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of the century. Pielke (2008) points out that observed SLR has exceeded the besjass® in the atmosphere have increased
projections thus far. These approximations and others indicate that global mearoSeRthe past century (CDIAC 2009;
may reach 1 m by the end of this century. However, sea level is highly variableGanthdellet al. 0/2 DQG
planners should consider this variability as impacts will be scaled to local SLR. H{[FHHG OHYHOV RI WKH SDV\
as measured by ice cores from Antarctica
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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 2. FronfPclimate models  Altimeter measurements indicatechanges in upper ocean heat content
and empirical analyses, this forcingtrendW KDW JOREDO PHDQ VHOGUQMMROEKVXUID¥VHQAX[HV
translates into a mean warming rate afm from 1993 to 2008 at a rate of ap- Most noticeable on the man. sea-level
a f& SHU GHFDGH *,6@oximately 3 mm/yr (3.2+/-0.4 mmlyr; P, _
http://sealevel.colorado.edu/) HoweverU LVH LQ WKH ZHVWHUQ 3DFL¢
SEA-LEVEL OBSERVATIONS S A ) : mm/yr. This pool of rising water has the
. this rise is not uniform across the oceans,
Radar altimeters can measure the s . LIODWXUH VKDSH RI1 /D 1LxD
- -Figure 2 shows a map of altimeter meax )
surface from space to within a few centi- - \{VKH WURSLFDO 3DFL¢F 7KH
. ) surements depicting the rate of sea-lev .
meters (Leuliettet al. 2004; Beckleyet c i 992 Rates are contour Q WKH ZHVWHUQ 3DFL¢F FRL
al. 7KH 723(; 3RVHL E@g%i’ﬁ??t{blﬁjgmdicatesre S DEVHQFH RI VWURQJ (O 1LxR
(launched in 1992) and its SuCCessory. - 19 9 WKH ODVW RFFXUULQJ GXULC(

Jason-1 (2001) and Jason-2 (2008) ha\\/'\ér:gr? Syeea”i)evtl’inh;fe%egﬁgvev'ztggg’ gftit;'% ‘2 3DFL¢(F 'HFDGDO 2VFLOO
mapped the sea surface approxmatt_eﬁével rise: blue and purple indicate are%sm-wde climate pattern consisting of

every 10 days for 16 years. These mis: i : o phases, each commonly lasting 10-30
sions have led to major advances iOf sea-level fall. This comp.lex Su.rfaceyears (Mantuat al. % L BtQIG L
; . attern largely reflects wind-driven i
physical oceanography and climate stu L anaes in the thickness of the u e2r001’ Zhanget al. ,Q D SRVLWL
ies (JPL 2009). g PP hase of the PDO, surface waters in the

layer of the ocean, and to a lesser exte HYWHUQ 3DPLL P DERWKGH W
Figure 2. Warming
Trend Df Sea L'BVEI Change (1 993'2008) water and melting
¥ - land ice have raised
o - ., .

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
UHAHFWYV WKH LQAXHQF
of warm and cool
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of climate change simulations predict-
ing 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

UHVXOWYVY 3&& LQ ZKLF
average sea level was projected to rise
FP E\ &D]JHQDYH HW D

XSGDWH DQG FRQ¢{;UP WKH ,36
of current global sea-level rise (~3.1 mm/

yr) with observations from 2003-2008.

7TKH\ FRQ¢{¢UP WKHLU HVWLPD\
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 20 century is not statistically
distinguishable from decadal variations

in sea level that have occurred throughout

the record.

mm yr*

1965 1970 1975 1980 1985 1990 1995 2000 However, further work with long tide
year gauge records (Jevrejewd al. 2008)

. . revealed that sea level acceleration may

Contribution to global trend have started earlier, more than 200 years
gof ' : ; 3 ago. They reconstructed global mean
VHD OHYHO VLQFH IURP
40F . records and concluded that sea-level
acceleration up to the present has been
about 0.01 mm ¥, and began at the
end of the 18 century. Sea level rose by
6 cm during the 19century and 19 cm
in the 20" century. They also discovered
TXDVL SHULRGLF AXFWXDWLR
of about 60 years superimposed on the
long-term history. On the basis of this

== analysis, they conclude that if the condi-

1965 1970 1975 1980 1985 1990 1995 2000 tions that established the acceleration

year continue, then sea level will rise 34 cm
. .
1 05 ) 0.5 1 mm yr' In their 4" assessment of global cli-

PDWH FKDQJH WKH ,3&&
that SLR since 1961 has averaged 1.8
(2.3 to 2.3) mm/yr and since 1993 it has

Figure 3. Top: Tide gauge derived global sea level trends estimated over 15-

year 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 10 ° latitude band as a function of the mid-year of the 15-year window avera_lgeq 3.1 (2.4 to 3.8) mm/yr, W'th
used to compute the trend. The trends are multiplied by the fraction of total contributions from thermal expansion,

ocean surface area (-60 °t060° LQ HDFK ODWLW XG H eEdh QaB9) 0 H UTAltING glaciers and ice caps, and the
polar ice sheets. However, they caution

to be cool, while equatorial waters inobservations comes from the global nethat it is unclear if the faster rate since
WKH FHQWUDO DQG H D \WWwatkid) @eauges, EhicH gné WhiRk EHUHAHFWYV GHFDGD-O YDULI
warm. In a negative phase, the opposit2006) used this network in combinatonFUHDVH LQ WKH ORQJHU WHUI
pattern develops. Hence, rapid sea-levalith satellite altimeter data to establistet al. (2009) examine an area weighted
ULVH LQ WKH ZHVWHUQWIIFW ¢ FO R B W® KRHHD §/ K/HHeber@gd of tite gaugevrends and Edhclude
current negative phase of the PDO. Th€ HW ZHHQ DQG Dhat tbeQredevitrsleblavel acceleration
degree to which this pattern contributed DWH RI DERXW P Preflgcts an anpmalous trend increase
to the global mean rate of sea-level risduring the 20 century). The SLR trend that is distinct from a decadal variation
observed in satellite altimetry is notincreases over this period, with a notablé-igure 3). Increased rates in the tropical
known. slope change around 1930, resulting in@and southern oceans primarily account
Anather important source of sea—levelv LIJQL;FDQW DFFHOHU D the @Ccﬂlerf_ﬂion. The timing of the
mmyr> 7KLV LV DQ LPSRUWdbQalsceeRtipuddmegparidsio similar
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sea level trend changes associated wi
upper ocean heat and ice melt. Wheth
the recent change is associated with t
60 year variations noted by Jevrej@ta

al. (2008) remains unclear.

Geologic observations can be used

improve understanding of the natural rat
and magnitude of sea-level change withi
measured time periods. Researchers (S
dall et al. 2009) have reconstructed se
OHYHO AXFWXDWLRQV
years, spanning the last glacial maxi
mum to the present interglacial war
phase. Hence, changing climate, in th
form of shifts in ice volume and global
temperature, is responsible for driv
ing sea-level changes over this perio
The reconstructed relationship betwee
climate and sea level predicts 4-24 ¢
of sea level rise over the 2@entury,
LQ DJUHHPHQW ZLWK ,
used to forecast sea-level heights ov
the 21" century on the basis of modele
WHPSHUDWXUH SURRKH
,3&& WKH UHFRQV

FP WR FP RI VHD OH

-

of the 21" century. This is slightly larger
WKDQ WKH ,3&& HVWLPIL

Siddall and coworkers conclude it is suft

(FLHQWO\ VLPLODU WR
the projections. Rahmstorf and Vermee
(2009) have criticized this conclusion a
being too low and point out errors in the
modeling of Siddalet al.

GLOBAL ICE VOLUME

Heat in the atmosphere leads to mel
ing of glaciers and sea ice (Maslanik
et al. D GHFUHDVH L
snow cover, and shifts from snowfall tg
rainfall. Melting of glacier ice and snow
contribute to SLR, whereas melting se
ice does not directly contribute to sea|
level rise because it already displace
its own mass in the oceans. However, &
sea ice retreats, more dark open water
exposed to absorb heat from the atm
sphere and from the sun, contributing t
heating of the Arctic and Antarctic and
further encouraging SLR. According to
VFLHQWLVWY IURP WKH
,FH 'DWD &HQWHU LQ
2009a), retreating ice cover in the Arctig
Ocean, long held to be an early warnin
of warming climate, shattered the all-time
ORZ UHFRUG LQ WKH V
nearly matched it again in 2008.

Using satellite imagery, researcher
now estimate that the summer Arctic ic¢
pack covers 4.2 million kin equal to
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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 1957-
2006 (Steig et al. 2009).
Overall, the continent is
warming by about 0.1°
C per decade.
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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.
15 of the summertime melting trend over
3 month average : _the highest altitud_es of the Greenland
ice sheet. Melting in areas above 2000
10 Yaar P URVH DERYH WK-H ORQJ
ety ANSLoeo DJH ZLWK PHOWLQJ RFFXUUL
PRUH GD\V LQ WKDQ WKH L

previous nineteen years (Earth Observa-

tory 2009a). Scientists have found that

JODFLHUV LQ VRXWKHUQ *UH

LQJ WR IDVWHU WKDQ

10 years ago, and the overall amount of

ice discharged into the sea has increased

from21 kni LQ WR HFXELF NP
DQ LQFUHDVH RI

Greenland’s contribution to average
| : i | i ; sea-level rise increased from 2.3 mm
'11%55 1965 1975 1985 1995 2005 SHU GHFDGH LQ WR PP
Year LQ 7KLY DFFRXQWYV IRU E
Figure 6. The global ocean heat content, 1955-2008 (Levitus et al. 2009). DQG . R l. WKH REVHUYHG H
sea-level rise (Rignot and Kanagaratnam
just less than half the size of the Unitedor what scientists refer to as an “albed@006). Two-thirds of Greenland’s sea lev-
6WDWHY 7KLV ¢JXUH LXLBERMOEHGRBHWFMH ® WD \ekcortitRtiomisdtie 10 ladcididywianyics
less than the previous all-time low reity of Earth’s surface. That is, the formeir(chunks of ice breaking off and melting),
FRUG RI PisetlRemmber KHDW UHAHFWLQJ LFH \aXdbhb-thid B franOdiedt meltgl AR
*6)& 6 F L HQ W Lheayalsdobiih & Bt/ \of water. glacier acceleration continues to spread
that the summer ice pack “absolutely il recently. the ibution of the northward from its current focus in
VWXQQHG XV~ 6FLHQF rlel:@n a(?]e cont}i/hentgga%ierto sea-leveﬁoumem Greenland, the global sea-level
was the most dramatic loss observed i

contribytion fr h WP@S largest
the history of watching the Arctic ice.U LVH KD V EHHQ XQNQ R %Ténd \r/lw#) ntirhul:g?o}_i'rﬁérea e.
increased melting of the Greenland ice

pack. Most researchers had anticipate eet (Figure 4) has been observed and Antarctica consists of three main geo-

the complete disappearance of the Arctig; . L . ; N . X
ice pack during summer months after thd is known that the glacier is gettinggraphic regions: the Antarctic Peninsula,

majlar Eﬁ aé n bg\} n, Annuadlest Antarctica, and East Antarctica.
oy L Exw orz wk iR GHR S e anatca uwn beo Gamiac
HeFLHQFY WULSOHG EHW ZGHpgeQlecade RtQh® same time that

g\rllzng\?erlrlgn;z%gg)t lfl.nr:‘jzstﬁgztt);e év?fg ignotet al. 2008a). In Greenland, theglobal warming was 0.2& per decade,
' 9 tHDU PDUNHG D ULV HRAWHRORNNMRKIGY QAYFHBDVHG E\

Ocean heat content (1022 joules)
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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
ORZHU HQG RI WKH UDQJH
Research Organization, last viewed 5/22/09: http://
sl_proj_21st.html)

www.cmar.csiro.au/sealevel/

21t century to about 132 billion metricreach equilibrium with average climate, 3 & &

tons per year (Rignatt al.2008b). The RYHU WKH SHULRG

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

HQWLUH ZRUOG RFHDQ E\

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\etaf & /HY
7KXV D VPDOO FKDQJH 1

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.

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 (Dominguet al. 2008)
found that from 1961 to 2003, ocean

,PDJH IURP &RPPRQZHDMWKP&EH HOWL B O AW R ciX vevid B

contributed to an average rise in sea
OHYHOV RI DERXW PP \U
to a rise of 0.32 mm/yr reported by the
S$OWKRXJIK UHFHQW
greatestinRhg @peDocean, observations

yearly loss along the Antarctic Peninsulalaciers and outlet glaciers in Greenlan{Johnsoret al.2006; Johnsoet al.

KDV LQFUHDVHG E\
ric tons. The East Antarctic ice sheet, byheir volume (Bahet al. 2009).
far the largest region of the continent,
has an ice budget that is overall stable t?_.
slightly melting. It is experiencing melt-
ing along the coastal margin in warmin%
seas and snow accumulation in the hin- “
terlands. Overall the entire continent of|_| TXDOHG
Antarctica is experiencing net melting N
(Steiget al. 2009). All three regions of
Antarctica are warming (Figure 4) an
overall ice loss in Antarctica increase
E\ LQ WKH SDVW \

2EVHUYDWRU\ E

of this ice delivers a fundamental blow toW R “
the sustainability of communities. Moun-, 3 & &

tain glaciers are retreating around thee RQWULEXWH
globe and the cumulative mean thickness

change has accelerated from about -1.8 OCEAN HEATING

P WR PLQ WR V\grst%rgsR[?f( at content, it is th
LR 55w 880 M Rl ez

of the 2% century (Meieet al.

Shore & Beach , Vol. 77, No. 4 , Fall 2009

In their fourth assessment of globa
OLPDWH FKDQJH WKH
mated that the sum of all contributions t
ealevel rise for the period 1961-200
PP \U
sea-level rise over the same period w
PP \U WKXV OH
nexplained. To close this gap, research ;
?rs (Hocket al. 2009) computed the rAntarctl
Ep.*/surface mass balance of all mou
tain"glaciers and ice caps and found th
Alpine and other types of moun-part of the missing sea level compone 0
tain glaciers are also retreating (Eartlsan be attributed to mass loss from thi

e

- WORQ G B QOVIDLLRFQW R AV Z L O Calsd icateDtigeRIve pek portions Rfl the

oceans are warming, estimated to cause
ea-level rise of about 0.2 mm/yr. Over

0dE4 Eh FoRYEROWULE X WH G

ﬁnm/yr to global sea-level rise, increasing

RIS onchy. 7

ge's?iglggd the contributions of ice loss
0 nland (about 0.21 mm/yr) and

ca (about 0.21 mm/yr) to global
sea level. By summing these various
“omponents of sea-level rise, Domingues
! al. (2008) found that from 1961 to
03 the sea-level rise “budget” totaled

RXW PP \U 7KLV DJL

) L J 30uUrek, especi@allyl Bréund the Antarctic, ; ) .
for the millions of people that dependPeninsula. They estimate that mountai?he'r estimate of mean sea-level rise over

on seasonal ice melting as a source dODFLHUYVY DQG LFH FDS
freshwater, the retreat and eventual los34 mm/yr of sedevel rise compared
PP \U HVWLPDW HSEAHGQVEV KH
$QWDUFWLF PRXHEWND QF JEDOENHAURY
RI WKLV 7KH ,3&&

e B R npgpreetona e

KDV SUHGLFW
sea-level changes to the year 2100. They

are not the first body to attempt this
important exercise, nor are their latest

S MR g

Page 9



FP WR FP E\ WKH HQ Q.4 ahokd the Fad@iaveXwith a meatevel records shorter than 40 years is not
These projections are based on thermaR | P advisable, and that the annual maximum
expansion due to ocean heating and ice ?g minj b%I”\av'o f Eﬁ!)evel are
melting, but do not include a component TKLV HVWL P. DWH L V F If‘ils ﬁﬂ%%l%la ing ?olcr:s(i: IvFana ility. In

t al.(2008) who examine the physics Oeg

based on ice sheet dynamics (calving]. ) : . ; rojecting future sea level, it is important
Ce calving. Estimates of ice calving wer

Hence, it is understood that they under- I&ﬁ %@lY\? H%LJ Elyv ﬁ_'H FRQ:GHQF
HVWLPDWH WKH SRWH Q%Esgeéti?ﬁa eUch%%gQéJagflo %g(r?gn—ﬁgn , r%e ocal rela |\|/ r!’:\ OLH change,
rising seas by the end of the century. . ! : . Fhe global rate of change, the absence
expansion and ice melting to calving aPot dramatic geologic or oceanographic

7ZR VWXGLHV SXE OL Vdkieatio@s and corielRdasKkhat SLR b vents. The Armv Coros guidance undates
by German climate researcher Stefathe end of the century will range 0.8 m toW K H 1D WyL R QngO 5H VIF; DUEK &
Rahmstorf and colleagues, use an en2-0 m above present with an emphasis o W X LOJ P WKH 3&&
pirical approach relating future climateWKH ORZHU DUHD RI W KZIV lgD %E r%& y)g'lH—B '
change and SLR based on recent histor assumes-a‘global mean' sea-level change
In on% study (Rahmstost al Y- On the basis of the work by RahmstorfUDWH R PP \HDU 7KLV LJQF

y ' nd Pfeffert al, the observed accumu-data (~3 mm/year), as well as updates to

Rahmstorf and colleagues compareg .. )

L : . ation of heat in the ocean, and the ac;3 & & E\ 5DKPVWRUI 3
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results indicate that the climate syste : If greenhouse gas concentrations were
in particular sea level, may be respon 2009b). QF\C/)\; hnlthg(E)eWmLelr?n t()?elgs 8 f '%h tﬁtmi%igl\}cpaylzsegr&svgl{jyvgw\t)vethe-
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th e f rise ; . :
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DQ\ \HDU SHULRG LQ KO tﬁgﬁﬁ La&g)f Become ice-free. But it is unlikely that
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Fate of sealovel risa is roughly propor” KDQIHV L0 VWRUP Do ARG EHPHTHNE URIYLE
tional to the magnitude of warming abovéntﬁ ::ig;i?; g:tt)(ll;lgstlocnhgl;wsél?:dfoar;] ffects on crustal adjustment and Earth’s
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WR f & WKLV U HOD\éEL qg al &N e P! Ir d.D Researchers our_ldt at if the current
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