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PROJECT DESCRIPTION 

An American Climate Risk Assessment 
Next Generation, in collaboration with Bloomberg Philanthropies and the 
Paulson Institute, has asked Rhodium Group (RHG) to convene a team of climate 
scientists and economists to assess the risk to the US economy of global climate 
change.  This assessment, to conclude in late spring 2014,will combine a review 
of existing literature on the current and potential impacts of climate change in 
the United States with original research quantifying the potential economic 
costs of the range of possible climate futures Americans now face. The report 
will inform the work of a high-level and bipartisan climate risk committee co-
chaired by Mayor Bloomberg, Secretary Paulson and Tom Steyer.  

BACKGROUND AND CONTEXT 

From Superstorm Sandy to Midwest droughts to wildfires in the Rocky Mountains, our 
weather is becoming more extreme and more expensive. In 2012, climate and weather 
disasters cost Americans more than $110 billion. Not only was it the hottest year on 
record, but precipitation was 2.6 inches lower than last century’s average, leading to 
massive crop losses across the Heartland and wildfires covering more than 9 million 
acres in the west. And while Sandy was the most destructive storm of the year, it wasn’t 
the only one with a multi-billion dollar economic price tag. 

Weather is inherently variable and no single storm, heat wave or drought can be 
conclusively attributed to climate change. But there is mounting scientific evidence that 
greenhouse gas (GHG) emissions are increasing the frequency and severity of many 
extreme weather events. Sea level rise resulting from human-induced climate change 
amplified coastal flooding during Sandy. And increased atmospheric concentrations of 
GHG emissions are already resulting in prolonged stretches of excessively high 
temperatures, heavier downpours and more severe droughts.  

While our understanding of climate change has improved dramatically in recent years, 
predicting future impacts is still a challenge. Uncertainty surrounding the level of GHG 
emissions going forward and the sensitivity of the climate system to those emissions 
makes it difficult to know exactly how much warming will occur. And we are learning 
more and more every day about how human and natural systems respond to potential 
changes in temperature, precipitation, sea level and storm patterns.   

Uncertainty, of course, is not unique to climate change. The military plans for a wide 
range of possible conflict scenarios and public health officials prepare for pandemics of 
low or unknown probability. Households buy insurance to guard against myriad 
potential perils. And effective risk management is critical to business success and 
investment performance. In all these areas, decision makers consider a range of possible 
futures in deciding on a course of action. They work off the best information at hand and 
take advantage of new information as it becomes available.  

Both the US National Academies of Science and the Intergovernmental Panel on Climate 
Change (IPCC) have suggested that this kind of “iterative risk management” is also the 
right way to approach climate change. Using this framework, the scientific community is 
preparing two major assessments of the risks to human and natural systems under a 
range of possible climate futures.  The IPCC’s Fifth Assessment Report (AR5) will provide 
a global outlook, while the US government’s National Climate Assessment (NCA) will 
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Ship Bottom, NJ

2008	

(Courtesy Prof. Ken Miller)

October 31, 2012



Above average sea surface temperatures provided fuel for Sandy 
(Oct. 21, 2012, difference from Oct. average of 1971-2000)
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Low Arctic summer sea ice 
possibly tied to “blocking high” over Greenland

���5



Storm surges take place in a context of sea-
level change
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Ken Miller; modified 
after Zervas (2005)
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50 yr storm

Photo: New York Times 
(Jan. 14, 2014)
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Past Sea Level	

and Flooding

Future Sea Level	

and Flooding

Coastal	

Vulnerability

Planning for 
Resilience

The coastal impacts, vulnerability and 
adaptation knowledge chain

Underlying understanding of sea-level, ice sheet and flood 
event physics



Roadmap

• What controls global and local sea-level change?	


• How can we use our understanding of sea-level 
physics to interpret records of past and present 
changes, and what do they tell us for the future?	


• How can we synthesize multiple lines of knowledge 
to assess sea-level change risks?	


• What are the implications of sea-level change risk for 
flood risk?	


• How might we manage with it?

���8



Factors controlling global 
and local sea-level change
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Dominant factors in global sea level rise: 
1. Thermal Expansion

Collins et al. (2013)
Compare observed thermal expansion of about	

1.1 ± 0.3 mm/yr from 1993–2010 ���10

1104

Chapter 12 Long-term Climate Change: Projections, Commitments and Irreversibility

12

‘Constant emission commitment’ is the warming that would result 
from maintaining annual anthropogenic emissions at the current level. 
Few studies exist but it is estimated to be about 1°C to 2.5°C by 2100 
assuming constant (year 2010) emissions in the future, based on the 
MAGICC model calibrated to CMIP3 and C4MIP models (Meinshausen 
et al., 2011a; Meinshausen et al., 2011b) (see FAQ 12.3). Such a scenar-
io is different from non-intervention economic scenarios, and it does not 
stabilize global temperature, as any plausible emission path after 2100 
would cause further warming. It is also different from a constant cumu-
lative emission scenario which implies zero emissions in the future.

Another form of commitment involves climate change when anthropo-
genic emissions are set to zero (‘zero emission commitment’). Results 
from a variety of models ranging from EMICs (Meehl et al., 2007b; 
Weaver et al., 2007; Matthews and Caldeira, 2008; Plattner et al., 
2008; Eby et al., 2009; Solomon et al., 2009; Friedlingstein et al., 2011) 
to ESMs (Frölicher and Joos, 2010; Gillett et al., 2011; Gillett et al., 
2013) show that abruptly setting CO2 emissions to zero (keeping other 
forcings constant if accounted for) results in approximately constant 
global temperature for several centuries onward. Those results indicate 
that past emissions commit us to persistent warming for hundreds of 
years, continuing at about the level of warming that has been realized. 
On near equilibrium time scales of a few centuries to about a mil-
lennium, the temperature response to CO2 emissions is controlled by 
climate sensitivity (see Box 12.2) and the cumulative airborne fraction 
of CO2 over these time scales. After about a thousand years (i.e., near 
thermal equilibrium) and cumulative CO2 emissions less than about 
2000 PgC, approximately 20 to 30% of the cumulative anthropogenic 
carbon emissions still remain in the atmosphere (Montenegro et al., 
2007; Plattner et al., 2008; Archer et al., 2009; Frölicher and Joos, 2010; 
Joos et al., 2013) (see Box 6.1) and maintain a substantial temperature 
response long after emissions have ceased (Friedlingstein and Solo-
mon, 2005; Hare and Meinshausen, 2006; Weaver et al., 2007; Mat-
thews and Caldeira, 2008; Plattner et al., 2008; Eby et al., 2009; Lowe et 
al., 2009; Solomon et al., 2009, 2010; Frölicher and Joos, 2010; Zickfeld 
et al., 2012). In the transient phase, on a 100- to 1000-year time scale, 
the approximately constant temperature results from a compensation 
between delayed commitment warming (Meehl et al., 2005b; Wigley, 
2005) and the reduction in atmospheric CO2 resulting from ocean and 
land carbon uptake as well as from the nonlinear dependence of RF on 
atmospheric CO2 (Meehl et al., 2007b; Plattner et al., 2008; Solomon 
et al., 2009; Solomon et al., 2010). The commitment associated with 
past emissions depends, as mentioned above, on the value of climate 
sensitivity and cumulative CO2 airborne fraction, but it also depends on 
the choices made for other RF constituents. In a CO2 only case and for 
equilibrium climate sensitivities near 3°C, the warming commitment 
(i.e., the warming relative to the time when emissions are stopped) 
is near zero or slightly negative. For high climate sensitivities, and in 
particular if aerosol emissions are eliminated at the same time, the 
commitment from past emission can be significantly positive, and is 
a superposition of a fast response to reduced aerosols emissions and 
a slow response associated with high climate sensitivities (Brasseur 
and Roeckner, 2005; Hare and Meinshausen, 2006; Armour and Roe, 
2011; Knutti and Plattner, 2012; Matthews and Zickfeld, 2012) (see 
FAQ 12.3). In the real world, the emissions of CO2 and non-CO2 forcing 
agents are of course coupled. All of the above studies support the con-
clusion that temperatures would decrease only very slowly (if at all), 

even for strong reductions or complete elimination of CO2 emissions, 
and might even increase temporarily for an abrupt reduction of the 
short-lived aerosols (FAQ 12.3). The implications of this fact for climate 
stabilization are discussed in Section 12.5.4.

New EMIC simulations with pre-industrial CO2 emissions and zero 
non-CO2 forcings after 2300 (Zickfeld et al., 2013) confirm this behav-
iour (Figure 12.44) seen in many earlier studies (see above). Switching 
off anthropogenic CO2 emissions in 2300 leads to a continuous slow 
decline of atmospheric CO2, to a significantly slower decline of global 
temperature and to a continuous increase in ocean thermal expansion 

Figure 12.44 |  (a) Compatible anthropogenic CO2 emissions up to 2300, followed by 
zero emissions after 2300, (b) prescribed atmospheric CO2 concentration up to 2300 
followed by projected CO2 concentration after 2300, (c) global mean surface tempera-
ture change and (d) ocean thermal expansion as simulated by Earth System Models of 
Intermediate Complexity (EMICs) for the four concentration driven RCPs with all forcings 
included (Zickfeld et al., 2013). A 10-year smoothing was applied. The drop in tempera-
ture in 2300 is a result of eliminating all non-CO2 forcings along with CO2 emissions. 
Shadings and bars denote the minimum to maximum range. The dashed line on (b) 
indicates the pre-industrial CO2 concentration.



Dominant factors in global sea level rise: 
II. Glacier and ice sheet melt

Lemke et al. (2007); Bamber et al. (2001); Lythe et al. (2001)

Total Hazard	

!Non-polar glaciers and ice caps 0.26 ± 0.11 m

Greenland & Antarctic glaciers and ice caps 0.46 ± 0.17 m

Greenland Ice Sheet 7 m

West Antarctic Ice Sheet 5 m

East Antarctic Ice Sheet 52 m

Maps by P. Fretwell (British Antarctic Survey)
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Global Sea Level change 
is not the same as local sea level change

• Ocean dynamic effects	

• Mass redistribution effects: Gravitational, elastic and rotational	

• Natural and groundwater withdrawal-related sediment compaction	

• Long term: Isostasy and tectonics

!
Yin et al. (2009)

NATURE GEOSCIENCE DOI: 10.1038/NGEO462 LETTERS
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Figure 3 | Dynamic sea levels in the GFDL CM2.1. a, Observation11 (1992–2002). b, Simulation (1992–2002). c–e, Projected anomalies (2091–2100
relative to 1981–2000) in the A2 (c), A1B (d) and B1 (e) scenarios. f, The dynamic sea-level change induced by an idealized 0.1 Sv freshwater input
(water-hosing) into 50�–70� N of the Atlantic for 100 years (the mean of years 2091–2100 compared with the control). In the water-hosing run, radiative
forcing is kept constant at the 1990 level and the global mean SLR induced by the global ocean mass increase is removed. The AMOC weakens by 37%
over 100 years.

scenario independent. The maximum dynamic SLR occurs east of
Newfoundland, with significant rises extending to the coastal region
north of Cape Hatteras.

The dynamic SLR is mainly a result of the cessation of the deep
convection and deep-water formation in the Labrador Sea, and the
slowdown of the subpolar gyre. During 1981–2000, vigorous deep
convection occurs in the Labrador Sea, which can reach more than
1,000m depth (see Supplementary Fig. S4). Owing to ocean surface
warming and freshening, the deep convection in the Labrador Sea
shuts down by the end of the twenty-first century in all three
scenarios. Compared with other sites, the deep convection in the
Labrador Sea is very sensitive to the anomalies of the thermohaline
fluxes5, which probably results from positive feedbacks operating
in this region12. The subpolar gyre weakens significantly with
a northeastward shift of the barotropic (vertically independent)
streamfunction pattern (see Supplementary Fig. S4). A fall of the

dynamic sea level in the subtropical gyre and aNorthAtlantic dipole
pattern13,14 are also evident in Fig. 3c–e.

The dynamic SLR on the northeast coast of the United States
is closely related to the horizontal gradient of the steric SLR
and mass redistribution in the ocean (Fig. 4). In addition to
global thermal expansion, the weakening of the formation and
southward propagation of North Atlantic DeepWater causes a deep
warming and extra steric SLR along the route of the deep western
boundary current (Fig. 4a). From the maximum rise of about
0.35m east of Newfoundland, the magnitude of this steric SLR
reduces southward. In contrast, the steric SLR on the continental
shelf is small owing to the shallow water column. The sharp steric
SLR gradient across the shelf break (near the zero contour lines
in Fig. 4) cannot be balanced by geostrophic currents, therefore
leading to an increase in mass loading near the northeast coast
of the United States (Fig. 4b). At Boston, New York City and

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 3

SSH, 1992-2002
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The sea is higher off 
Bermuda than off 

the northeastern U.S. 
by about 2 feet 

because of 
atmosphere and 

ocean dynamics that 
could weaken over 

the century.



Global Sea Level change 
is not the same as local sea level change

ME
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• Ocean dynamic effects	

• Mass redistribution effects: Gravitational, elastic and rotational	

• Natural and groundwater withdrawal-related sediment compaction	

• Long term: Isostasy and tectonics



Global Sea Level change 
is not the same as local sea level change

ME-MI

MI
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Not to scale!
Farrell & Clark (1976), after Woodward (1888)

• Ocean dynamic effects	

• Mass redistribution effects: Gravitational, elastic and rotational	

• Natural and groundwater withdrawal-related sediment compaction	

• Long term: Isostasy and tectonics



Mitrovica et al. (2011)

WAIS 
~1.1x

West Antarctica Greenland

Static-Equilibrium Fingerprints of 
Greenland and WAIS melting, per meter GSL rise

Global Sea Level change 
is not the same as local sea level change
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• Ocean dynamic effects	

• Mass redistribution effects: Gravitational, elastic and rotational	

• Natural and groundwater withdrawal-related sediment compaction	

• Long term: Isostasy and tectonics



Global Sea Level change 
is not the same as local sea level change

���16

Figure 4. Global predictions of the present-day rate of change of relative sea level (mm yrx1; positive denotes sea-level rise). (a) is the prediction for
the case of a non-rotating earth, (b) is the signal due to variations in the Earth’s rotation, and (c) is the total signal (i.e. a+b) predicted for a rotating
planet. The scale at the bottom of the plot extends fromx0.8 to 0.6 mm yrx1. The deep red and blue evident in the near-field (polar) regions of (a) and
(c) are off this scale, and in these areas the colours provide only a measure of the geometry of the rebounding regions (red) and subsiding peripheral
bulges (blue). The colour scale is chosen so as to encompass the ‘rotation’ signal and to focus on the pattern of relative sea-level change in the far field,
beyond the main peripheral bulges.

Glacial isostatic adjustment on a rotating earth 567

# 2001 RAS, GJI 147, 562–578

Sea-level rise due to GIA (mm/y)

Mitrovica et al., 2001

• Ocean dynamic effects	

• Mass redistribution effects: Gravitational, elastic and rotational	

• Natural and groundwater withdrawal-related sediment compaction	

• Long term: Isostasy and tectonics



Effects of GIA and compaction in eastern North 
America
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Compare to 20th century GSL rise of 	

~1.7 mm/y (~7”/century)

Kopp (2013)

Boston ~2.5 mm/y	

(10”/century)

New York City ~3.0 mm/y	

(12”/century)

Atlantic City ~3.9 mm/y	

(15”/century)

Norfolk ~4.3 mm/y	

(17”/century)
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Figure 1. (a) Mean estimate of the rate of the long-term linear sea-level anomaly rate (i.e., rate of change with respect
to the global mean; ṙl + l̇l), due primarily to GIA and sediment compaction. Dotted grey denotes boundary of the Coastal
Plain province. H—Halifax, P—Portland, N—New York, S—Sewell’s Point, C—Charleston, B—St. George’s. (b) Re-
gional linear sea-level anomaly rates ṙl along U.S. coast (blue; dashed/dotted=67%/95% confidence intervals), compared
to ICE-5G projections of GIA rates (red) [Peltier , 2004] and geological estimates of late Holocene SLR [Engelhart et al.,
2009] (green; lines=1�).
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Figure 2. (a) Smooth, non-linear, regional sea-level anomaly rates (ṙs). Heavy regions indicate space-time points where
the sign of the sea-level anomaly rate component is likely (probability > 67%) correctly identified. (b) Low-pass filtered
non-linear regional sea-level anomaly at New York City (rs + rn) (black; dashed = 67% confidence), compared to low-pass
filtered versions of the AMO (blue)/NAO (red)/GSNW (green) indices. Indices are scaled by their covariances (leading to
a sign reversal for NAO and GSNW) and shifted by 7/2/0 years to maximize correlation.

George’s, Bermuda – and three annually-averaged climatic
or oceanographic indices (Figs. 2b, S9): the Atlantic Mul-
tidecadal Oscillation (AMO) [Van Oldenborgh et al., 2009],
the Hurrell [1995] winter North Atlantic Oscillation (NAO)
index, and the GS North Wall (GSNW) index [Taylor and
Stephens, 1998].

The AMO index averages detrended sea surface temper-
ature anomalies in the Atlantic between 25�N and 60�N.
Consistent with coherence between the AMO and regional
sea level, previous work has identified a ⇠60 year oscilla-
tion in North Atlantic sea level, a periodicity also seen in

the AMO [Chambers et al., 2012]. Thermosterically, warmer
temperatures (higher AMO index) might be expected to cor-
relate with higher regional sea levels. On the other hand, the
AMO index is a slightly lagging correlate of AMOC strength
[Van Oldenborgh et al., 2009]. Weakening AMOC should
give rise to higher mid-Atlantic sea levels, so the AMO in-
dex might be expected to be a lagging anti-correlate of mid-
Atlantic sea level.

A significant (p = 0.03) lagging positive correlation
with the AMO is present at New York (r = 0.31, lag 6–
9 years) and likely as far south as Sewell’s Point (p =
0.29, r = 0.21, lag 6–8 years) and as far north as Port-



Records of past and present 
changes
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Battery Tide Gauge, Battery Park, New York City
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100 yr storm

10 yr storm

Sandy 13.9 
ft

Donna 10 ft
Irene	

9.5 ft Dec. 93	


9.8 ft
sea level rise

50 yr storm

Photo: New York Times (Jan. 14, 2014)



Sediment cores from New Jersey salt marshes
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Photo courtesy B. Horton



���21Kemp & Horton (2013)

rose 3.96m in 1 h (Ludlum, 1963). Redfield’s ‘Compilation of
Storms (1494–1859)’ and daily ‘Meterological Journal (1831–
1861)’ held in the Yale University Meteorological Archive do
not list the source of these flood-height data. Historical
accounts of the 1788 hurricane state that the cellars on
Front and Water Streets in Manhattan were flooded (Ludlum,
1963). Scileppi and Donnelly (2007) estimate that the 1788
storm tide was !3.0m MTL.

RSL history of New York City

Annual RSL estimates at The Battery tide gauge are available
from the National Oceanic and Atmospheric Administration
(NOAA) since 1853 with only 15 years missing (Fig. 3C). To
estimate the contribution of RSL rise to hurricane flooding
during the missing years and before 1853 we reconstructed
RSL using a core (BB1) of salt-marsh sediment from Barnegat
Bay in northern New Jersey (Fig. 3C). The site is !75 km from
The Battery (Fig. 1) and is assumed to record the same RSL
history. A site closer to New York City with suitable tidal and
sedimentary conditions for reconstructing RSL with sufficient
resolution to make meaningful comparisons with the instru-
mental record was not available. Under a regime of gradually
rising sea level salt marshes accumulate sediment to maintain
a position in the tidal frame (Morris et al., 2002). The
resulting accumulations of salt-marsh sediment are archives
of RSL change. Foraminifera preserved in the core were
employed as sea-level indicators as the modern distribution

of assemblages in New Jersey is closely linked to tidal
elevation allowing accurate and precise RSL reconstruction
(Kemp et al., 2013). We developed a transfer function from
modern samples collected at 12 sites in New Jersey that was
applied to assemblages of foraminifera preserved in 1-cm-
thick samples from BB1 to reconstruct the elevation at which
each sample formed (palaeomarsh elevation; PME). RSL was
reconstructed by subtracting transfer-function-derived esti-
mates of PME from measured sample altitudes, meaning zero
RSL occurred in 2010. For conveniently comparing historical
storms we later specify zero RSL to be 1788. The transfer
function estimated an uncertainty (!1s) for each reconstruc-
tion that was approximately"14% of tidal range, equating
to"2.5 cm assuming a constant microtidal regime at Barne-
gat Bay (17 cm great diurnal range; Horton et al., 2013).
Details of the transfer function and its application to core BB1
to reconstruct PME are presented in Kemp et al. (2013).
The core was dated using chronological markers. Down-

core changes in lead concentration and the ratio of stable
lead isotopes (206Pb:207Pb) were related to historical patterns
of lead production in the US and Upper Mississippi Valley,
respectively (Kemp et al., 2012, 2013). Maximum 137Cs
activity marks the peak of above-ground testing of nuclear
weapons in 1963. We added an additional marker to the
existing Kemp et al. (2012) chronology by recognizing the
onset of copper pollution at 25 cm and corresponding to
1890–1910 (Fig. 3A). A new age–depth model was developed
for BB1 using Bchron (Parnell et al., 2008) incorporating all
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Figure 3. Relative sea level (RSL) history of New York City. (A) Copper concentration in core BB1; the onset of pollution at !29 cm marks the
start of national production in 1890–1910. (B) Chronology and age–depth model developed for the Barnegat Bay core. Modified from Kemp et al.
(2012). (C) Annual average of RSL measured at The Battery tide gauge in lower Manhattan since 1853 (red line) and RSL reconstructed using the
core of salt-marsh sediment from Barnegat Bay (blue). Boxes represent age and sea-level errors. The solid blue line connects mid-points of the
reconstruction. (D) RSL predictions for the location of The Battery tide gauge from ICE6G-VM5b. The average linear rate for the past 2000 years is
0.66mm a#1, and is attributed solely to glacio-isostatic adjustment. This figure is available in colour online at wileyonlinelibrary.com.

Copyright # 2013 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 28(6) 537–541 (2013)
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Kemp & Horton (2013) estimates of the contribution of 
historical sea-level rise to flooding at the Battery
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dating results to provide downcore age estimates at 1-cm
intervals with uncertainties (95% confidence interval) of
!4 to !29 years. The lowest age marker in BB1 is 1827 at
41 cm. To include the 1788 hurricane, sample age was
modelled an additional 8 cm beyond the lowest dated
horizon (Fig. 3B, C).
The Barnegat Bay RSL reconstruction shows a 56! 4 cm

RSL rise since 1788 and agrees with the tide-gauge record
from The Battery as evidenced by the measurements lying
within the margins of the reconstruction (Fig. 3C). This
agreement suggests that there was minimal difference in the
rate of glacio-isostatic adjustment (GIA) between the two sites
and that local-scale factors were not dominant drivers of RSL
change. The contribution of GIA was estimated for The
Battery by the ICE6G-VM5b model, which shows an im-
proved fit to Holocene RSL reconstructions for the New Jersey
and New York regions compared with alternative models
(Engelhart et al., 2011). For the period under consideration, a
linear rate of GIA (0.66mm a"1) was assumed from model
predictions (Fig. 3D). Therefore, the estimated contribution
from GIA to RSL change between the 1788 hurricane and
Hurricane Sandy in 2012 is 15 cm (Fig. 4). Alternatively,
Holocene RSL reconstructions in the New York City region
estimate that GIA and other processes causing land-level
change contributed 1.2! 0.1mm a"1 equating to 25–29 cm
of RSL rise (Engelhart et al., 2009).
RSL rise since 1788 made a relatively small contribution to

flood heights attained during subsequent hurricanes (Fig. 4).
The RSL rise of 56 cm between the 1788 hurricane and
Hurricane Sandy in 2012 equates to approximately one-third

of modern great diurnal tidal range at The Battery. The timing
of a hurricane’s arrival in the cycle of astronomical tides
remains a more important factor in the flooding hazard faced
by New York City. The role of future climate change in
governing storm-surge height is widely debated (Knutson
et al., 2010), but modelling predicts that storm-surge heights
will increase during the 21st century in New York City
(Lin et al., 2012). There is high confidence that sea-level rise
will continue in the 21st century (Bindoff et al., 2007;
Rahmstorf, 2007) and that GIA will continue at its current
rate. Consequently, RSL rise will reduce the return interval of
flooding in New York City and the water level associated
with any given frequency will grow (Tebaldi et al., 2012). For
example, Lin et al. (2012) estimated that 1m of sea-level rise
by 2100 would cause current 100-year flood events to occur
every 20 years. As damage is governed by water levels
(including waves) that exceed physical thresholds (e.g. sea
walls), the relationship between flood height and damage is
non-linear. Therefore, incremental RSL rise will increase the
likelihood of extensive damage during future hurricanes in
New York City, independent of whether hurricanes produce
larger or more frequent storm surges (Lin et al., 2012; Tebaldi
et al., 2012).

Concluding remarks

The changing height of flooding attained during historical
hurricanes is the product of storm-surge height, timing in the
astronomical tidal cycle and RSL change. The contribution of
these factors was estimated for seven historical hurricanes

storm tidestorm surgetide

cumulative sea-level rise cumulative glacio-isostatic adjustment
(ICE6G-VM5b; 0.66 mm a-1)
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Figure 4. Estimated contributions to flood heights in New York City for notable historical hurricanes. For 1938, 1960, 1985 and 2012 hurricanes
storm surge and tide heights were measured at The Battery tide gauge. The negative tidal contribution for Hurricane Gloria in 1985 reflects a
maximum measured storm tide that occurred on an astronomical tide below contemporary mean tide level (MTL). Storm tides for earlier, pre-
instrumental hurricanes are the estimates of Scileppi and Donnelly (2007) and represent the net effect of storm-surge height and astronomical
tides. The 1788 hurricane is used as an arbitrary zero point for relative sea level. The cumulative contribution from glacio-isostatic adjustment was
estimated using the ICE6G-VM5b model and subtracted from RSL reconstructed at Barnegat Bay to provide the sea-level rise contribution. This
figure is available in colour online at wileyonlinelibrary.com.
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20th century sea-level 
rise in New Jersey was 
extremely likely faster 
than during any other 
century since at least 
2300 BCE.



For the last 2 My, the Earth has oscillated 
between glacials and interglacials
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The Last Interglacial stage had Holocene-like pCO2 
but higher eccentricity

THE EARTH’S CLIMATE IN THE NEXT HUNDRED THOUSAND YEARS (100 KYR) 121

Figure 1. Long-term variations of eccentricity, precession, obliquity, summer solstice insolation at
65◦N (Berger, 1978) and atmospheric CO2 concentration (Petit et al., 1999) from 200 kyr BP to 130
kyr AP.
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Figure 1. Long-term variations of eccentricity, precession, obliquity, summer solstice insolation at
65◦N (Berger, 1978) and atmospheric CO2 concentration (Petit et al., 1999) from 200 kyr BP to 130
kyr AP.
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The Last Interglacial was slightly warmer than today

• NH warming due to more intense summer insolation, 
amplified by ice sheet feedbacks (3-5ºC in Arctic)	


• SH warming perhaps due to ocean teleconnections and/
or long SH summer 
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Masson-Delmotte et al., 2010). Accompanying these changes,
recent estimates of sea level corrected for changes in gravity,
solid Earth deformation and other effects have suggested the
LIG was 6.6–9.4m higher than today, rising some 6–9mm a!1

(Kopp et al., 2009) – at least double the current global average.
To better understand the mechanisms and sensitivity of the
Earth system to radiative forcing, it is critical that a better
constrained temperature estimate is obtained for this period.
Here we provide global and regional estimates of tempera-

ture during the LIG and present evidence that the Agulhas
Current increased global warming through the enhanced
delivery of warm, salty water into the Atlantic Ocean,
intensifying AMOC and partially decoupling the climate
system from the carbon cycle.

Methods

Although numerous qualitative reconstructions of the LIG have
been reported (Trauth et al., 2003; Sirocko et al., 2005; Brook
et al., 2006; Kieniewicz and Smith, 2007; Van Nieuwenhove
et al., 2008), the magnitude of inferred changes around the
globe is problematic to interpret. As an alternative strategy, we
have compiled a global dataset comprising 263 published ice,
marine and terrestrial sequences spanning the LIG that also
contain a quantified estimate of annual temperature. Data
were obtained from individual site reports, supplemented by
records archived by the NOAA Paleoclimatology Program
(www.ngdc.noaa.gov/paleo/paleo.html) and Pangaea database
(www.pangaea.de) (see online supporting information for site
locations and sources). Because of dating uncertainties over
this period, sea surface (obtained using a combination of
Sr–Ca, Uk0

37, Mg–Ca, diatom and radiolarian transfer functions)
and ice core (using d18O) temperature estimates were taken
across the isotopic plateau associated with the LIG; terrestrial
temperature estimates (based on pollen, macrofossil and
Coleoptera) were developed over the period of maximum
warmth and assumed to be broadly synchronous with the ocean

and ice d18O plateau. Where uncertainties were not reported for
individual marine temperature reconstructions, conservative
estimates were assumed (see online supporting information)
(Barrows et al., 2007). To develop a robust comparison to today,
mean annual terrestrial temperatures for each palaeosite location
were taken from the AD 1961–1990 estimate from the nearest
0.58" 0.58 grid cell (www.cru.uea.ac.uk/cru/data/hrg.htm; New
et al., 1999); contemporary ocean records were obtained
over the same period from the nearest 28" 28 grid cells
(www.esrl.noaa.gov/psd/data/gridded/; Smith and Reynolds,
1998). Differences between the LIG and today were averaged
within gridded boxes 458 latitude by 308 longitude, followed by
zonal, hemispheric and global averaging.

Results and Discussion

Importantly, the different proxies used in this study all have
limitations and/or potential biases (Jones and Mann, 2004). To
minimise these, we have only utilised records that report
annual averages, havemore than four data points across the LIG
and used conservative estimates of the uncertainties where
none were reported. Furthermore, due to the inherent problems
with dating LIG sequences, we averaged the temperature
estimates across the isotopic plateau in the marine and ice
records (though this resulted in removing the very earliest high
Antarctic temperatures from our reconstruction) and the period
of maximum warmth in terrestrial sequences, to provide a first-
order estimate of the global climate at this time.

Our results suggest the world was 1.5# 0.18C warmer than
the period AD 1961–1990 (Fig. 1). Although the uncertainty of
this reconstruction almost certainly does not capture all the bias
in our dataset (including the poor spatial coverage in some parts
of the world), this analysis implies global temperatures were
$1.98C higher than pre-industrial levels (Smith and Reynolds,
2005). The available data also indicate there was a strong
latitudinal temperature gradient, with greater warming at high
latitudes (>608) relative to tropical regions (0–308) (most
probably related to ice albedo sensitivity) and imply a reduced

ACC ACC

Agulhas
current

ACC

Sites showing
early warming 

Temperature Anomaly 

1
5
10

(+ °C)
1
5
10

(- °C)

Figure 1 Temperature anomalies (relative to AD 1961–1990) in 263 Last Interglacial ice, marine and terrestrial sequences. The location of
the Antarctic Circumpolar Current (ACC) and the Agulhas Current are shown. Sites suggesting local early warming are shown with bold circles. This
figure is available in colour online at www.interscience.wiley.com/journals/jqs

Copyright ! 2010 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 25(6) 839–843 (2010)
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Turney & Jones (2010)

Turney & Jones (2010):	

global temperature 
~1.9°C above pre-

Industrial	

!

McKay et al. (2011): SST 
0.7 ± 0.6°C above pre-

Industrial



Fossil coral reefs from the Bahamas

http://www.mnstate.edu/leonard/G390BPHOTOS.html
Chen et al. (1991)���27

http://www.mnstate.edu/leonard/G390BPHOTOS.html


Raised beaches in southern England
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Mean global sea level reconstructed 
for the Last Interglacial

Kopp et al. (2009)���29
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How fast did sea level change within the LIG?

���30 Kopp et al. (2013)

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

E
xc

e
e
d
a
n
ce

 P
ro

b
a
b
ili

ty

Max. Rise Rate (m/ky)

 

 
Full

≤ 2 Peaks

Prior



How fast did sea level change within the LIG?

���30 Kopp et al. (2013)
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Pliocene global sea-level, three million years ago (last time CO2 was 
comparable to today), peaked about 50-80 feet higher than today

���31

Orangeburg Scarp, James River, Virginia 
Photo: Harry Dowsett (USGS) via Science	




With Last Interglacial sea levels (25 feet): 
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This won’t happen over night – but 
could be the legacy we leave our 

descendants centuries hence. 

Source: New York Times (Nov. 24, 2012)



Future sea-level changes
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31 Jan. 2002
Larsen B Ice Shelf

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288 ~40 km
���34

It’s still difficult for physical models to capture some key 
dynamics of ice sheet behavior.

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288


17 Feb. 2002

It’s still difficult for physical models to capture some key 
dynamics of ice sheet behavior.

Larsen B Ice Shelf

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288 ~40 km
���35

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288


23 Feb. 2002

Larsen B Ice Shelf

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288 ~40 km
���36

It’s still difficult for physical models to capture some key 
dynamics of ice sheet behavior.

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288


5 Mar. 2002

Larsen B Ice Shelf

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288 ~40 km
���37

It’s still difficult for physical models to capture some key 
dynamics of ice sheet behavior.

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288


7 Mar. 2002

Larsen B Ice Shelf

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288 ~40 km
���38

It’s still difficult for physical models to capture some key 
dynamics of ice sheet behavior.

http://earthobservatory.nasa.gov/IOTD/view.php?id=2288


One alternative approach: 
Semi-empirical models look at past relationship between temperature, GSL

���39
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Figure 2 | SLR over the twenty-first century. a, Rate of SLR and b, SLR projections 2000–2100. Error bars on the right-hand side show 90% uncertainty
range, resulting from the full set of parameter values used in the semi-empirical SLR equations combined with median temperature projections (dark
shaded) and the wider uncertainty resulting from including the full range of temperature projections as well (light shaded). Uncertainty ranges are shown
for only two scenarios for reasons of readability, focusing on the mitigation scenarios that reach the lowest and highest rates of SLR by 2100. Lines indicate
median estimates. The indicative/fixed present-day rate of 3.3 mm yr�1 is the satellite-based mean rate 1993–2007 (ref. 23).
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Figure 3 | Long-term SLR. a, Rate of SLR and b, SLR calculated from temperature reconstructions28 for 1000–2006 and from climate-model projections
1860–2300. For comparison, observed and proxy reconstructions for SLR are given as well from refs 2,22,29. 90% uncertainty ranges are shown for only
two scenarios for reasons of readability, focusing on the lowest and highest temperature-goal scenarios. Error bars on the right-hand side as in Fig. 2.

for a strong slow-down of SLR, we show in Fig. 3 the results of both
the calculations for the historical period 1000–2006 (the calibration
period of our sea-level model) and the model projections through
2300. We constrain this analysis to scenarios with a maximum
warming of 3 �C or less. The semi-empirical model is validated only
over a past range of temperature changes of about 1 �C and it is
possible that greater warming could increasingly lead to nonlinear
responses, for instance in ice-sheet dynamics.

The sea-level proxy data suggest that the twentieth-century
rate of SLR already exceeds that experienced in the preceding
millennium2. After a peak in the twenty-first century, the projected
rate of SLR (Fig. 3a) declines in zero or negative emission scenarios.
In zero 2016 the rate of SLR does not decline much further after
2200, that is, it will stay close to present-day values. This is in line
with our understanding of the long memory in the climate system,
here owing to the slow uptake of anthropogenic CO2 by the oceans
and the long response timescale of sea level (see also ref. 6). By
contrast, the rate of change drops to zero by 2300 in the 1.5 �C
scenario (MERGE400).

By 2300, sea level in our projections has risen by 2.7 (1.6–4.0)m
in the ⇡50% probability 2 �C scenario (Fig. 3b) and is still rising
at twice the present rate. The higher probability 2 �C scenario
(RCP3-PD) produces 2.0 (1.2–3.1) m SLR by 2300 and would
return rates of SLR to roughly present-day values. The 1.5 �C
scenario (MERGE400) limits SLR to 1.5 (0.9–2.4) m and is the only
scenario that implies no further rise by 2300.

Unless post-2100 net negative CO2 emissions are even stronger
than those in MERGE400, a lower sea level by 2300 can be
achieved only with less warming over the twenty-first century.
This suggests that limiting multi-century SLR to the 1m guardrail
of the 2006 German Advisory Council on Global Change is
possible only with more rapid twenty-first century emission
reductions than in the MERGE400 scenario (illustrative scenarios
on Supplementary Section S4).

In the RCP4.5 scenario, SLR approaches 2–5m by 2300 and
reaches rates of SLR much higher than observed over the twentieth
century22, or estimated using satellite-based data over the period
1993–2007 (ref. 23). The RCP4.5 to 3PD scenario shows that
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for a strong slow-down of SLR, we show in Fig. 3 the results of both
the calculations for the historical period 1000–2006 (the calibration
period of our sea-level model) and the model projections through
2300. We constrain this analysis to scenarios with a maximum
warming of 3 �C or less. The semi-empirical model is validated only
over a past range of temperature changes of about 1 �C and it is
possible that greater warming could increasingly lead to nonlinear
responses, for instance in ice-sheet dynamics.

The sea-level proxy data suggest that the twentieth-century
rate of SLR already exceeds that experienced in the preceding
millennium2. After a peak in the twenty-first century, the projected
rate of SLR (Fig. 3a) declines in zero or negative emission scenarios.
In zero 2016 the rate of SLR does not decline much further after
2200, that is, it will stay close to present-day values. This is in line
with our understanding of the long memory in the climate system,
here owing to the slow uptake of anthropogenic CO2 by the oceans
and the long response timescale of sea level (see also ref. 6). By
contrast, the rate of change drops to zero by 2300 in the 1.5 �C
scenario (MERGE400).

By 2300, sea level in our projections has risen by 2.7 (1.6–4.0)m
in the ⇡50% probability 2 �C scenario (Fig. 3b) and is still rising
at twice the present rate. The higher probability 2 �C scenario
(RCP3-PD) produces 2.0 (1.2–3.1) m SLR by 2300 and would
return rates of SLR to roughly present-day values. The 1.5 �C
scenario (MERGE400) limits SLR to 1.5 (0.9–2.4) m and is the only
scenario that implies no further rise by 2300.

Unless post-2100 net negative CO2 emissions are even stronger
than those in MERGE400, a lower sea level by 2300 can be
achieved only with less warming over the twenty-first century.
This suggests that limiting multi-century SLR to the 1m guardrail
of the 2006 German Advisory Council on Global Change is
possible only with more rapid twenty-first century emission
reductions than in the MERGE400 scenario (illustrative scenarios
on Supplementary Section S4).

In the RCP4.5 scenario, SLR approaches 2–5m by 2300 and
reaches rates of SLR much higher than observed over the twentieth
century22, or estimated using satellite-based data over the period
1993–2007 (ref. 23). The RCP4.5 to 3PD scenario shows that

NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange 3

Schaeffer et al. (2012)

Projected SLR (90% probability range):	

	
 70-140 cm (28”-55”) by 2100 under no policy	

	
 50-100 cm (20”-39”) by 2100 under aggressive policy

But: current semi-empirical models project global (not local) changes and are calibrated against 
either short record or regional sea-level reconstructions, both from a time period when thermal 
expansion (and, regionally, ocean dynamics) dominated sea-level change



Since we can’t yet rely on physical models, we need to synthesize 
multiple lines of knowledge
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IPCC AR5

BA13
expert elicitation

CMIP5
GCMs

GIC SMB model

Tide gauge
data

Gaussian process
model

Ice sheet
melt

GIC melt

Non-climatic
background

Land water
storage

Oceanographic
processes

Local
sea level

Static-equilibirum
model

Kopp et al. (in review)



Reconciliation of IPCC and expert elicitation
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Note that IPCC provides only likely (67%) ranges – it does not attempt to estimate the tails 
of the ice sheet distribution. We accept the AR5 likely range and use BA expert elicitation to 

capture relationship between likely range and tails. 
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Different sites have different sensitivities to climatically-driven sea-
level change
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Boston, MA: 
IN REVIEW – 

SUBJECT TO REVISION 
Bkgd = 0.8 ± 0.3 mm/y
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by 2050, RCP 8.5 Likely 1-in-20 1-in-200
Globally 9”-14”   (24-34 cm) 15” (39 cm) 19” (49 cm)

New York, NY 11”-20” (27-50 cm) 23” (59 cm) 28” (72 cm)

Norfolk, VA 14”-22” (34-54 cm) 24” (62 cm) 29” (74 cm)

Boston, MA 10”-19”	
(25-48 cm) 22” (57 cm) 28” (70 cm)

by 2100, RCP 8.5 Likely 1-in-20 1-in-200
Globally 24”-39”  (61-99 cm) 47” (121 cm) 69” (178 cm)

New York, NY 26”-50” (64-128 cm) 61” (154 cm) 83” (212 cm)

Norfolk, VA 31”-54” (78-135 cm) 63” (159 cm) 85” (219 cm)

Boston, MA 24”-48” (60-123 cm) 59” (149 cm) 82” (208 cm)
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by 2100, RCP 2.6 Likely 1-in-20 1-in-200
Globally 14”-26” (36-65 cm) 32” (83 cm) 55” (137 cm)

New York, NY 16”-33” (40-85 cm) 42” (106 cm) 65” (167 cm)

Norfolk, VA 22”-39” (55-96 cm) 46” (117 cm) 70” (180 cm)

Boston, MA 13”-31” (34-80 cm) 40” (101 cm) 64” (163 cm)

Aggressively reducing 
greenhouse gas emissions can 

shave about 1’-1.5’ off of 
projected 21st century sea-level 

rise

by 2100, RCP 8.5 Likely 1-in-20 1-in-200
Globally 24”-39”  (61-99 cm) 47” (121 cm) 69” (178 cm)

New York, NY 26”-50” (64-128 cm) 61” (154 cm) 83” (212 cm)

Norfolk, VA 31”-54” (78-135 cm) 63” (159 cm) 85” (219 cm)

Boston, MA 24”-48” (60-123 cm) 59” (149 cm) 82” (208 cm)

IN REVIEW – SUBJECT TO REVISION
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IN REVIEW – SUBJECT TO 
REVISION



Uncertainty in projections is usually dominated by Antarctica, and in 
some regions by ocean dynamics

���46

KOPP ET AL.: SEA-LEVEL PROJECTIONS S-9

2020 2040 2060 2080 2100
0

0.01

0.02

0.03

0.04

0.05

0.06
GSL variance (RCP 8.5)

m
2

 

 
RCP 8.5

LI+TE

IS+TE
IS

AIS

2020 2040 2060 2080 2100
0

0.2

0.4

0.6

0.8

1
GSL variance (RCP 8.5)

F
ra

ct
io

n
 o

f 
va

ri
a
n
ce

2020 2040 2060 2080 2100
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

NEW YORK
variance (RCP 8.5)

m
2

 

 
RCP 8.5

LI+Oc

IS+Oc
IS

AIS

2020 2040 2060 2080 2100
0

0.2

0.4

0.6

0.8

1

NEW YORK
variance (RCP 8.5)

F
ra

ct
io

n
 o

f 
va

ri
a
n
ce

Figure S6. Sources of variance in raw (left) and frac-
tional terms (right), globally (top) and at New York City
(bottom). IS: ice sheets; IS+Oc: ice sheets and oceano-
graphic factors; LI+Oc: land ice and oceanographic fac-
tors.
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Implications for Flood Risk
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Under a high sea-
level rise scenario 

(~3% probability) for 
2100 [at NYC: 5.5’], 

the flooding 
associated with a 10-

year event will 
exceed Sandy’s

Impacts of sea-level rise scenarios on 
storm tideCoastal 

flooding

16” SLR

Today

38” SLR

66” SLR
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Climate Central (2013)	

http://sealevel.climatecentral.org/

Coastal flooding

Areas submerged 
with 9’ sea level rise 
plus storm surge (= 
Sandy today, 1-in-10 
year storm w/5’ sea-

level rise)

Below 9’ in New York	

!

• $168 billion property	

• 930 thousand people 

(1/3 high social 
vulnerability)	


• 405 thousand housing 
units	


• 65 fire and EMS stations	

• 28 hospitals

http://sealevel.climatecentral.org/


What about Boston?
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Climate Central (2012)	

http://sealevel.climatecentral.org/

Boston: 
!

Current 100-year flood 
elevation: 5.5’ above 

MHHW	

!

(about 40,000 people in 
Boston and Cambridge)

http://sealevel.climatecentral.org/


Rethinking flood risk
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and what the consequences of flooding are.

Black = no sea-level rise	
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Remember: infrastructure 
decisions can last a long time!

Marion Power Station, Jersey City, NJ	

Built by the Public Service Electric Co. in 1905	


Retired as generating station in 1961;	

Succeeded by Hudson Generating Station	


!
Marion Switching Station flooded in 2011	


during Irene and 2012 during Sandy

1911

2012
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Remember: infrastructure 
decisions can last a long time!

Major Switching Stations Flooded 
During Sandy	

(Red = close to location on 1911 map)	

!
1. Bayonne	

2. Bayway [Elizabeth]	

3. Deans [North Brunswick]	

4. Essex [Newark]	

5. Federal Square [Newark]	

6. Hudson [Jersey City]	

7. Jersey City	

8. Kearny	

9. Linden	

10. Marion [Jersey City]	

11. Metuchen	

12. Newark	

13. Sewaren	

14. South Waterfront [Jersey City]	

!
Source: PSE&G (2013)

http://www.pjm.com/~/media/committees-groups/stakeholder-meetings/grid-2020-insights/20130417-distributed-technology-panel-3-calore.ashx


Some cautions

• Different approaches to estimate the sea-level rise probability 
distribution will give somewhat different answers; ultimately, we 
need better process models but aren’t there yet.	


• Flood recurrence probabilities are based on historical data for 
the Boston tide gauge; historical storms imperfectly sample the 
true probability distribution, and the Boston tide gauge is not a 
perfect substitute for the whole region.	


• Modeling of the hydrodynamics of flood inundation and of 
sediment transport is needed to more accurately characterize 
flood risks.
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Nonetheless: it’s clear that sea-level rise will dramatically reshape 
flood risk over the course of this century.



So what do we do?
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Do we rebuild 
unchanged (and 

assume the rest of 
the country will 

continue to 
subsidize 

indefinitely)?

���56seasideheightsnjonline.com

http://www.seasideheightsnjonline.com


Do we harden?

���57Photo by www.aerolin.nl

Maeslantkering, the Netherlands

http://www.panoramio.com/photo/5820701


Do we raise (and 
otherwise modify our 

communities to be resilient 
to occasional flooding)?

���58NorthJersey.com

Bay Head, NJ

http://NorthJersey.com


Do we retreat 
and raze?

���59Long Island Sound Study

http://longislandsoundstudy.net/2010/07/tidal-wetlands-restored/


How do we decide?

• Technocratically, e.g., through land use policy informed 
by benefit-cost analysis?	


• Economically, e.g., with market tools such as 
accurately-priced, long-term flood insurance?	


• Democratically, e.g., through deliberative community 
processes?
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My answer: Yes, we do all three, informed by risk assessments 
that reflect our best available knowledge. 

!
The one thing we can’t do is wish (or legislate) sea-level rise away.




