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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
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Probabilistic 21st and 22nd century sea-level projections at a

global network of tide gauge sites

Robert E. Kopp1, Radley M. Horton2, Christopher M. Little3, Jerry X.
Mitrovica4, Michael Oppenheimer3, D. J. Rasmussen5, Benjamin H. Strauss6 and
Claudia Tebaldi6,7

Abstract. Sea-level rise due to both climate change and non-climatic factors threat-
ens coastal settlements, infrastructure and ecosystems. Projections of mean global sea
level (GSL) rise provide insu�cient information to plan adaptive responses; local deci-
sions require local projections that accommodate di↵erent risk tolerances and time frames.
Here we present a global set of local sea level (LSL) projections to inform decisions on
timescales ranging from the coming decades through the 22nd century. We present com-
plete probability distributions, informed by a combination of expert community assess-
ment, expert elicitation, and process modeling. Between the years 2000 and 2100, un-
der RCP 8.5, we project a very likely (90% probability) GSL rise of 0.5–1.2 m. In much
of the world in the current century, di↵erences in median LSL projections are due pri-
marily to varying levels of non-climatic background uplift or subsidence. In the 22nd cen-
tury and in the high-end tails of the projections, larger contributions from ice sheets,
particularly the Antarctic ice sheet (AIS), contribute significantly to site-to-site di↵er-
ences. Uncertainty in GSL projections and most LSL projections is dominated by un-
certainty in the AIS component, though at some sites uncertainty in oceanographic pro-
cesses also plays a major role. Sea-level rise dramatically reshapes flood risk, multiply-
ing the expected number of ‘1-in-10’ and ‘1-in-100’ year events several fold.

Summary. Local sea-level rise generally di↵ers from global sea-level rise, with di↵er-
ences in median 21st century projections due primarily to local uplift or subsidence. Un-
certain Antarctic ice sheet melt plays a large role in high-tail and 22nd century projec-
tions. The interaction of sea-level rise with flood probabilities points to the need for in-
cluding sea-level rise allowances in flood risk assessments.
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1. Introduction

Sea-level rise figures prominently among the consequences
of climate change. It impacts settlements and ecosystems
both through permanent inundation of the lowest-lying ar-
eas and by increasing the frequency and/or severity of
storm surge over a much larger region. In Miami-Dade
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County, Florida, for example, a uniform 90 cm sea-level rise
would permanently inundate the residences of about 5% of
the county’s population, about the same fraction currently
threatened by the storm tide of a 1-in-100 year flood event
[Tebaldi et al., 2012]. A 1-in-100 year flood on top of such a
sea-level rise would, assuming uniform flooding, expose an
additional 35% of the population (Climate Central, Surging
Seas, 2013, retrieved from SurgingSeas.org, updated Novem-
ber 2013).

The future rate of mean global sea-level (GSL) rise will be
controlled primarily by the thermal expansion of ocean wa-
ter and the melting of land ice in glaciers, ice caps, and
ice sheets [Church et al., 2013]. Changes in land water
storage, through groundwater depletion and reservoir im-
poundment, may have influenced twentieth-century sea-level
change [Gregory et al., 2013] but are expected to be minor
contributors compared to other factors in the current cen-
tury [Church et al., 2013].

Local sea-level (LSL) change can di↵er significantly from
GSL rise [Milne et al., 2009; Stammer et al., 2013], so for
adaptation planning and risk management, localized assess-
ments are critical. The spatial variability of LSL change
arises from: 1) non-uniform changes in ocean dynamics, heat
content, and salinity [Levermann et al., 2005; Yin et al.,
2009], 2) perturbations in the Earth’s gravitational field
and crustal height (together known as static-equilibrium ef-
fects) associated with the redistribution of mass between
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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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Thermal Expansion

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


1.1 ± 0.3 mm/yr from 1993–2010 6
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‘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.



Glacier and ice sheet melt

Marzeion et al. (2012); Bamber et al. (2013);	


Fretwell et al. (2013)

Total Hazard	


!

Glaciers and ice caps 0.37 ± 0.02 m

Greenland Ice Sheet 7.4 m

West Antarctic + Antarctic Peninsula Ice Sheets 4.5 m

East Antarctic Ice Sheet 53.3 m

Maps by P. Fretwell (British Antarctic Survey)
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Impact of Artificial Reservoir Water
Impoundment on Global Sea Level
B. F. Chao,* Y. H. Wu, Y. S. Li

By reconstructing the history of water impoundment in the world’s artificial reservoirs, we show
that a total of ~10,800 cubic kilometers of water has been impounded on land to date, reducing
the magnitude of global sea level (GSL) rise by –30.0 millimeters, at an average rate of –0.55
millimeters per year during the past half century. This demands a considerably larger contribution
to GSL rise from other (natural and anthropogenic) causes than otherwise required. The
reconstructed GSL history, accounting for the impact of reservoirs by adding back the impounded
water volume, shows an essentially constant rate of rise at +2.46 millimeters per year over at least
the past 80 years. This value is contrary to the conventional view of apparently variable GSL rise,
which is based on face values of observation.

The various causes of the observed global
sea level (GSL) rise have been under
study, and debate, for years. The Inter-

governmental Panel on Climate Change (1) con-
cluded in 2007 that “the budget (of GSL rise) has
not yet been closed satisfactorily,” primarily
because the anthropogenic contribution from land
water alterations is too poorly known. Among
them, the negative contribution due to water im-
poundment in artificial reservoirs behind dams
has long been recognized to be a major term
(1–7), although one poorly quantified in the ab-
sence of compiled information. Such incomplete
data have led to a wide range of estimates of the
total water impoundment: from ~15,000 km3

(extrapolated to year 2000) (2) to ~10,000 km3

(3) [which includes the volume of only the “top
100” (named) reservoirs, ~4000 km3 (4)] to 5000
to 6000 km3 (5–7) and even less (8).

To reconstruct the water impoundment his-
tory and study its impact on GSL rise, we as-
sembled a comprehensive tally of the world’s
reservoirs constructed since ~1900. Our main
source of data was the International Commis-
sion on Large Dams (ICOLD) World Register
of Dams (9), augmented and corrected for ap-
parently erroneous or inconsistent entries by
consulting with various ancillary data sources
(10–16) to yield a list of 29,484 named reser-
voirs with nominal capacity and year of com-
pletion (17).

Let V(t) be the (cumulative) total volume of
water impoundment in the world’s reservoirs at
any given calendar year t, and let Vi be the
capacity of a given individual reservoir modeled
as an addition to V in year ti of its completion,
causing an instantaneous GSL drop (recognizing
the ocean as the ultimate source of the water).
That is, V(t) = Si ViH(t – ti) and the correspond-
ing GSL drop d(t) = –V(t)/A (a negative value),
where H is the Heaviside function and A =
3.61 × 108 km2 is the total ocean area. This

“nominal” time history for V(t) is shown in
Fig. 1 (dashed blue curve); the total nominal V to
date is 8300 km3, corresponding to d = –23 mm.
The inset shows the number of reservoirs com-
pleted per year, which has soared since ~1950 but
distinctly decreased in the past three decades, es-

pecially in North America and Europe, because
of environmental concerns. The slowdown during
the Second World War is also noted (see below).
In addition, the continental breakdown in Fig. 1
reflects the contrasting and changing societal be-
havior and economic activity of populations on
different continents.

Next, the following potentially important mod-
ifications to the nominal history above should be
considered.

First, although our tally of reservoirs is es-
sentially complete for the major and relatively
large ones, the tally inevitably becomes less com-
plete with decreasing reservoir size as those
reservoirs become more numerous. We assess
the untallied amount of water as follows. We
plot in Fig. 2 the histogram of the number of
tallied reservoirs n (in logarithm) versus a con-
venient reservoir “magnitude” M = log(C),
where C is the reservoir capacity in cubic
meters. The drop-off of the tally of n is found
to occur around M ~ 6.5 (corresponding to a
moderate reservoir of, say, 1 km long, 150 m

College of Earth Sciences, National Central University, Chung-
Li, Taiwan, ROC.

*To whom correspondence should be addressed. E-mail:
bfchao@ncu.edu.tw

Fig. 1. Cumulative water impoundment [V(t), red solid curve] as a function of calendar year, based
on the nominal water impoundment (dashed blue curve) according to our compiled tally of 29,484
reservoirs’ capacity (17) but also including realistic modifications to account for phenomena such
as subsurface seepage. The lower thin lines are the breakdowns for individual continents, showing
continental contrasts. The inset shows the number of reservoirs completed per year.

11 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org212
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Dam construction

assessments and summary results for all 46 evaluated cases),
but insufficient data were available for some areas outside the
USA where depletion is known to exist (see discussions by
Sahagian [2000], Milly et al. [2010], and in the auxiliary
material). Depletion for these areas is estimated indirectly;
efforts should continue to improve the estimates with direct
volumetric calculations.

5. Results

[23] Depletion volumes and rates in the USA (Figure 1) are
calculated in 41 separate aquifer systems or subareas using
comprehensive calibrated groundwater simulation models,
analytical approaches, or volumetric budget analyses and

plotted for 8 major systems or groups (Table 1 and Table S1
in the auxiliary material). During 1900–2000, there was
∼800 km3 of net cumulative depletion of groundwater in the
USA—equivalent to a sea‐level rise of ∼2.2 mm (Table 1).
Depletion in the USA increased ∼25 percent during the next
8 years—to a cumulative total of ∼1,000 km3 (∼2.8 mm of
sea‐level rise).
[24] Estimating global groundwater depletion is more

problematic. There are five groundwater systems outside the
USAwith large volumes of depletion for which there are data
to allow a reliable quantitative estimate to be made (Figure 2
and Table 1). The relative magnitudes of USA and global
withdrawals and the fraction of total withdrawals represented

Figure 1. Cumulative net groundwater depletion in major
aquifer systems or groups in the United States, 1900–2008.

Table 1. Long‐Term Cumulative Net Groundwater Depletiona

Primary
Methodsb

Number of
Sub‐areas

Total Net Volumetric
Groundwater

Depletionc (km3)

Total Net Depletion as
Equivalent Sea‐Level

Rised (mm)

1900–2000 1900–2008 1900–2000 1900–2008

USA Aquifer Systems
Atlantic Coastal Plain 1, 3, 4, 7 7 14.4 17.2 0.040 0.048
Gulf Coastal Plain 3, 7, 8 5 198.6 266.0 0.550 0.737
High Plains (Ogallala) Aquifer 1 1 258.6 353.3 0.716 0.979
Central Valley, California 2, 3 1 113.4 144.8 0.314 0.401
Western Alluvial Basins 1, 3, 5, 6, 7 19 175.1 177.5 0.485 0.492
Western Volcanic Systems 1, 3, 5, 6, 7 3 −47.9 −45.0 −0.133 −0.125
Deep Confined Bedrock Aquifers 3, 4, 6, 7 4 33.0 35.6 0.091 0.099
Agricultural and Land Drainage 1 1 54.0 54.0 0.150 0.150
TOTAL (all USA systems) 41 799.2 1003.0 2.214 2.779

Non‐USA Aquifer Systems
Nubian Aquifer System 3, 5, 7 1 79.5 98.4 0.220 0.272
North Western Sahara Aquifer System 5 1 52.7 70.3 0.146 0.195
Saudi Arabia Aquifers 3, 5, 7 1 358.6 467.7 0.993 1.295
North China Plain 1, 3, 7 1 130.3 170.3 0.361 0.472
Northern India and Adjacent Areas 2, 6 1 937.5 1361.0 2.597 3.770
TOTAL Non‐USA Aquifer Systems 5 1559.5 2168.0 4.317 6.004
TOTAL (all evaluated systems) 46 2358.0 3171.0 6.531 8.783

TOTAL GLOBAL ESTIMATE 3371.0 4534.0 9.339 12.560

aA more detailed breakdown, showing analyses for all separate areas contributing to the totals shown in Table 1, is included in the auxiliary material.
bCodes for methods correspond to ordered listing in Methods discussion (1 = water‐level change; 2 = gravity; 3 = flow model; 4 = confining unit

analysis; 5. water budget; 6 = pumpage data; 7 = partial record extrapolation; 8 = subsidence).
cNegative values indicate an increase in the volume of groundwater in storage and an equivalent drop in sea level.
dConversion based on an ocean surface area of 3.61 × 108 km2 [Duxbury et al., 2000].

Figure 2. Estimated cumulative global groundwater deple-
tion, 1900–2008.

KONIKOW: GROUNDWATER DEPLETION L17401L17401

3 of 5

Groundwater withdrawal

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

2 4 6 8
0

10

20

30

40

Population (billions)

Im
p

o
u

n
d

m
e

n
t 

(m
m

 e
sl

)

a

2 3 4 5 6 7
0

0.5

1

1.5

2

 

 

Population (billions)

G
W

D
 (

m
m

/y
 e

sl
)

b

2000 2050 2100 2150 2200
0

5

10

15

20

25

30

Year

P
o

p
u

la
tio

n
 (

b
ill

io
n

s)

c

2000 2050 2100 2150 2200

0

100

200

300

400

 

 

Year

L
W

S
 (

m
m

 e
sl

)

dDefault
Hi GWD

Pokhrel
Wada
Konikow

Figure S5. (a) Reservoir impoundment from Chao et al.
[2008] (blue), fitted as a sigmoidal function of population
(red). (b) Rate of groundwater depletion as a function
of population from Konikow [2011] (blue), Wada et al.
[2012] (green), and Pokhrel et al. [2012] (red), fitted as
linear functions of population. (c) Probability distribu-
tion used for population, derived from United Nations
Department of Economics and Social A↵airs [2004, 2014].
(d) Probability distribution for total sea-level change due
to land water storage in the default case (blue) and the
Higher GWD sensitivity case (red).

Figure S6. Tide gauge sites and regions used in background rate calculation.

Chao et al. (2008)

Konikow (2011)

Kopp et al. (2014)
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each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
different time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a significant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insufficient before 2004 (refs 15 
and 16). The development of innovative ways to reduce sampling 
bias17 is important. The GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
figure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
difficult to obtain21. Finally, vertical motion of the ocean floor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean floor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are affected by a wide variety of processes (panel a). 
Note that absolute sea level is affected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
field and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). The spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is often stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. The predicted response departs significantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an amplified rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change reflect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).

Box 1 | Processes affecting sea level.

Ocean–atmosphere
interaction

Terrestrial water
storage

Ice 
melting

Vertical land
motion

Vertical land
motion

Density 
changes

Ocean circulation

0.0 0.2 0.4 0.6 0.8 1.0 1.1 1.2 1.3 1.4

mm yr–1mm yr–1
–2.0 –1.5 –1.0 –0.5 0.0 0.5 1.0 1.5 2.0

a b

c

ngeo_544_JUL09.indd   472 18/6/09   12:47:27
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Yin and Goddard (2013)
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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.

mean dynamic sea level, 1993-2010 (meters)

in the twentieth century simulation of the ESM2M model
(Figure 1a). But the model misses the local high around CH
due to its relatively coarse resolution (1° × 1°).
[10] The mean coastal DSL is closely related to the DSL

difference across the GS (∆η). ∆η is about 0.2–0.5m
upstream of CH but increases significantly to 0.9–1.1m
downstream of CH (Figure 1a). The abrupt increase in ∆η
across the GS separation is a result of the enhanced cross-cur-
rent ocean density contrast and stronger baroclinicity.
Downstream of CH, the GS serves as the front to separate
the distinct subpolar and subtropical water masses
(Figure 2a) [Bower et al., 1985]. The steric effect in the upper
1500m accounts for about 85% of the 1m DSL difference
between Points C and D (Figures 2b and 2c). Especially,
the thermosteric effect associated with the cross-current tem-
perature contrast generates 1.70m sea level difference
(Figure S1 in the supporting information), which is partially
compensated by the halosteric effect (!0.86m; the negative
sign indicates a reverse gradient). The smaller ∆η upstream
of CH (0.40m between Points A and B) is due to similar wa-
ters found on both sides of the GS and a much weaker steric
height gradient. Therefore, ∆η downstream of CH and the
alongshore DSL gradient are mainly due to the temperature
variation associated with the distribution of different
water masses.

[11] Given the significant pattern of the mean DSL, its
modification can cause nonuniform SLR. During 1993–
2012, the north-high south-low SLR pattern along the U.S.
East Coast remains pronounced in the TG data even after
the GIA corrections (Figure 1b). The altimetry data shows a
relatively smooth coastal SLR pattern during the past two
decades (Figure 1c). The decadal trends of the altimetry data
indicate that the north-high south-low SLR pattern is
strengthening during the 21st century (Figures 1c, 3g, and
3h). Whether it reflects a short- or long-term behavior is
unclear due to the insufficient data length. This is because
both the multidecadal variability and the long-term trend
are important in the North Atlantic [Ezer et al., 2013;
Kopp, 2013; Wunsch, 2013]. Unlike the point measurement
by TG, the altimetry data represent the DSL averaged over
a wide ocean area. The discrepancy between the two data sets
may be also due to sampling, land influence, and geophysical
correction issues in the coastal application of the altimetry
data [Bouffard et al., 2008].
[12] An empirical orthogonal function (EOF) analysis on

the 20 year annual mean altimetry data reveals that the DSL
in the North Atlantic is dominated by a covarying dipole
(Figure 3a) [Hakkinen and Rhines, 2004; Li et al., 2012;
Lorbacher et al., 2010; Zhang, 2008]. The positive center
coincides with the axis of the GS and stretches from the

Figure 2. Water masses, wind stress, and mean dynamic and steric sea level in the North Atlantic and along the East Coast of
the U.S. (a) Distribution of subpolar (blue) and subtropical (red) water masses and the long-term mean wind stress (Nm!2)
[Large and Yeager, 2009]. The potential density (σθ) is calculated based on the PHC ocean temperature and salinity climatology
[Steele et al., 2001]. Subpolar (subtropical) water mass is distinguished by σθ greater (less) than 27.68 at 1000m. The green box
indicates the region of intense buoyancy flux loss and formation of the subpolar water mass. (b) Mean DSL (m; 1993–2010)
from the JPL AVISO data. The cross-current DSL gradient is calculated along the green lines. Lines A-B and C-D are
located upstream and downstream of CH, respectively. (c) The steric sea level (m) with respect to 1500m. It is based on
the PHC ocean temperature and salinity climatology.
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CMIP5 projections of regional ocean dynamics
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Median ocean dynamics: RCP 8.5, 2100 (cm)
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rise between 2000 and 2100 for RCP 8.5 (not includ-
ing the contribution of global mean thermal expansion).
(Bottom) Number of model projections retained at each
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Figure S2. Static equilibrium sea-level fingerprints em-
ployed for (a) GIS, (b) EAIS, (c) WAIS, and (d) median
glaciers and ice cap mass loss. Units are meters of local
sea level change per meter global sea level change.
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Static-equilibrium effects: Gravitational, rotational, and flexural 
changes caused by melting land ice
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Sea levels are also rising because of glacial isostatic adjustment, 
tectonics, and fluid withdrawal.

Kopp et al., 2014
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Median scale factor: RCP 8.5, 2100

 

 

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

Scale factor (17th−83rd %ile range): RCP 8.5, 2100

 

 

0.2

0.3

0.4

0.5

0.6

0.7

 

 
Background rate (mm/y)

<−6

−4

−2

0

2

4

>6

a

b

c

Figure 6. (a) Median ratio R of climatically-driven LSL
change to climatically-driven GSL exchange (i.e., exclud-
ing land water storage and local land motion) in RCP 8.5
in 2100; (b) width of the 17th–83rd percentile range of
R; (c) mean estimates of background rate of sea-level rise
due to GIA, tectonics, and other local factors (mm/y).
Open circles in bottom indicate sites where 2� range
spans zero.



Climate models don’t project all the contributors to sea-level rise, 
and don’t do all the ones they do include well, so we need to 

synthesize multiple lines of knowledge.

14
Kopp et al. (in review)
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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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Projected global mean sea-level rise
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Likely 1-in-20 1-in-200 Max. possible

2050 0.8-1.1’   (24-34 cm) 1.2’ (38 cm) 1.6’ (49 cm) 2.0’ (60 cm)

2100, RCP 8.5 2.1-3.3’  (62-100 cm) 4.0’ (121 cm) 5.8’ (176 cm) 8.0’ (245 cm)

2100, RCP 2.6 1.2’-2.1’ (37-65 cm) 2.7’ (82 cm) 4.6’ (141 cm) 6.9’ (210 cm)
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Figure 3. Projections of GSL rise for the three RCPs.
Heavy = median; dashed = 5th–95th percentile, dotted
= 0.5th–99.5th percentiles.
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Projections 
vary globally 

!
(RCP 8.5, 2100)
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Median projection: RCP 8.5
GSL = 0.79 m
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RCP 2.6 RCP 8.5
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Coastal flooding
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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/
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Figure 7. Expected fraction of years with flooding at
tide gauges in excess of a given height under stationary
sea level (black) and RCP 8.5 over 2001 to 2030 (blue),
2050 (green) and 2100 (red). Grey vertical lines indicate
the current 1-in-10 and 1-in-100 year flood levels. Heights
are relative to mean higher high water for U.S. sites and
mean sea level for non-U.S. sites.
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Figure 7. Expected fraction of years with flooding at
tide gauges in excess of a given height under stationary
sea level (black) and RCP 8.5 over 2001 to 2030 (blue),
2050 (green) and 2100 (red). Grey vertical lines indicate
the current 1-in-10 and 1-in-100 year flood levels. Heights
are relative to mean higher high water for U.S. sites and
mean sea level for non-U.S. sites.
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Coastal property: property loss to SLR
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Additional insurable property below mean higher high water, RCP 8.5 2050 
(percent of statewide property/billion USD)
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Coastal property: flood damage due to SLR
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RMS NORTH ATLANTIC HURRICANE MODEL 

Hurricane Modeling 

Stochastic Module 

The stochastic module consists of a set of thousands of stochastic events that represent more than 100,000 years of hurricane 
activity. RMS scientists have used state-of-the-art modeling technologies to develop a stochastic event set made of events that are 
physically realistic and span the range of all possible storms that could occur in the coming years.  

At the heart of the stochastic module is a statistical track model that relies on advanced statistical techniques (Hall & Jewson 2007) 
to extrapolate the HURDAT catalog (Jarvinen et al., 1984) and generate a set of stochastic tracks having similar statistical 
characteristics to the HURDAT historical tracks. Stochastic tracks are simulated from genesis (starting point) to lysis (last point) using a 
semi-parametric statistical track model that is based on historical data. Simulated hurricane tracks provide the key drivers of risk, 
including landfall intensity, landfall frequency, and landfall correlation.  

The last step is a calibration process ensuring that simulated landfall frequencies are in agreement with the historical record. Target 
landfall rates are computed on a set of linear coastal segments (or RMS gates) by smoothing the historical landfall rates. The RMS 
smoothing technique uses long coastal segments, obtained by extending each RMS gate in both directions and keeping the orientation 
constant. Historical storms that cross an extended gate contribute to the landfall rate at the corresponding original segment.  

Importance sampling of the simulated tracks is performed to create the computationally efficient event set used for loss cost 
determinations. Some statistics related to the resulting stochastic event set are presented in Table 1. 

Table 1: Number of Stochastic Events “Hitting” a Country or a Combination of Countries 

 U.S. Canada U.S. or Canada 

Number of events 32,702 10,648 37,538 

Each of these events has a frequency of occurrence given by its mean Poisson rate. Because event frequencies were calibrated 
against history (HURDAT 1900–2011), this set of Poisson rates represents the RMS baseline model and this rate set is called the “RMS 
historical rate set.” 

Windfield (or Wind Hazard) Module 

The wind hazard module calculates windfields from both landfalling hurricanes and bypassing storms. Once tracks and intensities 
have been simulated by the stochastic module, the windfield module simulates 10 meter, three-second gusts on a variable resolution 
grid. Size and shape of the time stepping windfields are generated using an analytical wind profile derived from Willoughby (2006). 
Peak gusts are the driver of building damage and are used as the basis of many building codes world-wide, including the U.S.  

Wind Vulnerability Module 

The RMS U.S. and Canada Hurricane Models wind vulnerability module relates the expected amount of physical damage to 
buildings and contents at a location to the modeled peak three-second gust wind speed at that location. The severity of the damage is 
expressed in terms of a mean damage ratio (MDR), which is defined as the ratio of the expected cost to repair the damaged property to 
its replacement cost. The wind vulnerability module also estimates the variability in the damage ratio and models it with a beta 
distribution. Time-element losses due to business interruption and additional living expenses are estimated using occupancy-dependent 
facility restoration functions that relate the expected duration of the loss of use to the modeled building damage. 

Storm Surge Model 

The RMS North Atlantic Hurricane Model storm surge system utilizes the latest technology and storm surge hazard assessment 
methodologies to quantify the risk of storm surge for the U.S. Atlantic and Gulf coastlines (from Texas to Maine), as well as for parts of 
the Caribbean. The model system uses wind and pressure fields from the stochastic event set of the RMS North Atlantic Hurricane 
Model as forcing (i.e., as input) for the state-of-the-art MIKE 21 hydrodynamic model system to estimate still-water (i.e. without wave 
effects) storm surge. This hydrodynamic model system is also used to determine wave heights and resulting hazard statistics for 
offshore platforms. The impact of rainfall accumulation during an event is not considered in the modeling of storm surge levels. 
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COASTAL 

Because sea-level rise responds more slowly to changes 
in emissions than temperature, the impact of climate 
change on coastal communities is, in this century, the 
least responsive to changes in global emissions of the 
impacts we assessed. In 2050, additional current coastal 
property value likely below Mean Higher High Water 
levels (MHHW) due to sea level rise (SLR) is $323 to $389 
billion. In RCP 2.6 this only falls to $287 to $360. The 
likely SLR-driven increase in average annual hurricane 
damage in 2050 is $5.8 to $13 billion in RCP 8.5, $5 and 
$11 billion in RCP 4.5 and $4.6 to $10 billion in RCP 2.6.  

By the end of the century, at which point the median 
projected increase in global sea level differs between 
RCP 2.6 and RCP 8.5 by about 1 foot (from a total of 
about 2.6 feet in RCP 8.5), there is a slightly greater 
difference between RCPs. Likely average annual 
inundation from SLR and SLR-driven increases in 
average annual hurricane damage combined are $26 to 
$43 billion between 2080 and 2099 in RCP 8.5. In RCP 
4.5, the damages are reduced to $20 to $33 billion, and to 
$15 to $29 billion in RCP 2.6. This benefit is concentrated 
in the Northeast and Southeast, where most of the 
coastal inundation and hurricane risk exists (Figure 
21.6).   

Figure 21.6: Change in average annual hurricane and inundation damage, 2080-2099 
Billion 2011 USD 

OTHER RISKS 

Not all the risks that mitigation can help manage or 
avoid are quantified in our economic analysis.  

As climate conditions pass further outside the realm the 
planet has experienced for the last several millions 
years, the odds of passing tipping points like those 
discussed in Chapter 3 or of triggering unexpected 
planetary behaviors increases. Under RCP 8.5, the 
magnitude of the likely global warming by the first half 
of the next century (about 9-18°F since pre-Industrial 
items by around 2150) will be unprecedented in the last 
56 million years (see discussion of the Paleocene-Eocene 
Thermal Maximum in Chapter 5). Under RCP 4.5, the 
likely global temperatures at the end of the century 
(about 2.2-5.5°F higher than 1981-2010) will be 

comparable to those the planet last experienced about 3 
million years ago (Hill et al. 2014). Under RCP 2.6, the 
likely increase in global mean temperature is limited to 
about 0.9-2.6°F, maintaining temperatures close to a 
range last experienced about 125 thousand years ago 
(Turney and Jones 2010). 

As described in Chapter 4, by late century under RCP 
8.5, about a third of the American population (assuming 
the geographic distribution of population remains 
unchanged) is expected to experience days so hot and 
humid that less than an hour of moderate, shaded 
activity outside can trigger heat stroke (Category IV on 
the ACP Humid Heat Stroke Index) at least once a year 
on average. Under RCP 4.5, only one-eighth of the 
population is expected to experience such a day at least 
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Projected changes in tropical cyclones 
(Downscaled RCP 8.5)

30

stratification of the upper ocean is not considered here. Earlier
work showed that order 10% increases in ocean mixed layer
thickness have very minor effects on tropical cyclone activity (18),
but future work will incorporate modeled changed in upper ocean
thermal structure.
When driven by National Center for Atmospheric Research/

National Centers for Environmental Prediction (NCAR/NCEP)
reanalyses during the period 1980–2006, this downscaling tech-
nique with a constant rate of random seeding produces results
that explain as much of the observed variance and trends in
North Atlantic tropical cyclone activity as do certain global
models (11, 19) and the regional downscaling model of Knutson
et al. (20), which was also driven by NCAR/NCEP reanalysis
data. The technique captures well the observed spatial and sea-
sonal variability of tropical cyclones around the globe, as well as
the effects of such climate phenomena as El Nino Southern
Oscillation (ENSO) and the Atlantic Meridional Mode (9).
When driven by reanalysis data that extend over much of the
20th century, the downscaling technique captures observed
trends in storm frequency in all ocean basins except for the
eastern North Pacific (21). Thus, there are objective reasons to
have some confidence in the ability of the downscaling technique
to simulate the effects of climate and climate change on tropical
cyclone activity. An important advantage of this technique over
explicit simulation with global and regional models is that its
high resolution of the storm core allows it to capture the full
intensity spectrum of real storms.
Our downscaling technique requires a single global calibra-

tion of the rate of seeding. Here we calibrate the seeding rate
used by each model so as to produce 80 events globally with
maximum 1-min winds at 10 m altitude exceeding 40 knots (kn),
averaged over the historical period 1950–2005. Because some of
the events included in our dataset have maximum winds less than
40 kn, the total storm frequencies shown here may have 1950–
2005 averages slightly larger than 80. It should also be noted that,
in contrast to Emanuel et al. (9), we downscale each year of
model data separately. We ran 600 events per year globally,
for each of the years in the span 1950–2100, using historical
simulations for the period 1950–2005 and the Representative
Concentration Pathway 8.5 (RCP8.5) scenario for the period
2006–2100. This large number of events keeps the strictly random
(Poisson) interannual variability of global storm counts at less
than 5%.

Results
Fig. 1 shows a box plot of the global frequency of downscaled
tropical cyclones, averaging each simulation over 10-y blocks. An
increase in global mean frequency during roughly the first three
quarters of the 21st century is indicated, with a total increase in
the range of 10–40%. Fig. 2, displaying the change in track
density averaged over the five models, shows that most of the
increase in frequency is in the North Pacific, but with substantial
increases in the North Atlantic and South Indian oceans as well.
One distinct advantage of our downscaling technique is that it

captures the full spectrum of storm intensity (17), in contrast with
direct global model simulations, which truncate the high-intensity
events (11) that do a disproportionate amount of total tropical
cyclone damage (22, 23). One convenient measure of tropical
cyclone intensity is the power dissipation index, an estimate of the
total amount of kinetic energy dissipated by tropical cyclones over
their lifetimes (24). The power dissipation index is the integral
over the lifetime of the storm of its maximum surface wind cubed.
Here we also accumulate global power dissipation over each 10-y
block from 1950 to 2100 and display the result in Fig. 3. Averaged
over the six models, power dissipation increases by about 45%
over the 21st century. Of this increase, very nearly half comes
from the increase in the frequency of events discussed previously;
the other half comes from an increase in the cube of the surface
winds. This is reflected in a 40% increase globally in hurricanes of
Saffir–Simpson category 3 and higher.
The spatial distribution of the increase in power dissipation is

illustrated in Fig. 4. Consistent with the increase in track density,
most of the increase in power dissipation is in the North Pacific,
but with significant increases in the western part of the North
Atlantic and in the South Indian Ocean as well. Averaged over
the six models, the power dissipation at landfall increases by
about 55% over the 21st century, consistent with the increase in
basin-wide power dissipation. (Landfall power dissipation is de-
fined at the cube of the surface winds at the last 2-h snapshot of
a tropical cyclone before landfall. Landfall is defined in terms of
1/4 × 1/4 degree bathymetry.)
Overall, these results project substantial increases in tropical

cyclone activity under the RCP8.5 emissions pathway, at least for
the six models used here. In the next section, these results are
analyzed and compared and contrasted with previous work.

Analysis and Comparison with Previous Work
Although the physics underlying the frequency of tropical cyclo-
genesis are not well understood, several indices have been de-
veloped that empirically relate observed tropical cyclogenesis rates
to environmental variables thought to be important in controlling
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tropical cyclone climatology (e.g., refs. 6, 25). Here we use the
genesis potential index (GPI) developed by Emanuel (21):

GPI ≡
!!η
!!3χ−

4 =

3 MAX
""
Vpot − 35m · s−1

#
; 0
#2"

25m · s−1 +Vshear
#−4

;

[2]

where η is the absolute vorticity of the 850 hPa flow, Vpot is the
potential intensity in m · s−1, Vshear is the magnitude of the 850
hPa–250 hPa wind shear (in m · s−1), and χ is defined by Eq. 1.
Genesis indices like the one used here, based on potential inten-
sity, have an intrinsic advantage over those that are based on sea
surface temperature over a threshold (e.g., refs. 26–28), in that
there is no physical justification for a climate-invariant sea surface
temperature threshold. Indeed, when applied to global models
under global warming, these sea surface temperature threshold-
based indices produce unrealistic increases in activity (27).
We calculate the GPI defined by Eq. 2 for each of the six

models, using monthly mean thermodynamic data, 850 hPa
vorticity, and 250–850 hPa wind shear. We then sum the GPI
over all 12 mo of each year, and over the whole planet. (Note
that the GPI vanishes wherever the potential intensity is less than
or equal to 35 ms−1.) This is done both for the historical simu-
lations over the period 1950–2005 and the RCP8.5 simulations
over 2006–2100. The resulting GPI is scaled by a constant mul-
tiplicative factor to match the number of downscaled events for
each model averaged over the period 1950–2100. Fig. 5 com-
pares the multimodel mean GPI thus calculated to the mean
downscaled global tropical cyclone counts.
The mean GPI well captures the upward trend in global

tropical cyclone counts. (Individual model storm counts are also
highly correlated with the GPI based on the models.) Examina-
tion of the four individual factors that comprise the GPI as de-
fined by Eq. 2 for each of the six models shows that there is no
single dominant factor that explains the GPI trend over the
21st century for all models. In all but the MPI model, the
thermodynamic inhibition of tropical cyclones, χ, increases as
the planet warms, as discussed by Emanuel et al. (9). On the
other hand, all models have increasing potential intensity and
all but NCAR and MRI have decreasing vertical shear; MRI’s
shear shows no discernible trend, whereas NCAR’s trends
upward. The vorticity factor in Eq. 2 does not contribute in any
significant way to the GPI trends.
The results presented here differ significantly from those de-

rived by applying the same downscaling to CMIP3-generation
climate models, as described in Emanuel et al. (9). That study
downscaled seven models, five of which were predecessors of
models used in the current work, and compared tropical cyclone
activity averaged over the last 20 y of the 22nd century simulated
under emissions scenario A1b to activity averaged over the last
20 y of the 20th century. The different emissions scenario and
different time periods make comparison difficult, but Table 2

compares global trends in frequency and power dissipation of the
two generations of models. Clearly the CMIP5 generation of
global models shows substantial increases in downscaled tropical
cyclone activity compared with the CMIP3 generation. Only the
MRI models show roughly consistent results between the two
generations. Although there have been small changes in the
downscaling technique, most of the differences between that
study and the current one arise from the different emissions
scenarios and time periods, and the different models used.
Our current results may be compared with recent work exam-

ining explicit, downscaled, and statistically inferred changes in
tropical cyclone activity using CMIP5 models. Camargo (12) di-
agnosed tropical cyclones simulated explicitly in 14 global model
simulations and two emissions scenarios, including the one used
here, RCP8.5. She documents a number of serious deficiencies in
the climatologies of the explicitly simulated cyclones, including
a strong negative bias in the overall frequency of storms, in rough
inverse proportion to the horizontal resolution of the model. Of
the seven models that had nontrivial numbers of tropical cyclone
in the historical climate simulations, only one showed significant
upward trends in global tropical cyclone frequency over the 21st
century; the others showed little significant change. Interestingly,
the one global model that did show an upward trend, the MRI
model also used here, was the only model that came close to
simulating the observed number of events (∼85) in the current
climate; the other models simulated less than half this number.
The MRI model also had the best agreement between its clima-
tology of tropical cyclones and its GPI.
Villarini et al. (15) applied a statistical downscaling scheme to

17 CMIP5 models and projected that North Atlantic tropical
cyclone frequency will increase early in the 21st century, owing
mostly to changes in radiative forcing arising from non-green-
house gas causes. (The 17 models included five of the six models
used here, but the authors did not provide a model-by-model
breakdown of their results.) At the same time, their technique
projects no significant change in North Atlantic tropical cyclone
frequency over the 21st century as a whole. (By contrast, our
results do indicate a robust increase in the frequency of North
Atlantic tropical cyclones.) Their method uses only global and
North Atlantic sea surface temperature as statistical predic-
tors and does not explicitly account for changes in humidity or
wind shear; thus, it is not surprising that their results differ
from our explicit downscaling or from those based on the GPI
used here. Villarini et al. (16) extended their earlier work to
examine changes in North Atlantic power dissipation index.
For the RCP8.5 scenario, they project an increase of about
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where η is the absolute vorticity of the 850 hPa flow, Vpot is the
potential intensity in m · s−1, Vshear is the magnitude of the 850
hPa–250 hPa wind shear (in m · s−1), and χ is defined by Eq. 1.
Genesis indices like the one used here, based on potential inten-
sity, have an intrinsic advantage over those that are based on sea
surface temperature over a threshold (e.g., refs. 26–28), in that
there is no physical justification for a climate-invariant sea surface
temperature threshold. Indeed, when applied to global models
under global warming, these sea surface temperature threshold-
based indices produce unrealistic increases in activity (27).
We calculate the GPI defined by Eq. 2 for each of the six

models, using monthly mean thermodynamic data, 850 hPa
vorticity, and 250–850 hPa wind shear. We then sum the GPI
over all 12 mo of each year, and over the whole planet. (Note
that the GPI vanishes wherever the potential intensity is less than
or equal to 35 ms−1.) This is done both for the historical simu-
lations over the period 1950–2005 and the RCP8.5 simulations
over 2006–2100. The resulting GPI is scaled by a constant mul-
tiplicative factor to match the number of downscaled events for
each model averaged over the period 1950–2100. Fig. 5 com-
pares the multimodel mean GPI thus calculated to the mean
downscaled global tropical cyclone counts.
The mean GPI well captures the upward trend in global

tropical cyclone counts. (Individual model storm counts are also
highly correlated with the GPI based on the models.) Examina-
tion of the four individual factors that comprise the GPI as de-
fined by Eq. 2 for each of the six models shows that there is no
single dominant factor that explains the GPI trend over the
21st century for all models. In all but the MPI model, the
thermodynamic inhibition of tropical cyclones, χ, increases as
the planet warms, as discussed by Emanuel et al. (9). On the
other hand, all models have increasing potential intensity and
all but NCAR and MRI have decreasing vertical shear; MRI’s
shear shows no discernible trend, whereas NCAR’s trends
upward. The vorticity factor in Eq. 2 does not contribute in any
significant way to the GPI trends.
The results presented here differ significantly from those de-

rived by applying the same downscaling to CMIP3-generation
climate models, as described in Emanuel et al. (9). That study
downscaled seven models, five of which were predecessors of
models used in the current work, and compared tropical cyclone
activity averaged over the last 20 y of the 22nd century simulated
under emissions scenario A1b to activity averaged over the last
20 y of the 20th century. The different emissions scenario and
different time periods make comparison difficult, but Table 2

compares global trends in frequency and power dissipation of the
two generations of models. Clearly the CMIP5 generation of
global models shows substantial increases in downscaled tropical
cyclone activity compared with the CMIP3 generation. Only the
MRI models show roughly consistent results between the two
generations. Although there have been small changes in the
downscaling technique, most of the differences between that
study and the current one arise from the different emissions
scenarios and time periods, and the different models used.
Our current results may be compared with recent work exam-

ining explicit, downscaled, and statistically inferred changes in
tropical cyclone activity using CMIP5 models. Camargo (12) di-
agnosed tropical cyclones simulated explicitly in 14 global model
simulations and two emissions scenarios, including the one used
here, RCP8.5. She documents a number of serious deficiencies in
the climatologies of the explicitly simulated cyclones, including
a strong negative bias in the overall frequency of storms, in rough
inverse proportion to the horizontal resolution of the model. Of
the seven models that had nontrivial numbers of tropical cyclone
in the historical climate simulations, only one showed significant
upward trends in global tropical cyclone frequency over the 21st
century; the others showed little significant change. Interestingly,
the one global model that did show an upward trend, the MRI
model also used here, was the only model that came close to
simulating the observed number of events (∼85) in the current
climate; the other models simulated less than half this number.
The MRI model also had the best agreement between its clima-
tology of tropical cyclones and its GPI.
Villarini et al. (15) applied a statistical downscaling scheme to

17 CMIP5 models and projected that North Atlantic tropical
cyclone frequency will increase early in the 21st century, owing
mostly to changes in radiative forcing arising from non-green-
house gas causes. (The 17 models included five of the six models
used here, but the authors did not provide a model-by-model
breakdown of their results.) At the same time, their technique
projects no significant change in North Atlantic tropical cyclone
frequency over the 21st century as a whole. (By contrast, our
results do indicate a robust increase in the frequency of North
Atlantic tropical cyclones.) Their method uses only global and
North Atlantic sea surface temperature as statistical predic-
tors and does not explicitly account for changes in humidity or
wind shear; thus, it is not surprising that their results differ
from our explicit downscaling or from those based on the GPI
used here. Villarini et al. (16) extended their earlier work to
examine changes in North Atlantic power dissipation index.
For the RCP8.5 scenario, they project an increase of about
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stratification of the upper ocean is not considered here. Earlier
work showed that order 10% increases in ocean mixed layer
thickness have very minor effects on tropical cyclone activity (18),
but future work will incorporate modeled changed in upper ocean
thermal structure.
When driven by National Center for Atmospheric Research/

National Centers for Environmental Prediction (NCAR/NCEP)
reanalyses during the period 1980–2006, this downscaling tech-
nique with a constant rate of random seeding produces results
that explain as much of the observed variance and trends in
North Atlantic tropical cyclone activity as do certain global
models (11, 19) and the regional downscaling model of Knutson
et al. (20), which was also driven by NCAR/NCEP reanalysis
data. The technique captures well the observed spatial and sea-
sonal variability of tropical cyclones around the globe, as well as
the effects of such climate phenomena as El Nino Southern
Oscillation (ENSO) and the Atlantic Meridional Mode (9).
When driven by reanalysis data that extend over much of the
20th century, the downscaling technique captures observed
trends in storm frequency in all ocean basins except for the
eastern North Pacific (21). Thus, there are objective reasons to
have some confidence in the ability of the downscaling technique
to simulate the effects of climate and climate change on tropical
cyclone activity. An important advantage of this technique over
explicit simulation with global and regional models is that its
high resolution of the storm core allows it to capture the full
intensity spectrum of real storms.
Our downscaling technique requires a single global calibra-

tion of the rate of seeding. Here we calibrate the seeding rate
used by each model so as to produce 80 events globally with
maximum 1-min winds at 10 m altitude exceeding 40 knots (kn),
averaged over the historical period 1950–2005. Because some of
the events included in our dataset have maximum winds less than
40 kn, the total storm frequencies shown here may have 1950–
2005 averages slightly larger than 80. It should also be noted that,
in contrast to Emanuel et al. (9), we downscale each year of
model data separately. We ran 600 events per year globally,
for each of the years in the span 1950–2100, using historical
simulations for the period 1950–2005 and the Representative
Concentration Pathway 8.5 (RCP8.5) scenario for the period
2006–2100. This large number of events keeps the strictly random
(Poisson) interannual variability of global storm counts at less
than 5%.

Results
Fig. 1 shows a box plot of the global frequency of downscaled
tropical cyclones, averaging each simulation over 10-y blocks. An
increase in global mean frequency during roughly the first three
quarters of the 21st century is indicated, with a total increase in
the range of 10–40%. Fig. 2, displaying the change in track
density averaged over the five models, shows that most of the
increase in frequency is in the North Pacific, but with substantial
increases in the North Atlantic and South Indian oceans as well.
One distinct advantage of our downscaling technique is that it

captures the full spectrum of storm intensity (17), in contrast with
direct global model simulations, which truncate the high-intensity
events (11) that do a disproportionate amount of total tropical
cyclone damage (22, 23). One convenient measure of tropical
cyclone intensity is the power dissipation index, an estimate of the
total amount of kinetic energy dissipated by tropical cyclones over
their lifetimes (24). The power dissipation index is the integral
over the lifetime of the storm of its maximum surface wind cubed.
Here we also accumulate global power dissipation over each 10-y
block from 1950 to 2100 and display the result in Fig. 3. Averaged
over the six models, power dissipation increases by about 45%
over the 21st century. Of this increase, very nearly half comes
from the increase in the frequency of events discussed previously;
the other half comes from an increase in the cube of the surface
winds. This is reflected in a 40% increase globally in hurricanes of
Saffir–Simpson category 3 and higher.
The spatial distribution of the increase in power dissipation is

illustrated in Fig. 4. Consistent with the increase in track density,
most of the increase in power dissipation is in the North Pacific,
but with significant increases in the western part of the North
Atlantic and in the South Indian Ocean as well. Averaged over
the six models, the power dissipation at landfall increases by
about 55% over the 21st century, consistent with the increase in
basin-wide power dissipation. (Landfall power dissipation is de-
fined at the cube of the surface winds at the last 2-h snapshot of
a tropical cyclone before landfall. Landfall is defined in terms of
1/4 × 1/4 degree bathymetry.)
Overall, these results project substantial increases in tropical

cyclone activity under the RCP8.5 emissions pathway, at least for
the six models used here. In the next section, these results are
analyzed and compared and contrasted with previous work.

Analysis and Comparison with Previous Work
Although the physics underlying the frequency of tropical cyclo-
genesis are not well understood, several indices have been de-
veloped that empirically relate observed tropical cyclogenesis rates
to environmental variables thought to be important in controlling
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Effect of reweighting storms based on projected frequency/intensity 
RCP 8.5 (billion USD)
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Some other extremes

32



CCI/IA  |  American Climate Prospectus: Economic Risks in the United States

Increasing extreme heat days
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Days >35°C per year

US CLIMATE PROJECTIONS     22   

 

Figure 4.4: Increasing numbers of extreme hot days 
Number of days with maximum temperatures above 95°F, RCP 8.5 
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Dangerous heat extremes become the new norm
1-in-20 year heat-related mortality expected 1-in-5 years by mid-century, 
1-in-2 years by late century
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“It’s not just the heat, it’s the humidity”

ACP	
  HHSI Peak	
  Wet	
  Bulb	
  
Temperature Descrip9on	
  (ho>est	
  part	
  of	
  day)

I 74°F-­‐80°F Uncomfortable.	
  Typical	
  of	
  much	
  of	
  summer	
  in	
  the	
  Southeast.

II 80°F-­‐86°F
Dangerous.	
  Typical	
  of	
  most	
  humid	
  parts	
  of	
  Texas	
  and	
  Louisiana	
  in	
  
hoEest	
  summer	
  month,	
  and	
  most	
  humid	
  summer	
  days	
  in	
  
Washington	
  and	
  Chicago.

III 86°F-­‐92°F Extremely	
  dangerous.	
  Comparable	
  to	
  Midwest	
  during	
  peak	
  days	
  of	
  
1995	
  heat	
  wave.

IV >92°F
Extraordinarily	
  dangerous.	
  Exceeds	
  all	
  U.S.	
  historical	
  records.	
  Heat	
  
stroke	
  likely	
  for	
  fit	
  individuals	
  aVer	
  less	
  than	
  one	
  hour	
  of	
  moderate	
  
acWvity	
  in	
  the	
  shade.	
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Projections based on empirically-calibrated relationship between wet bulb and dry bulb 
temperatures

Figure A5: Fit of historical summertime (June-July-August) daily maximum wet-bulb temperatures to daily average temperature
at Fulton County, Georgia and Harris County, Texas. Equations are shown for the best-fit piecewise linear model. The standard
deviation from the best-fit model is also shown.

Table A2: Selected patterns and probability weights used for RCP 2.6

Quantile Model Weight 2080–2099 global �T (C) 2080–2099 CONUS �P (%)
0.00 gfdl-esm2g 0.04 0.25 -1.41
0.04 scaled fio-esm 0.04 0.39 -0.70
0.10 giss-e2-r 0.02 0.46 2.42
0.10 scaled giss-e2-r 0.02 0.46 2.39
0.16 scaled fgoals-g2 0.04 0.52 2.99
0.20 fgoals-g2 0.04 0.58 3.34
0.30 scaled mpi-esm-lr 0.10 0.64 3.38
0.40 mpi-esm-lr 0.10 0.78 4.13
0.40 mpi-esm-mr 0.03 0.78 2.57
0.43 bcc-csm1-1 0.03 0.82 0.33
0.46 noresm1-m 0.03 0.84 0.59
0.47 ccsm4 0.03 0.86 5.01
0.55 noresm1-me 0.03 0.94 6.42
0.55 mri-cgcm3 0.03 0.92 3.78
0.63 miroc5 0.04 1.03 4.11
0.65 ipsl-cm5a-mr 0.04 1.07 -1.39
0.66 hadgem2-ao 0.04 1.08 -0.23
0.68 bnu-esm 0.04 1.13 1.02
0.76 ipsl-cm5a-lr 0.04 1.25 6.10
0.82 hadgem2-es 0.02 1.40 9.26
0.84 cesm1-cam5 0.02 1.46 13.56
0.85 csiro-mk3-6-0 0.02 1.45 10.41
0.85 canesm2 0.02 1.47 7.79
0.90 scaled miroc-esm-chem 0.02 1.62 7.43
0.91 miroc-esm 0.02 1.65 7.25
0.93 miroc-esm-chem 0.03 1.69 7.78
0.97 gfdl-cm3 0.03 1.92 6.14
0.99 scaled hadgem2-es 0.01 2.18 14.41
0.99 scaled miroc-esm-chem 0.01 2.18 10.05
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Figure A4: Example of data generation from one CMIP5 model (GFDL-CM3) and scenario (RCP 8.5) at Central Park, New
York, showing (a) seasonal projections for the century (relative to 1981–2010) , (b) monthly projections for 2091–2100 and (c) 10
independent daily weather projections for average temperature in July in 2099. The blue line is the average of all 10 projections
and is equal to the July 2099 monthly average.

does introduce small errors compared to more precise calculations (Davies-Jones, 2008). These errors are
generally < 1 K, and do not significantly affect the ACP Humid Heat Stroke index introduced in Chapter 4.

The regression provides the distribution of T
w

conditional on T
d

for the baseline climatology. To account
for the effects of climate change, we shift the conditional distribution upward by �0�T

f

, where �T
f

is
the local forced summertime temperature change given by ˆk�T in equation A1. In particular, we use the
relationship

T
w

(T
d

,�T
f

) = T
w

(T
d

��T
f

) + �0�T
f

(A4)

to generate estimates of future wet bulb temperatures. Note that, for cases where the simple linear model
best captures the distribution, this expression reduces to that model.

The extrapolation of the historical relationship between wet-bulb and dry-bulb temperatures effectively
assumes that the distribution of relative humidities remains near constant. In fact, because the land warms
faster than the ocean, relative humidity over land is expected to decrease in a warmer climate (Sherwood
and Fu, 2014). The failure of our historically-based method to account for this shift may result in a slight
upward bias in projected wet-bulb temperatures in areas not in proximity to large bodies of water such as
the oceans or the Great Lakes.
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Expected 
number of 
Category 2+ 
(dangerous) 
and 
Category 3+ 
(extremely 
dangerous) 
in a typical 
year under 
RCP 8.5	
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Category 3+ (Extremely dangerous)	

 Category 4 (Extraordinarily dangerous)	



Note difference in scales above 3/year!



Takeaways

• Sea-level rise is uncertain and geographically variable, but we can 
produce reasonable PDFs for local sea-level change.	



• When combined with flood return periods, SLR means more frequent 
flooding, sometimes dramatically slow.	



• Combined with property + hydrodynamic models, we can estimate the 
cost of both SLR (in US median, likely ~$300-$400 billion by 2050 lost 
property) and its effects on storms (likely ~$6-$13 billion/year by 
2050).	



• More intense hurricanes – and perhaps all hurricanes – are likely to 
become more frequent, ~doubling expected annual losses by mid-
century and ~tripling by 2100.	



• Extreme heat and humidity days will become more common,  with 
extraordinarily dangerous Cat 4 days starting to be expected in parts 
of the country by the end of the century under RCP 8.5.
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RMS MODEL DESCRIPTION 
INTRODUCTION TO RMS 

Risk Management Solutions, Inc. (“RMS”) is a leading provider of products and services for the quantification, management and 
transfer of catastrophe risk. RMS offers risk assessment models for over 50 territories world-wide, encompassing major perils such as 
earthquakes, tropical cyclones, other windstorms, floods, terrorist attacks and infectious disease. Founded at Stanford University in 
1988, RMS operates today from ten offices in the United States, Europe, India, China and Japan, with headquarters in Newark, 
California. RMS is a subsidiary of the U.K.-based Daily Mail and General Trust plc media enterprise. 

RMS employs professionals with backgrounds in actuarial and statistical sciences, meteorology, physics, geology, seismology, 
structural and civil engineering, management consulting, economics and finance. RMS also utilizes a global network of academic 
contacts and consulting engineers who are retained for periodic review of RMS technology or for specific projects. 

RMS MODELING OVERVIEW 

This section describes in general terms the RMS modeling process for a number of catastrophe risk perils (each model individually, 
an “RMS Model” and, collectively, the “RMS Models”). 

Analytical and statistical models for quantifying catastrophe risk have become a key component in how insurance and reinsurance 
companies manage the risk of natural disasters. RMS has developed the RMS Models based on certain analytical, engineering and 
empirical techniques. Given the nature of natural catastrophes, the RMS methodology behind these models incorporates established 
principles of meteorology, seismology, wind and earthquake engineering, and other related fields to model the frequency, severity and 
physical characteristics of natural catastrophes. To estimate the losses resulting from such catastrophes, RMS has developed a 
computer program and certain related utilities that provide a mathematical representation of catastrophes and that simulate the ultimate 
damage and insured losses to property based on these events. 

The figure below summarizes the data and processes used to model the financial loss from catastrophe events within RMS’ 
commercially available models.  

Figure 1: The RMS Modeling Process 
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RMS NORTH ATLANTIC HURRICANE MODEL 

Hurricane Modeling 

Stochastic Module 

The stochastic module consists of a set of thousands of stochastic events that represent more than 100,000 years of hurricane 
activity. RMS scientists have used state-of-the-art modeling technologies to develop a stochastic event set made of events that are 
physically realistic and span the range of all possible storms that could occur in the coming years.  

At the heart of the stochastic module is a statistical track model that relies on advanced statistical techniques (Hall & Jewson 2007) 
to extrapolate the HURDAT catalog (Jarvinen et al., 1984) and generate a set of stochastic tracks having similar statistical 
characteristics to the HURDAT historical tracks. Stochastic tracks are simulated from genesis (starting point) to lysis (last point) using a 
semi-parametric statistical track model that is based on historical data. Simulated hurricane tracks provide the key drivers of risk, 
including landfall intensity, landfall frequency, and landfall correlation.  

The last step is a calibration process ensuring that simulated landfall frequencies are in agreement with the historical record. Target 
landfall rates are computed on a set of linear coastal segments (or RMS gates) by smoothing the historical landfall rates. The RMS 
smoothing technique uses long coastal segments, obtained by extending each RMS gate in both directions and keeping the orientation 
constant. Historical storms that cross an extended gate contribute to the landfall rate at the corresponding original segment.  

Importance sampling of the simulated tracks is performed to create the computationally efficient event set used for loss cost 
determinations. Some statistics related to the resulting stochastic event set are presented in Table 1. 

Table 1: Number of Stochastic Events “Hitting” a Country or a Combination of Countries 

 U.S. Canada U.S. or Canada 

Number of events 32,702 10,648 37,538 

Each of these events has a frequency of occurrence given by its mean Poisson rate. Because event frequencies were calibrated 
against history (HURDAT 1900–2011), this set of Poisson rates represents the RMS baseline model and this rate set is called the “RMS 
historical rate set.” 

Windfield (or Wind Hazard) Module 

The wind hazard module calculates windfields from both landfalling hurricanes and bypassing storms. Once tracks and intensities 
have been simulated by the stochastic module, the windfield module simulates 10 meter, three-second gusts on a variable resolution 
grid. Size and shape of the time stepping windfields are generated using an analytical wind profile derived from Willoughby (2006). 
Peak gusts are the driver of building damage and are used as the basis of many building codes world-wide, including the U.S.  

Wind Vulnerability Module 

The RMS U.S. and Canada Hurricane Models wind vulnerability module relates the expected amount of physical damage to 
buildings and contents at a location to the modeled peak three-second gust wind speed at that location. The severity of the damage is 
expressed in terms of a mean damage ratio (MDR), which is defined as the ratio of the expected cost to repair the damaged property to 
its replacement cost. The wind vulnerability module also estimates the variability in the damage ratio and models it with a beta 
distribution. Time-element losses due to business interruption and additional living expenses are estimated using occupancy-dependent 
facility restoration functions that relate the expected duration of the loss of use to the modeled building damage. 

Storm Surge Model 

The RMS North Atlantic Hurricane Model storm surge system utilizes the latest technology and storm surge hazard assessment 
methodologies to quantify the risk of storm surge for the U.S. Atlantic and Gulf coastlines (from Texas to Maine), as well as for parts of 
the Caribbean. The model system uses wind and pressure fields from the stochastic event set of the RMS North Atlantic Hurricane 
Model as forcing (i.e., as input) for the state-of-the-art MIKE 21 hydrodynamic model system to estimate still-water (i.e. without wave 
effects) storm surge. This hydrodynamic model system is also used to determine wave heights and resulting hazard statistics for 
offshore platforms. The impact of rainfall accumulation during an event is not considered in the modeling of storm surge levels. 


