
storm events will surge higr on land because the relative sea level is higher.

2. Globally, rising seas will lead to displacement of a significant percentage of the world
population.

i. Worldwide, roughly one iri0 peoplelives within a lowlying coastal zone
10 vertical meters froreea level (McGranahan et al., 2007)
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ii. Nearlytwot hi rds of the worl ddés | argest <ci't
are at least partially in theID meter zone (McGranahan et al., 2007).

iii. Globally, millions of additional persons are projected tolbeded every year
due to increasing sea levels over the next century (IPCC, 2007b).

iv. The much publicized AStern ReCorewo pr e
4°C will raise sea levels enoughposesignficant flood risk to large coastal
cities such as Tokyo, New York, Cairo and London. Stern (2007) predicts that
as many as 200 million people may become permanently displaced as the
result of rising sea levels, heavier floods, and more intense droughts.

3. Seaével rise will have significant associated monetary costs.

i. Increased investment in protective measures around ports and the export and
import related activities concentrated in and around them is certain to have
wide-ranging economic implications.

ii. Stern(2007) projects the cost of coastal flooding in North America over the
period 20862089 with a imeter rise in sea level to top $11 billion. The same
report suggests that in the United States, the costs associated with increased
coastal flooding are projead to range between 0.0D.03percentof GDP.

iii. Any increase in flood susceptibility will ldato increased loss of propeewpd
potential loss of life. FEMA (1991) estimates that annual flood damage will
increase by 368 percent by the year 2100 for a regargtative NFIP insured
property subject to a-fbot sea level rise.

4. Coastal infrastructure becomes increasingly susceptible to complications due to rising
sea levels, as the upward trend continues

i. Higher sea levels can result in changes in surface gagdity and
groundwater characteristicSalt intrusion into aquifers can contaminate
drinking waters and higher water tables lead to ISDS concerns.

ii. Sealevel rise will reduce the effectiveness of existing coastal engineering
structures such as seawallslaavetments, designed for a historically lower
sea level. Other infrastructure (roads, bridges, dams) in the coastal zone will
be at risk.

5. Rising sea levels will lead to continued and increased erosion of the shoreline.
Recreational areas and public spawill also be at risk. Erosion rates will also rise
due to the increased frequency of storms resulting from climate change. Effects on the
natural and human environment are becoming more apparent at both global and local
scales.
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i. In some coastal aredsiplogical habitats will be affected. Marsh surfaces
have kept up with selavel rise through the process of accretion fthgdup
of live and decaying plant parts and inorganic sediments). However, there is
evidence that marshes in other coastalaggts will not be able to keep pace
with sea level rise and will become inundated over the next century or sooner.

ii. Likewise, the rate of sea level rise plays an important role in barrier island
morphology and can lead to destabilization of barrier cemiblrates of sea
level rise increase above those of barrier accretion.

iii. The IPCC (2007b) concludes that sea level rise and human development are
together contributing to losses in coastal wetlands and mangroves, particularly
where these natural featur@® comstrained on their landward sideare
starved of sediments. Loss of these important coastal buffers will ultimately
increase the vulnerability of coastal communities.

iv. In North America, an estimated 640,0003@hland would become inundated
by a Emeter rise in sea level, most of which is within the Gulf Coast and large
parts of Florida (Stern, 2007). These areas will be particularly vulnerable as
rising risks of tropical storms (IPCC, 2007a) combine with rising sea levels to
dramatically increase idamages from coastal surge.

v. In Rhode Island122 square kilometers of land are within 1.5 vertical meters
of sea level, and an additional 62 kbetween the 1.5 and 3rbeter contour.
According to Titus and Richman (2001) the-in&ter contour roughly
represents the area that would be inundated during spring high water with a 70
cm rise in sea level. Such a rise appears to be most likely to occur in the next
120 years.

6. The rise of global sea level (and the rate of rise) is a significant concern éor stat
planners and polieynakers. The IPCC (2007a) concludes that anthropogenic
warming and sea level rise will continue for centuries regardless of steps taken to
curb greenhouse gas emissions, due to the timescales associated with climate
processes and feleaicks. Thus, the need for appropriate planning measures is
imminent.
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7. At the state level, CRM@egulated activities could be significantly affected by rising
water levels. The table below reflects some of the anticipated impacts of sea level
through

rise, as s& n

CMRCo6s regul ated

activiti

Regulated Activities
Section 100.4 Table 4
(CRMC, 2007)

Potential Impacts of Sea Level Rise

Filling, Removal, and Grading of
Shoreline Features

EFilling 1 need to design for increasedI|8Btater
_level
EExposing the shoreline to increased vulnerability

V Residential Structures E Increased flooding of shorefront facilities as BFE
V Commercial/Industrial Structureg increases
V Recreational Structures E Jurisdiction will increase with increased inland
V Marinas extent inland as well as landwardMHW changes
V Energyrelated EA-zones turn to Vzones and Bone turn to A
Activities/Structures zone
E Impact on design of utilities (oil tanks, wastewat
treatment, septic)

V Recreational Mooring Areas E Larger waves and still water design height
V Launchng Ramps E Overtopping of existing facilities
V Residential Docks, Piers, & Floa EReduced effectiveness of existing launch ramps
V Mooring of Houseboats
V Mooring of Floating Businesses

<

Municipal Sewage Treatment
Facilities

EIncreased flooding
EDischarge pipe hydraulics

Individual Sewage Disposal
Systems

EHigher coastal groundwater levels
E Saltwater lens likely to move inlandffects siting
and design

<<

Point Discharges Runoff
Point DischargesOther

EHigher a level could impact hydraulics of
_discharge elevation
EBackwards flow could become an issue

Non-Structural Shoreline
Protection

ELarger waves and still water design height
E Existing protection may not be as effective
EMHW is more inland than at present

Structural Shoreline Protection

EHigher waves and still water design height

E Overtopping of existing facilities

ENeed for redesign (i.e. larger riprap, different
slopes)

EDemand for structural protection may increase f

specific properties, with greater cumiie impact
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Regulated Activities
Section 100.4 Table 4
(CRMC, 2007)

Potential Impacts of Sea Level Rise

V Dredging- Improvement
V Dredging- Maintenance

E Deeper water could reduce need for dredging
maintenance

E Potential for greater deposition from acceleratec
shoreline erosion

V OpenWater Dredged Material
Disposal

V Upland Dredged Material
Dispacsal

Beach Nourishment

ELarger waves and still water design height
EHigher for nourishment due to accelerated
shoreline erosion

<

Filling in Tidal Waters

E Larger waves and still water design height

Aquaculture

E Limits of the intertidal zone changes sidicantly

Mosquito Control Ditching

EIncreased coastal groundwater levels

Mining

< <K<

Construction of Public Roads,
Bridges, Parking Lots, Railroad
Lines,andAirports

EIncreased flooding of shorefront facilities
EIncrease in wash over events

E Increased wave Ights affect design
EReduced clearance on bridges
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Shoreline Features
Section 210
(CRMC, 2007)

Potential Impacts of SLR

Coastal Beaches

E Changes to the typical profile of the beach and dunal
move landward

E Where unable to retreat, beaches couldmpgar

E Increased demand for beach nourishment

E Reduced habitat for migratory birdsc

Barrier Islandsnd
Spits

E Where barrier accretion caot keep pace with sea level rise,
beaches could disappear

E Increase of overwash, breaching can cause increasedtitepa
in lagoon leading to navigation problems

E Submergence and reformation of low lying spits

Coastal Wetlands

E Sea level rise could be greater than wetléabdity to adapt to
changes

E Wetlands will shrink due to obstacles to migrating landward

E In-placeflooding of wetlands

E Impacts to eel grass

E Die-off of wetlands/eel grass due to increased water height/
of sunlight

E Location of restoration viable wetland/eel grass habitats

Coastal Headlands,
Bluffs, and Cliffs

E Increased erosion due to higher kaeel, and increased rup
E Benefits downstream beaches within increased source of sg

Rocky Shores

E Submerged rocky shores increase rock reef habitat

Manmade Shoreline

E Potential overtopping of existing structures with higher storr
surge

E Actual waves a larger than design wave, with potential for
increased damage/maintenance

E Demand for manmade shorelines will increase to protect
existing shorefront development

Dunes

E Landward migration, which might be inhibited by existing
development

E Increased erosiofntom higher waves

E Increased overwash will reduce protection of backshore

E Dune growth may not be able to keep up with sea level rise
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Figure 1. Changes in temperature, sea level, and Northern Hemisphere snow cover from the
IPCC Fourth Assessment Report (2007a)
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Figure 2. Late Holocene sea level rise from geologic record (Dibnri©98; 2004)

1994 AD <> 1931 AD
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Calendar Years BY
3000 4000 2000 6000

000 2000 7000

| Ne\vport; RI
Tide Gauge

LA DO 10 £ ) (L G

Calendar Years A.D.
2000 1800 1600 1400
r - - . - - - . 1 - -

¥
" New London, CT 1939.
2 - _~ New London 939-2000 (gray squares)

- — < ___—— 2.8 mmlyear - New York, NY 1856-2000 (black circies)

o
I

'
(44
o

Period of cord grass o e -
= migration in Rhode Island (1870s - present) 14 8
- [Donnelly and Bertness, 2001)

R e §

L A A A ' A A A 1

Elevation of MHW
relative to modern MHW (cm)

g

Donnelly, 2004

Working Document March 27, 2007 16



Height above NGVD feet

Figure 3. Relative sea level rise from historic record of Newport tide galid&opthroyd,
personal communication, June 8, 2007)
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projected global mean sea level rise (cm)

Figure 4. Predicted rise in global sea level by 2100. Projections vary asliaofesmissions
modeling scenarios (Union of Concerned Scientists, 2006)
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Figure 5. Projected vs. observed rise in sea level (modified from Church and White, 2006;
Cazenave and Nerem, 2004; IPCC, 2001)
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