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ABSTRACT
The rate of global mean sea-level rise (~3 mm/yr; SLR) has accelerated compared to
the mean of the 20th century (~1 to 2 mm/yr), but the rate of rise is locally variable
DQGPD\ EH VXEMHFW WR TXDVLSHULRGLFGHFDGDO ÀXFWXDWLRQV)DFWRUV FRQWULEXWLQJWR
SLR include decreased global ice volume and warming of the ocean. On Greenland,
WKHGH¿FLHQF\EHWZHHQDQQXDOLFHJDLQHGDQGORVWWULSOHGEHWZHHQDQG
2Q$QWDUFWLFDWKHGH¿FLHQF\LQFUHDVHGE\0RXQWDLQJODFLHUVDUHUHWUHDWLQJDQG
the cumulative mean thickness change has accelerated from about -1.8 m to -4 m in
WRWRDERXWPWRPLQWKH¿UVWGHFDGHRIWKHst century. From
WRRFHDQWHPSHUDWXUHVWRDGHSWKRIPLQFUHDVHGDQGSRUWLRQVRIWKH
GHHSHURFHDQDUHZDUPLQJ7KH,QWHUJRYHUQPHQWDO3DQHORQ&OLPDWH&KDQJH  
SURMHFWHGWKDWVHDOHYHOZRXOGUHDFKPWRPDERYHSUHVHQWE\WKHHQGRIWKH
21stFHQWXU\EXWODFNHGDQHVWLPDWHRILFHÀRZG\QDPLFV FDOYLQJ &DOYLQJZDVDGGHG
by Pfeffer et al. (2008) indicating 0.8 m to 2 m of SLR by 2100 (favoring the low end
RIWKLVUDQJH 5DKPVWRUI  HVWLPDWHG6/5ZLOOUHDFKPWRPE\WKHHQG
of the century. Pielke (2008) points out that observed SLR has exceeded the best-case
projections thus far. These approximations and others indicate that global mean SLR
may reach 1 m by the end of this century. However, sea level is highly variable and
planners should consider this variability as impacts will be scaled to local SLR.

G

lobal mean air temperature is
increasing in relation to global
warming (Hansen et al. 2006;
GISS 2009). As a result, Earth’s ice volume is decreasing (Zwally et al. 2008;
Steig et al. 2009) and the heat content
of the ocean is increasing (Levitus et al.
2009). Global mean sea level is therefore
rising, and the rate of rise has accelerated
(Church and White 2006; Jevrejeva et
al.  0HUUL¿HOG et al. 2009). Sealevel rise (SLR) presents challenges to
coastal communities and ecosystems,
and planners are engaged in assessing
management options (California Executive Order S-13-08 2008). Accordingly,
it is desirable to have an estimate of SLR
this century to properly design mitigation
and adaptation strategies. An approximation of SLR by the end of the century will
allow: 1) Estimates of coastal erosion
and changes in vulnerability to coastal
hazards; 2) Assessments of threats to
coastal ecosystems; and 3) Development
of climate risk management policies. This
paper reviews recent studies of global
warming, sea-level observations, global
ice volume, ocean heating, and estimates
of SLR by the end of the 21st century.
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Based on current scientific understanding, we conclude that a global mean
rise of approximately 1 m around the end
of the century is indicated by present
research and constitutes an appropriate
planning target at this time. However,
sea-level rise will have important local
variability that planners should consider as knowledge of that variability
improves. Global mean sea-level may
ULVHVLJQL¿FDQWO\PRUHWKDQPEXWLV
XQOLNHO\WRULVHVLJQL¿FDQWO\OHVV +DQVHQ   ,PSRUWDQW TXHVWLRQV UHPDLQ
regarding the melt rate of ice in West
Antarctica and southern Greenland. Also
unknown are the actual levels of natural
climate variability and greenhouse gas
accumulation that will be reached this
century. However, even if atmospheric
composition were stabilized today, global
warming and SLR would continue (Meehl et al. $YRLGLQJWKHVHFKDQJHV
requires, eventually, a reduction in emissions to substantially below present levels
:LJOH\ 
GLOBAL WARMING
Heat-trapping gases such as carbon
dioxide, methane, and others have increased in atmospheric abundance due to
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human industrial activities (Solomon et
al. 2009) driving a global trend of atmospheric warming (GISS 2009; Figure 1).
Measurements indicate that the amounts
of carbon dioxide and other greenhouse
gases in the atmosphere have increased
over the past century (CDIAC 2009;
Canadell et al.  0/2   DQG
H[FHHGOHYHOVRIWKHSDVW\HDUV
as measured by ice cores from Antarctica
(Siegenthaler et al.  6SDKQL et al.
 0HDVXUHPHQWVDOVRLQGLFDWHWKDW
global atmospheric temperature has risen
C during the 100 years endLQJLQ 1&'& ZKLOHSUHFLSLtation (expected to increase in a warmer
DWPRVSKHUH URVHSHUGHFDGH
(Wentz et al 
7KHFDOHQGDU\HDUWLHGDV
the second warmest year on the instrumental record (beginning 1880) while
ZDVWKHZDUPHVW *,66 7KLV
LVUHPDUNDEOHFRQVLGHULQJWKDWZDVD
FRRO/D1LxD\HDUDQGDWLPHRIORZVRODU
activity (the lowest in 20 years) and 1998
ZDVDVWURQJ(O1LxR\HDUFKDUDFWHUL]HG
by high solar activity. Calendar year
2008, the coolest year since 2000, was
nonetheless the ninth warmest year in
the period of instrumental observations.
1RWDEO\WKHZDUPHVW\HDUVDOORFFXU
ZLWKLQWKH\HDUSHULRG7KH
annual growth rate of climate forcing by
long-lived greenhouse gases slowed from
DSHDNFORVHWR:P2 per year around
WRDERXW:P2 in recent
years due to slowdown of CH4 and CFC
growth rates. Resumed methane growth,
LILWFRQWLQXHGLQDVLQDGGV
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Figure 1. Left: Annual-means of global-mean temperature anomaly. Right: Global map of surface temperature
anomalies, in degrees Celsius, for 2008 (GISS 2009).

DERXW:P2. From climate models
and empirical analyses, this forcing trend
translates into a mean warming rate of
a&SHUGHFDGH *,66 

Altimeter measurements indicate
WKDWJOREDOPHDQVHDOHYHOKDVULVHQ
cm from 1993 to 2008 at a rate of approximately 3 mm/yr (3.2+/-0.4 mm/yr;
http://sealevel.colorado.edu/). However,
SEA-LEVEL OBSERVATIONS
this rise is not uniform across the oceans.
Radar altimeters can measure the sea
Figure 2 shows a map of altimeter measurface from space to within a few centisurements depicting the rate of sea-level
meters (Leuliette et al. 2004; Beckley et
change since 1993. Rates are contoured
al. 7KH723(;3RVHLGRQPLVVLRQ
by color: light blue indicates regions
(launched in 1992) and its successors
where sea level has been relatively stable;
Jason-1 (2001) and Jason-2 (2008) have
green, yellow and red show areas of seamapped the sea surface approximately
level rise; blue and purple indicate areas
every 10 days for 16 years. These misof sea-level fall. This complex surface
sions have led to major advances in
pattern largely reflects wind-driven
physical oceanography and climate studchanges in the thickness of the upper
ies (JPL 2009).
layer of the ocean, and to a lesser extent

changes in upper ocean heat content
GULYHQE\VXUIDFHÀX[HV
Most noticeable on the map, sea-level
ULVHLQWKHZHVWHUQ3DFL¿FDSSURDFKHV
mm/yr. This pool of rising water has the
VLJQDWXUHVKDSHRI/D1LxDFRQGLWLRQVLQ
WKHWURSLFDO3DFL¿F7KHVHDOHYHOEXLOGXS
LQWKHZHVWHUQ3DFL¿FFRLQFLGHVZLWKWKH
DEVHQFHRIVWURQJ(O1LxRHYHQWVZLWK
WKH ODVW RFFXUULQJ GXULQJ 7KH
3'2 3DFL¿F 'HFDGDO 2VFLOODWLRQ  LV D
basin-wide climate pattern consisting of
two phases, each commonly lasting 10-30
years (Mantua et al.%LRQGLet al.
2001; Zhang et al. ,QDSRVLWLYH
phase of the PDO, surface waters in the
ZHVWHUQ3DFL¿FDERYHo1ODWLWXGHWHQG
Figure 2. Warming
water and melting
land ice have raised
global mean sea level
4.5 cm from 1993 to
2008 at a rate of about
3 mm/yr. But the rise
is not uniform. This
image, created with
sea surface height
data from the Topex/
Poseidon and Jason-1
satellites, shows
where sea level has
changed during this
time and how quickly
these changes have
occurred (JPL 2009).
The complex surface
UHÀHFWVWKHLQÀXHQFH
of warm and cool
bodies of water,
currents, and winds.
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of climate change simulations predicting that SLR will accelerate in response
to global warming. If this acceleration
remains constant then the amount of rise
from 1990 to 2100 will range from 28 cm
to 34 cm. This is consistent with model
UHVXOWV ,3&&   LQ ZKLFK JOREDO
average sea level was projected to rise
FPE\&D]HQDYHHWDO  
XSGDWHDQGFRQ¿UPWKH,3&&DVVHVVPHQW
of current global sea-level rise (~3.1 mm/
yr) with observations from 2003-2008.
7KH\FRQ¿UPWKHLUHVWLPDWH PP\U 
by evaluating contributions from thermal
expansion and ice loss from Greenland.
Importantly, Church and White (2006)
note that the recent increase in SLR at the
end of the 20th century is not statistically
distinguishable from decadal variations
in sea level that have occurred throughout
the record.
However, further work with long tide
gauge records (Jevrejeva et al. 2008)
revealed that sea level acceleration may
have started earlier, more than 200 years
ago. They reconstructed global mean
VHD OHYHO VLQFH  IURP WLGH JDXJH
records and concluded that sea-level
acceleration up to the present has been
about 0.01 mm yr-2; and began at the
end of the 18th century. Sea level rose by
6 cm during the 19th century and 19 cm
in the 20th century. They also discovered
TXDVLSHULRGLFÀXFWXDWLRQVZLWKDSHULRG
of about 60 years superimposed on the
long-term history. On the basis of this
analysis, they conclude that if the conditions that established the acceleration
continue, then sea level will rise 34 cm
over the 21st century.

Figure 3. Top: Tide gauge derived global sea level trends estimated over 15year segments and plotted versus the mid-year of the segment. One standard
error is indicated by the shaded region. Bottom: The average sea level trend
in each 10o latitude band as a function of the mid-year of the 15-year window
used to compute the trend. The trends are multiplied by the fraction of total
ocean surface area (-60o to 60o LQHDFKODWLWXGHEDQG 0HUUL¿HOGet al. 2009)

to be cool, while equatorial waters in
WKHFHQWUDODQGHDVWHUQ3DFL¿FWHQGWREH
warm. In a negative phase, the opposite
pattern develops. Hence, rapid sea-level
ULVH LQ WKH ZHVWHUQ 3DFL¿F PDWFKHV WKH
current negative phase of the PDO. The
degree to which this pattern contributes
to the global mean rate of sea-level rise
observed in satellite altimetry is not
known.
Another important source of sea-level
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observations comes from the global network of tide gauges. Church and White
(2006) used this network in combination
with satellite altimeter data to establish
WKDWJOREDOPHDQVHDOHYHOURVHFP
EHWZHHQ  DQG  DW DQ DYHUDJH
UDWH RI DERXW  PP\U  PP\U
during the 20th century). The SLR trend
increases over this period, with a notable
slope change around 1930, resulting in a
VLJQL¿FDQWDFFHOHUDWLRQRI
mm yr-2. 7KLVLVDQLPSRUWDQWFRQ¿UPDWLRQ

In their 4th assessment of global cliPDWHFKDQJHWKH,3&&  UHSRUWHG
that SLR since 1961 has averaged 1.8
(1.3 to 2.3) mm/yr and since 1993 it has
averaged 3.1 (2.4 to 3.8) mm/yr, with
contributions from thermal expansion,
melting glaciers and ice caps, and the
polar ice sheets. However, they caution
that it is unclear if the faster rate since
UHÀHFWVGHFDGDOYDULDWLRQRUDQLQFUHDVHLQWKHORQJHUWHUPWUHQG0HUUL¿HOG
et al. (2009) examine an area weighted
average of tide gauge trends and conclude
that the recent sea-level acceleration
reflects an anomalous trend increase
that is distinct from a decadal variation
(Figure 3). Increased rates in the tropical
and southern oceans primarily account
for the acceleration. The timing of the
global acceleration corresponds to similar
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sea level trend changes associated with
upper ocean heat and ice melt. Whether
the recent change is associated with the
60 year variations noted by Jevrejeva et
al. (2008) remains unclear.
Geologic observations can be used to
improve understanding of the natural rate
and magnitude of sea-level change within
measured time periods. Researchers (Siddall et al. 2009) have reconstructed seaOHYHO ÀXFWXDWLRQV RYHU WKH SDVW 
years, spanning the last glacial maximum to the present interglacial warm
phase. Hence, changing climate, in the
form of shifts in ice volume and global
temperature, is responsible for driving sea-level changes over this period.
The reconstructed relationship between
climate and sea level predicts 4-24 cm
of sea level rise over the 20th century,
LQ DJUHHPHQW ZLWK ,3&&  :KHQ
used to forecast sea-level heights over
the 21th century on the basis of modeled
WHPSHUDWXUHSURMHFWLRQV WR C;
,3&& WKHUHFRQVWUXFWLRQSUHGLFWV
FPWRFPRIVHDOHYHOULVHE\WKHHQG
of the 21th century. This is slightly larger
WKDQWKH,3&&HVWLPDWHRIFPEXW
Siddall and coworkers conclude it is suf¿FLHQWO\VLPLODUWRLQFUHDVHFRQ¿GHQFHLQ
the projections. Rahmstorf and Vermeer
(2009) have criticized this conclusion as
being too low and point out errors in the
modeling of Siddall et al.
GLOBAL ICE VOLUME
Heat in the atmosphere leads to melting of glaciers and sea ice (Maslanik
et al. DGHFUHDVHLQWKHH[WHQWRI
snow cover, and shifts from snowfall to
rainfall. Melting of glacier ice and snow
contribute to SLR, whereas melting sea
ice does not directly contribute to sealevel rise because it already displaces
its own mass in the oceans. However, as
sea ice retreats, more dark open water is
exposed to absorb heat from the atmosphere and from the sun, contributing to
heating of the Arctic and Antarctic and
further encouraging SLR. According to
VFLHQWLVWV IURP WKH 1DWLRQDO 6QRZ DQG
,FH 'DWD &HQWHU LQ %RXOGHU 16,'&
2009a), retreating ice cover in the Arctic
Ocean, long held to be an early warning
of warming climate, shattered the all-time
ORZUHFRUGLQWKHVXPPHURIDQG
nearly matched it again in 2008.

Figure 4. Left:
Greenland 2007 melt
anomaly, measured as
the difference between
the number of days on
which melting occurred
in 2007 compared to
the average annual
melting days from
1988-2006 (Earth
Observatory 2009a).
Above: Reconstruction
of Antarctic surface
temperature trends (° C
per decade) for 19572006 (Steig et al. 2009).
Overall, the continent is
warming by about 0.1°
C per decade.

Using satellite imagery, researchers
now estimate that the summer Arctic ice
pack covers 4.2 million km2, equal to
Shore & Beach  Vol. 77, No. 4  Fall 2009
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Figure 5. Left: Average annual and cumulative alpine (mountain) glacier thickness change, measured in vertical
meters, since 1961. From 1961 to 2005, the thickness of “small” glaciers decreased approximately 12 m (NSIDC
2009b). Right: Cumulative contribution to sea level from small glaciers and ice caps (red) plotted with the annual
global surface air temperature anomaly (blue). Image courtesy Mark Dyurgerov, Institute of Arctic and Alpine
Research, University of Colorado, Boulder.

of the summertime melting trend over
the highest altitudes of the Greenland
ice sheet. Melting in areas above 2000
PURVHDERYHWKHORQJWHUPDYHUDJHZLWKPHOWLQJRFFXUULQJRQWR
PRUHGD\VLQWKDQWKHDYHUDJHLQWKH
previous nineteen years (Earth Observatory 2009a). Scientists have found that
JODFLHUVLQVRXWKHUQ*UHHQODQGDUHÀRZLQJWRIDVWHUWKDQWKH\ZHUH
10 years ago, and the overall amount of
ice discharged into the sea has increased
from 21 km3LQWRFXELFNP3 in
DQLQFUHDVHRI
Greenland’s contribution to average
sea-level rise increased from 2.3 mm
SHUGHFDGHLQWRPPSHUGHFDGH
LQ7KLVDFFRXQWVIRUEHWZHHQ
DQGRIWKHREVHUYHG\HDUO\JOREDO
Figure 6. The global ocean heat content, 1955-2008 (Levitus et al. 2009).
sea-level rise (Rignot and Kanagaratnam
just less than half the size of the United for what scientists refer to as an “albedo 2006). Two-thirds of Greenland’s sea lev6WDWHV 7KLV ¿JXUH LV DERXW  SHUFHQW ÀLS´$OEHGRLVDPHDVXUHRIWKHUHÀHFWLY- el contribution is due to glacier dynamics
less than the previous all-time low re- ity of Earth’s surface. That is, the former (chunks of ice breaking off and melting),
FRUGRIPLOOLRQNP2 set in September KHDWUHÀHFWLQJLFHVXUIDFHZLOOEHFRPHD and one-third is from direct melting. As
 *6)&   6FLHQWLVWV UHSRUW heat-absorbing body of water.
glacier acceleration continues to spread
that the summer ice pack “absolutely
northward from its current focus in
Until recently, the contribution of the
VWXQQHG XV´ 6FLHQFH'DLO\   DQG
southern Greenland, the global sea-level
Greenland continental glacier to sea-level
was the most dramatic loss observed in
rise contribution from the world’s largest
ULVHKDVEHHQXQNQRZQ1RZKRZHYHU
the history of watching the Arctic ice
island will continue to increase.
increased melting of the Greenland ice
pack. Most researchers had anticipated
sheet (Figure 4) has been observed and
Antarctica consists of three main geothe complete disappearance of the Arctic
it is known that the glacier is getting graphic regions: the Antarctic Peninsula,
ice pack during summer months after the
smaller. The balance between annual West Antarctica, and East Antarctica.
\HDUEXWQRZWKH\VSHFXODWHWKDW
LFHJDLQHGDQGORVWLVLQGH¿FLWDQGWKH In West Antarctica, which has warmed
losing summer ice cover by 2030 — or
GH¿FLHQF\WULSOHGEHWZHHQDQG oC per decade at the same time that
even earlier — is not unreasonable (Wang
(Rignot et al. 2008a). In Greenland, the global warming was 0.13o C per decade,
and Overland 2009). Thus the stage is set
\HDUPDUNHGDULVHWRUHFRUGOHYHOV LFHORVVKDVLQFUHDVHGE\LQWKHHDUO\
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of the heat in Earth’s climate system and
act as a temporary buffer against the
effects of climate change. For instance,
an average temperature increase of the
HQWLUHZRUOGRFHDQE\&PD\VHHP
small, but in fact it represents a very
large increase in heat content. If all the
heat associated with this anomaly were
instantaneously transferred to the entire
global atmosphere it would increase the
average temperature of the atmosphere
E\DSSUR[LPDWHO\& /HYLWXVet al.
 7KXVDVPDOOFKDQJHLQWKHPHDQ
temperature of the ocean represents a
very large change in the total heat content
of the climate system. Of course, when
the ocean gains heat (Figure 6), the water
expands and this represents a component
of global sea-level rise.

Figure 7. IPCC (2007) predicts that by 2100 sea level will rise between 18 and
59 cm, but does not include a component for ice calving (ice-sheet dynamic
processes). The missing component was added by Pfeffer et al. (2008) who
conclude that by 2100 sea level will rise between 0.8 m and 2 m, preferring the
ORZHUHQGRIWKHUDQJH ,PDJHIURP&RPPRQZHDOWK6FLHQWL¿FDQG,QGXVWULDO
Research Organization, last viewed 5/22/09: http://www.cmar.csiro.au/sealevel/
sl_proj_21st.html)

21st century to about 132 billion metric
tons per year (Rignot et al. 2008b). The
yearly loss along the Antarctic Peninsula
KDVLQFUHDVHGE\WRELOOLRQPHWric tons. The East Antarctic ice sheet, by
far the largest region of the continent,
has an ice budget that is overall stable to
slightly melting. It is experiencing melting along the coastal margin in warming
seas and snow accumulation in the hinterlands. Overall the entire continent of
Antarctica is experiencing net melting
(Steig et al. 2009). All three regions of
Antarctica are warming (Figure 4) and
overall ice loss in Antarctica increased
E\LQWKHSDVW\HDUV

reach equilibrium with average climate
RYHU WKH SHULRG  PRXQWDLQ
glaciers and outlet glaciers in Greenland
DQG$QWDUFWLFDZLOOORVHDQRWKHURI
their volume (Bahr et al. 2009).

In their fourth assessment of global
FOLPDWH FKDQJH WKH ,3&&   HVWLmated that the sum of all contributions to
sea-level rise for the period 1961–2004
HTXDOHGPP\U7KHREVHUYHG
sea-level rise over the same period was
PP\UWKXVOHDYLQJ
unexplained. To close this gap, researchers (Hock et al. 2009) computed the
global surface mass balance of all mountain glaciers and ice caps and found that
Alpine and other types of moun- part of the missing sea level component
tain glaciers are also retreating (Earth can be attributed to mass loss from this
2EVHUYDWRU\ E )LJXUH   ,Q IDFW source, especially around the Antarctic
for the millions of people that depend Peninsula. They estimate that mountain
on seasonal ice melting as a source of JODFLHUVDQGLFHFDSVDFFRXQWIRU
freshwater, the retreat and eventual loss 0.34 mm/yr of sea-level rise compared
of this ice delivers a fundamental blow to WR    PP\U HVWLPDWHG LQ WKH
the sustainability of communities. Moun- ,3&&  $QWDUFWLFPRXQWDLQJODFLHUV
tain glaciers are retreating around the FRQWULEXWHRIWKLV
globe and the cumulative mean thickness
OCEAN HEATING
change has accelerated from about -1.8
In terms of heat content, it is the
PWRPLQWRWRDERXW
world ocean that dominates atmospheric
PWRPRIWKLQQLQJLQWKH¿UVWGHFDGH
FOLPDWH7KHRFHDQVVWRUHPRUHWKDQ
st
of the 21 century (Meier et al.  To
Shore & Beach  Vol. 77, No. 4  Fall 2009

Understanding how ocean warming
and the resulting thermal expansion
contribute to SLR is critically important
to understanding climate change, and
forecasting future temperature rises.
Researchers (Domingues et al. 2008)
found that from 1961 to 2003, ocean
WHPSHUDWXUHV WR D GHSWK RI  P
contributed to an average rise in sea
OHYHOV RI DERXW  PP\U FRPSDUHG
to a rise of 0.32 mm/yr reported by the
,3&&  $OWKRXJKUHFHQWZDUPLQJLV
greatest in the upper ocean, observations
(Johnson et al. 2006; Johnson et al. 
also indicate the deeper portions of the
oceans are warming, estimated to cause
sea-level rise of about 0.2 mm/yr. Over
the period 1961-2003, alpine glaciers
DQGLFHFDSVFRQWULEXWHGDQHVWLPDWHG
mm/yr to global sea-level rise, increasing
to 0.8 mm/yr for the period 1993–2003
'\XUJHURYDQG0HLHU 7KH,3&&
estimated the contributions of ice loss
on Greenland (about 0.21 mm/yr) and
Antarctica (about 0.21 mm/yr) to global
sea level. By summing these various
components of sea-level rise, Domingues
et al. (2008) found that from 1961 to
2003 the sea-level rise “budget” totaled
DERXWPP\U7KLVDJUHHGZLWK
their estimate of mean sea-level rise over
the same period using observational tide
gauge data (1.6+/-0.2 mm/yr).
SEA-LEVEL AT
THE END OF THE CENTURY
7KH,3&&  KDVSUHGLFWHGIXWXUH
sea-level changes to the year 2100. They
are not the first body to attempt this
important exercise, nor are their latest
UHVXOWVWKHLU¿UVWDWWHPSW7KHLUHVWLPDWH
forecasts a range of global SLR from 18
Page 9

FPWRFPE\WKHHQGRIWKLVFHQWXU\
These projections are based on thermal
expansion due to ocean heating and ice
melting, but do not include a component
based on ice sheet dynamics (calving).
Hence, it is understood that they underHVWLPDWHWKHSRWHQWLDOIRUÀRRGLQJGXHWR
rising seas by the end of the century.

level records shorter than 40 years is not
advisable, and that the annual maximum
and minimum behavior of sea level are
7KLVHVWLPDWHLVFRQ¿UPHGE\3IHIIHU
useful in calculating local variability. In
et al. (2008) who examine the physics of
projecting future sea level, it is important
ice calving. Estimates of ice calving were
WRFRQVLGHUWKHFRQ¿GHQFHRISUHVHQWORFDO
DEVHQWLQWKH,3&&UHSRUW3IHIIHU
trends, the local relative rate of change,
adds estimates of SLR due to thermal
the global rate of change, the absence
expansion and ice melting to calving apof dramatic geologic or oceanographic
7ZRVWXGLHVSXEOLVKHGLQERWK proximations and concludes that SLR by
events. The Army Corps guidance updates
by German climate researcher Stefan the end of the century will range 0.8 m to
WKH 1DWLRQDO 5HVHDUFK &RXQFLO  
Rahmstorf and colleagues, use an em- 2.0 m above present with an emphasis on
ZLWK¿QGLQJVIURPWKH,3&&  DQG
pirical approach relating future climate WKHORZHUDUHDRIWKLVUDQJH )LJXUH 
assumes a global mean sea-level change
change and SLR based on recent history.
On the basis of the work by Rahmstorf UDWHRIPP\HDU7KLVLJQRUHVDOWLPHWU\
In one study (Rahmstorf et al.  
and Pfeffer et al., the observed accumu- data (~3 mm/year), as well as updates to
Rahmstorf and colleagues compared
lation of heat in the ocean, and the ac- ,3&&  E\5DKPVWRUI  3IHIIHU
projections of atmospheric warming and
celeration of melting, there is a building et al. (2008), Domingues et al. (2008), and
sea-level over the period 1990 to 2006,
consensus among scientists that SLR will 0HUUL¿HOGet al. (2009).
made in 2001 by the IPCC (2001), to
approach and perhaps pass 1 m by the end
observations over the same period. The
POTENTIAL TO EXCEED 1 M
of the 21st century (ScienceDaily 2009a,
results indicate that the climate system,
If greenhouse gas concentrations were
2009b). For instance, members of the
in particular sea level, may be respondstabilized today, sea level would nonethe ,QWHUQDWLRQDO 6FLHQWL¿F &RQJUHVV
ing to global warming more quickly
less continue to rise for hundreds of years
on Climate Change held at University of
than models specify. While the observed
(Solomon et al. $IWHU\HDUV
Copenhagen 10-12 March (ISCCC 2009)
carbon dioxide concentrations follow
sea-level rise from thermal expansion
released a press statement titled “Rising
the model projections almost exactly,
alone may have reached only half of its
sea levels set to have major impacts
the temperature changes are in the upper
eventual level, which models suggest
around the world.” Conference delegates
part of the range predicted by the IPCC
PD\OLHZLWKLQUDQJHVRIPWRP
stated “Research presented today at the
and the sea level changes are beyond the
Glacier retreat will continue and the loss
International Scientific Congress on
upper range of the predictions. Rahmstorf
of a substantial fraction of Earth’s total
Climate Change in Copenhagen shows
found that the rate of rise for the past 20
glacier mass is likely. Areas that are curthat the upper range of sea level rise by
\HDUVLVIDVWHUWKDQWKHUDWHRIULVHLQ
rently marginally glaciated are likely to
2100 could be in the range of about one
DQ\\HDUSHULRGLQWKHSUHFHGLQJ
become ice-free. But it is unlikely that
meter, or possibly more.” A key member
years. In their conclusion, the authors
greenhouse gases will be stabilized soon,
of the congress was Dr. John Church, who
state: “Overall, these observational data
so we can probably count on additional
pointed out that sea level is currently risunderscore the concerns about global
atmospheric heating — and sea-level
ing at a rate that is above any of the model
climate change. Previous projections, as
ULVH :LJOH\  0HHKO et al. 
SURMHFWLRQVRIFPWRFPSURYLGHG
summarized by IPCC, have not exaggerSolomon et al. 2009).
E\WKH,3&&  
ated but may in some respects even have
Pielke (2008) points out that observed
underestimated the change, in particular
The U.S. Army Corps of Engineers
SLR has exceeded the best-case
for sea level.”
(2009) published guidance for incorpoprojections thus far. Research (Overpeck
rating the direct and indirect physical ef,QKLVRWKHUSDSHULQ 5DKPVWRUI
et al. 2006) also suggests that Earth’s
fects of projected future sea-level change
 5DKPVWRUIHVWLPDWHVst century
warming temperatures may be on track
in managing, planning, engineering,
to melt the Greenland and Antarctic ice
sea-level change on the historical reladesigning, constructing, operating, and
sheets sooner than previously thought and
tionship between 20th century temperamaintaining USACE projects and systems
ultimately lead to a global sea-level rise
ture changes and sea-level changes. He
of projects. They cite the potential of seaof at least 6 m. Mitrovica et al. (2009)
presents the empirical relationship that
level change to cause a number of impacts
focused on longer-term sea-level proconnects global sea-level rise to global
in coastal and estuarine zones, including
jections (next century and beyond) and
mean surface temperature over the period
changes in shoreline erosion, inundation
raised the important point that physics1880-2000 and proposes that, for time
or exposure of low-lying coastal areas,
based investigations of the changes in the
scales relevant to global warming, the
FKDQJHVLQVWRUPDQGÀRRGGDPDJHVVKLIWV
distribution of mass on the globe and their
rate of sea-level rise is roughly proporin extent and distribution of wetlands and
effects on crustal adjustment and Earth’s
tional to the magnitude of warming above
other coastal habitats, changes to groundrotation indicate that sea-level rise may
the temperatures of the pre-Industrial
water levels, and alterations to salinity
be accentuated in some regions. They arAge. The study establishes a proporintrusion into estuaries and groundwater
gue that because of this, current estimates
tionality of 3.4 mm/yr of sea-level rise
systems. Their guidance suggests that
which do not incorporate these factors
SHU&RIJOREDOWHPSHUDWXUHZDUPLQJ
designers incorporate into their plans the
will underestimate future sea-level rise.
When applied to IPCC (2001) warming
potential of global mean sea-level rise
VFHQDULRVDWWKHHQGRIWKHFHQWXU\ 
Researchers found that if the current
to affect the local mean sea-level trend.
WR& WKLVUHODWLRQVKLSUHVXOWVLQD
They suggest that using local relative sea- warming trends continue, by 2100 Earth
SURMHFWHGVHDOHYHOULVHLQRIWR
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1.4 m above the 1990 level with a mean
RIP
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ZLOOOLNHO\EHDWOHDVWC warmer than
present, with the Arctic at least as warm
as it was nearly 130,000 years ago when
the Greenland ice sheet was a mere fragment of its present size. Study leader
Jonathan T. Overpeck of the University
of Arizona in Tucson said: “The last time
WKH$UFWLFZDVVLJQL¿FDQWO\ZDUPHUWKDQ
present day, the Greenland Ice Sheet
melted back the equivalent of about 2
to 3 m of sea level.” The research also
suggests the Antarctic ice sheet melted
substantially, contributing another 2-3
m of sea-level rise. The ice sheets are
melting already. The new research suggests melting could accelerate, thereby
raising sea level as fast, or faster, than 1
m per century.
SCIENTIFIC RETICENCE
Global warming and its consequences
present new challenges to modern
society. Among these is a degree of
uncertainty among scientists about how
to communicate the dramatic environmental changes that may be in store.
)RUH[DPSOHLQ-DPHV+DQVHQRI
WKH 1$6$ *RGGDUG ,QVWLWXWH IRU 6SDFH
6WXGLHVSXEOLVKHGDSDSHUDERXWVFLHQWL¿F
reticence in Environmental Research
Letters, an online science journal open to
WKHSXEOLF +DQVHQ +HSURSRVHG
that normally quite articulate scientists
become reluctant to communicate the full
threat of potentially large and damaging
future sea-level rise out of a misplaced
VHQVHRIVFLHQWL¿FFRQVHUYDWLVP
Reticence, Hansen argues, prevents
researchers from expressing their full
understanding of the implications of
global warming on human communities.
He expresses the opinion that professional reserve and cautious judgment
may be hindering the ability of society

to recognize and respond to the signs of
catastrophic future sea-level rise. This
may lead to unnecessary future expense,
damage, and even threats to public safety.
In the words of the author: “We may rue
reticence, if it serves to lock in future
disasters.” He describes how a scientist
who has made an important discovery
may have concerns about the danger of
“crying wolf ” and that this danger is
more immediate in his mind than conFHUQDERXWWKHGDQJHURI³¿GGOLQJZKLOH
Rome burns.” He cites studies of human
behavior that show a preference for immediate over delayed rewards, which
may contribute to irrational reticence
even among rational scientists.
CONCLUSIONS
Global SLR has accelerated in response to warming of the atmosphere and
the ocean, and melting of the cryosphere.
Projections indicate that a 1 m rise by the
end of this century is plausible. Pielke
(2008) points out that observed SLR
has exceeded the best case projections
thus far. Satellite altimetry suggests that
VHDOHYHOULVHZLOOKDYHVLJQL¿FDQWORFDO
variability that is worthy of continued
research to improve understanding. Planners should consider this variability as
impacts will be scaled to local SLR.
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