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Abstract - Local Sea Level (LSL) rise is among the major an-
ticipated impacts of future global warming. Policy makers
face a trade-off between imposing today the very high costs
of mitigation, adaptation, and coastal protection upon natonal
economies and leaving the costs of major disasters for futer
generations. Predictions of future LSL trajectories with reliable
estimates of uncertainties are a crucial input to risk and vu-
nerability assessments in support of informed decisions. @-
rent aleatory uncertainties in observations related to pasand
current LSL variations combined with epistemic uncertainties
in some of the global, regional and local processes forcingSL
changes produce a large range of plausible future LSL trajec
tories and weak estimates of uncertainties. Therefore, piay
makers often lack sound scientific support for the developmat
of reasonable mitigation and adaptation strategies in the@astal
zone. Additional spaceborne and in situ observations are reled
in order to improve decision support by reducing the uncertan-
ties in LSL predictions.
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1. INTRODUCTION

Global warming is likely to lead to a significant rise in Glblsea
Level (GSL) over the next century and beyond, with potelytiddv-
astating impacts on coastal cities and settlements (Roetey.,

Over the last fifteen years, an increasing number of risksassents
have been carried out (e.g., Hulme et al., 2002; Plag et @06;2
CCSP, 2008; Katsman et al., 2008), and some common congfusio
concerning the obstacles and potential improvements haeeged
(see, e.g., Chapter 6 in CCSP, 2008). Common to all is the con-
clusion that abetter understanding of the uncertainties of predic-
tions for the various forcing functionscluding validated Probabil-

ity Density Functions (PDFs), is mandatory for improvedisiet
support.

In the next Section, first an account of the forcing processes
LSL variations is provided. In Section 3, a local approachhie
assessment of the range of plausible future LSL trajectoise
described based on an analysis of the LSL forcing proce3d@s.
approach is then used to classify and, where possible, ifyiéme

current uncertainties (Section 4). Finally, observatiayeps are
identified that contribute significantly to the current unamties.

2. LSL FORCING PROCESSES

LSL is defined here as the distance between the sea surfadckeand
ocean bottom:
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wherer, andr; are the geocentric positions of the sea floor and sea
level, respectively (Plag, 2006; Mitrovica et al., 2009)andé are

2007). In many locations, Local Sea Level (LSL) changes -devhe geographical longitude and latitude, respectively, tis time.

ate significantly from GSL changes, and in some locationg, i
will exceed the global average by a factor of two or more. Toge
with changing frequencies of storm surges, socio-econaimnge
and coastal defence degradation over time, LSL changeskaty |
to alter patterns of hazard and exposure, and hence riskhasd
changes potentially will lead to extreme disasters in @asteas
with dense urban settlements. Thaisplacement through flooding
and tropical storm activity of up to 332 million people in cbal

Variationsé(t) = h(t) — ho of LSL are the result of variations in
ro Or r1, or both. LSL is the quantity that is directly related to the
potential impact of global and regional changes in climaie sea
level in a given coastal area. At any location, LSL is the itesiua
number of Earth-system processes including climate, gendics,
mass transport in the global water cycle, and, more recearityro-
pogenic activities, as well as interactions between theseegses.
These forcing processes act on local, regional, and glazes,

and low-lying areasis among the threats to human developmenind on a wide range of time scales. For the assessment oftsnpac
identified by Watkins & HDR Team (2007). Estimates for Easi@Asthe combined effects of the high-frequency and low-freqyerSL

show that a projected one-meter rise in sea levels couldtead

variations are important. However, it is helpful to consithe high-

two percent loss of Gross Domestic Product (World Bank, ZOO&equency and low-frequency parts separately.

and loss estimates for single major disasters due to staigesand
hurricanes hitting urban areas are in excess of $100 hillioday’s
planning decisions will have long-term implications folastal sus-
tainability and resilience with a trade-off between thetsagpent
today on mitigation and adaptation and the costs of disastebe
born by future generations. Considering the high costs ebizd
protection or adaptation and of potential disasters cabgexastal
hazard, both over and under-protection/adaptation caetyecostly
and significantly impact the national economy. Adaptaticay me-
quire relocation of settlements and major infrastructimeluding
railroads, highways, and airports (e.g., CCSP, 2008).

Thehigh-frequencypart of LSL variations can be described by:
fhf (t) = fwa(t) + fti (t) + fat (t) + fsei (t) + ftsu(t)v (2)

and accounts for waves, tides (up to monthly periods), ssich
tsunamis, and atmospherically driven variations on tinedescof
hours to several weeks.

An equation relating the global, regional and local forgmgcesses
to low-frequency LSL variations can be written as:
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wheret, is an arbitrary time origin (Plag, 2006). The processes
cluded in eq. (3) are: steric changes(: ocean circulationF"
freshening due to melting of sea and land ide atmospheric forc-

others than postglacial rebourid;: non-linear vertical land motion
(for details, see Plag, 2006). Importantly, those processhich
involve redistribution of mass in the water cycle all arecassted
with viscoelastic-gravitational effects on LSL, leadirgyvery dis-
tinct spatial and temporal patterns of LSL variations. @ouently,
LSL changes caused by mass redistribution in the globalnesiste
depend crucially on where the mass redistribution takeseplahe
governing equation that links present and past mass riédistm to
LSL variations was first introduced by Farrell & Clark (19Z6)d is
denoted here as the mass-LSL equation. This equation hasibed
extensively for studies of post-glacial sea level (see,Mitjovica
& Milne, 2003, and the reference therein). The disintegramf
the last great ice sheets produced a distinct and timehblargpa-
tial pattern in LSL. The elastic response of the Earth togmeslay
changes in the cryosphere can be expected to produce sspédar
tial variability. Nevertheless, using the same equationldscribe
the relation between present-day mass changes and LSL &as
restricted to a few examples (e.g., Plag & Juttner, 2001rdviica et
al., 2001; Plag, 2006; Mitrovica et al., 2009).

Major mass redistribution in the global water cycle can itefsam
significant melting of the Antarctic Ice Sheet (AlS) and Gieaed
Ice Sheet (GIS). For these two large ice sheets, global LSjefin

regional amplifications. However, this approach might lgdsiad
to estimates far too large or too small since it is not alla@yfior the
spatial variability of all the relevant sub-global processRecent as-
i%t_essments (e.g., Plag et al., 2006; Katsman et al., 2008 )dpgplied
modified versions of eq. (3). For some forcing processesjlaec

trends can be determined from observations and extrapolate

. . . . the future. For other forcings, models are available thattmused
ing, I: mass changes in the large ice sheéts,mass changes in

in ensemble studies of future developments. For some Besgsur

. . . qinowled e is limited and a wide range of scenarios has to he co
sphere,P: post-glacial reboundl;: secular vertical land motion 9 9

sidered, similar to the approach taken for the assessmenture
climate change (e.g., Meehl et al., 2007).

Most recent assessments indicate that the high-end of tiye raf
plausible LSL trajectories for 2100 is in the 1 to 2 meter eagove
the current level, particularly in areas where subsidencéributes.
Following the IPCC AR4 (Meehl et al., 2007), most of these
assessments do not assume significant AIS or GIS contrifzutio
Recent research results (e.g., Zwally et al., 2002; Pfeffeal.,
2008), however, indicate the possibility of a dynamic resgoof
these ice sheets to global warming. Current ice models ¢anno
provide reliable predictions of such a dynamic responsboginb

et al., 2009), and a major uncertainty for sea level presfistiis
associated with the contribution from ice sheets.

4. UNCERTAINTIES

A key question raised in the frame of recent assessmentslofit&
Rewhether there is a global relationship between the PDEglfral
temperature and a PDF for GSL rise (e.g., Rahmstorf, 200/@n E
if such a relationship could be determined for the past, dasea
GSL sensitivity to global average temperature, it has todétkd
that this relationship also would apply to the future. BdaiS|. and
GSL are the result of many processes with different spatidtam-

prints have been computed by assuming a unit melting ratesscrporal scales. An empirically determined relationship et PDFs
the complete area of the ice sheet and a purely elastic respdfr global temperature and GSL would only be applicable &fth

of the solid Earth (Plag & Juttner, 2001; Mitrovica et alQ02).
From these fingerprint function, Admittance Functions (AEan
be computed by normalizing the fingerprint by the correspand
GSL change. With these AFs, a predicted GSL rise can
converted into a LSL contribution at a specific location. téver,

ture if the mix of processes contributing to past GSL wouldz
same in the future. This is highly unlikely. Moreover, eaohnct
ing process is associated with its own PDF, which in mostsase
isegeographically and temporally variable. The combirmat6 the
PDFs of the individual forcing processes to the PDF for LStos-

the AFs for the AIS and GIS computed by Plag & Jittner (200Bjicated by the fact that our knowledge of the individual qesses,

exhibit considerably larger spatial variability than taasomputed

both for past and future, is associated with different typfeagncer-

by Mitrovica et al. (2001, 2009) and Vermeersen et al. (2008inties (Tab. 1). Some of the contributions in eq. (3) cadéxéved
personnel com.). The cause for the difference in the AFs @an cbrectly_from observations, while for others such obseovet are
in the Earth model, computation of the system response (Grediot available.

function), the convolution, and the numerical solutionta integral
mass-LSL equation itself. Unfortunately, due to the absenic
modern observations close to sufficiently large and rapiignging

An empirical version of the low-frequency LSL equation m@pr
sents LSL variation as the sum of four contributions resglfrom
oceanographic processes, mass exchange with other resémtbe

ice masses, a comparison of near-field concurrent LSL clsanggyer cycle, vertical land motion, and atmospheric proggssin

to predictions has not been possible so far. First obsenstire
just emerging from the vicinity of rapidly melting ice sheeh
Greenland and Svalbard (Khan et al., 2007; Kierulf et al090

3. PLAUSIBLE FUTURE LSL TRAJECTORIES

many cases, this empirical relation can be used to deterRiDies
for the four terms and to map the range of future LSL trajeesor
The quantitative understanding of the uncertainties togelaxtent
is based on analyses of recent LSL variations. Observatibpast
LSL changes and relevant forcings have been used to understa

Earth system models available today are not capable of imgde@nd quantify the contributions of steric changes, atmaspffierc-

all LSL forcing processes and predicting LSL changes, f@anex
ple, as a function of emission scenarios. A simple, preoaaty

ing, mass redistribution, and vertical land motion to LSkia&ons
locally, regionally, and globally (e.g., Bindoff et al.,@0). Concern-

approach proposed by Hulme et al. (2002) would take the G8L sig the four empirical forcing terms, it is pointed out thatiations

narios provided in the Fourth Assessment Report of the | PAR2{
and multiply them by 1.5 in order to account for potentialdbto

in the low-frequency atmospheric forcing are mainly of ayohulti-
decadal nature and can add on the ordet-®60 mm to the LSL



Table 1:Five types of uncertainties and their relevance to LSL fuggirocesses. Types of uncertainties are from Manning & @2&03).

Uncertainty Class LSL forcing process

Incomplete or imperfect observations aleatory verticafllenotion, reference frame, oceanographic observations;
Incomplete conceptual framework epistemic yes with resfmedimate system; no with respect to mass-LSL relation;
Inaccurate description of known praepistemic one-dimensional models, incomplete mass raulisbn, gravitationally inconsis-
cesses tent models, programming errors;

Chaos epistemic yes with respect to climate system; no fesrh8L relation;

Lack of predictability epistemic ice sheet behavior, maghange, ocean warming, circulation changes.

changes. In some locations, current vertical land motiabserved is changing in these high-risk areas. Satellite altimetoyioles ob-
by GPS and thus known with respect to the Center of Mass of gervations of sea surface changes, which in coastal areashar-
Earth system (CM) with an uncertainty on the ordedof mm/yr. ently more uncertain than in the open ocean. In order to abnve
Uncertainties of the predictions result from difficulti@sgeparate these observations into LSL variations, information ortieat land
transient contributions from secular motion that could kgapo- motions is required. Reducing the uncertainties in the ¢igvben
lated. The PDF for vertical land motion therefore dependsngly the origin of the geodetic reference frame and CM would redbe
on local conditions. Although the contribution of sterigiaions to aleatory uncertainties of currently observations of eaitiand mo-
GSL are most likely on the order of 2 to 4 mm/yr, spatial vaitiab tion. Observations of LSL variation, vertical land moti@amd grav-
ity can be on the same order or larger, introducing a corasider ity changes in areas near to rapidly melting coastal glacghould
spread in the PDF of this term. Moreover, ocean circulatltanges have high priority as they would be very valuable for validatof
and their impact on sea surface topography add to this. the mass-LSL equation.

The contribution to secular LSL changes due to mass rddligion Current LSL forcing: Considerable gaps exist in our knowledge of
in the global water cycle is difficult to assess. For postglac current LSL forcing for most contributions, including stechanges,
rebound due to the past large mass relocation during thegies, amass redistribution in the water cycle, and vertical lanctiomo
geophysical models predict the present-day changes in LifL wCoastal observations of salinity, temperature, and ctsr@gether
an uncertainty on the order &2 mm/yr for areas with the largestwith improved ocean models are needed to reduce the unugrtai
signals. The main sources for current and future mass egehaim the steric forcing. The lack of detailed global models @fssre-
with the ocean are the large ice sheet, the continentaleggcand distribution in the global water cycle contributes sigrafitly to the
continental water storage in groundwater, lakes, and vessr overall uncertainties. Inversion of geodetic observatiohchanges
(e.g., Bindoff et al., 2007). The total change of ocean masstihe in Earth’s shape, gravity field and rotation can help to redhe un-
last 40 years is estimated to be in the range of -0.4 to 1.1 mmégrtainties in mass relocation, particularly if these obestions are
in GSL rise. LSL variations deviate significantly from theS8L assimilated into water cycle models. Models of verticatllamotion
changes. The largest single contribution to ocean masgelaran induced by past and present mass distributions would hesepe
potentially come from the AIS and GIS. Unfortunately, ttisaiso arate this transient contribution from secular tectonidioms that
the most uncertain contribution with large aleatory uraiettes could be extrapolated.

attacheq Fo mea;urements of current changeg. Major eFi]‘].Stei-q}edictions: For LSL predictions improved models of future mass
uncerltalntle.s are in the response of the 'Iarge ice gheetk)balg changes in land water storage (with sufficient spatial tetkni),
vyarmlng_(lecomb et _al., 2009), and their contribution to 81G .individual glaciers, and ice sheets would be a major coutid to
rise is highly uncertain (Pfeffer et al., 2008). A PDF forSthIreducing the uncertainties in many locations. A key countidn is

contribution will have to take into account the rapidly deywéng potentially due to the GIS and AIS, and their responses tbajlo
warming needs to be monitored closely, and models with ptiedi

knowledge about these potential dynamic effects. Once ltitzab
capabilities need to be developed. Likewise, better estisnaf the

contribution of a large ice sheets or glacier is known, imgple,
the local contribution can be computed by multiplicatiorthnthe spatial variability of thermal expansion are need.

appropriate AF discussed above. Unfortunately, there argel

inter-model differences, which may be QUe to g combingtibn 0 6. CONCLUSIONS

several causes. These model discrepancies fall into treeghdup

of uncertainties (Tab. 1), i.e., inaccurate descriptionkobwn Recent assessments of future LSL changes have shown thala lo
processes. For the contribution of glaciers, a complicatesults approach based on eq. (3) is a reasonable approach for rgahpin
from the fact that each glaciated region is associated wapegific range of plausible future LSL trajectories. However, thereutly

AF, thus requiring prediction of mass changes for each regio  large uncertainties in the predictions of a number of faycmo-
cesses greatly reduce the value of the LSL assessmentslioy po

5. REDUCING THE UNCERTAINTIES making. A major coordinated efforts in observation, maugliand
validation is needed to establish reliable PDFs for all nfaiing
processes and to reduce the uncertainties to a level sehengur-
pose of decision support.
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