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ABSTRACT

The aim of this paper is to project 21st century volume changes of all mountain glacier and ice caps and to
provide systematic analysis of uncertainties originating from different sourcesin the and their contribution to
sea level rise and the assessment of uncertainties. Trends in global climate warming and sea level rise are
observed during the last 100-years which both, according to global climate models, will continue in the future
Intergovernmental Panel on Climate Change (IPCC) State-of-threat knowledge on climate, ocean and land
processes identifies melting mountain glaciers and ice caps, after ocean thermal expansion, as the currently
second major contributor to sea level rise. However, both the observations and models on sea level changes
carry avariety of uncertainties. In this section, by following the question-answer concept, | will briefly present
the importance of global sea level change for society, the current state of knowledge of sea level changesin
response to climate change and the attempts to project future sea level changes until 2100 including discussion

on related uncertainties.

Melting mountain glaciers and ice caps (MG&IC) are the second largest contributor to rising sea level after
thermal expansion of the oceans and are likely to remain the dominant glaciological contributor to rising sea
level in the 21st century. The aim of thiswork is to project 21st century volume changes of all MG&I1C and to
provide systematic analysis of uncertainties originating from different sourcesin the calculation. | provide an
ensembl e of 21st century volume rojections for all MG& I C fromthe World Glacier Inventory by modeling the
surface mass balance coupled with volume-area-length scaling and forced with temper ature and precipitation
scenariosfromfour Global Climate Models (GCMs). By upscaling the volume projectionsthrough aregionally
differentiated approach to all MG&IC outside Greenland and Antarctica (514,380 km2) | stimated total
volume loss for the time period 2001-2100 to range from 0.039 to 0.150 m sea level equivalent. While three
GCMsagreethat Alaskan glaciersare the main contributorsto the projected sea level rise, one GCM projected
the largest total volume loss mainly due to Arctic MG&IC.

Keywords : Global Climate Model, Melting mountain glaciers and ice caps (MG&IC) etc.

1. INTRODUCTION

M odeling future glacier volume changeson a
globa scdecontainsacascade of uncertaintiesstarting
from assumptionsoninitia glacier areaand volume,
simulation of glacier massbaanceandicedynamics,
and projecting local climatic scenarios. To date about
37% of the estimated total glacier areaisinventoried
and made available through the World Glacier

Monitoring Service(WGM ) and Nationa Snow and
Ice Data Center (NSIDC). The estimates on total
volume of 30 glaciers and mountain ice caps
(MG&IC) arederived fromassumedregiond glacier
szedigtributionsbased on percolationtheory [1] and
ascaling relationship between individual glacier
volumeandarea[2]. Volume-areascalingimpliesthat
thevolume of amountain glacier in asteady Stateis
proportiond toitsarea Althoughtherdationship has
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strong physica bass[ 3] thecongtant of proportiondity
in the volume-area power law has originally been
derived from approximately 100 glaciers[4] andthen
applied globally. Thisconstant contributesto alarge
uncertainty in projected volume changesfor each
individua glacier andin assessmentsof globa volume
changes[5]. Thelack of completeglacier inventory
and disagreementson estimatesof totd MG& IC areas
make the estimates on total volumes to differ
considerably. IPCC[2007] reported that the potential
sealevel equivalent of all MG& I C, excluding those
surrounding Greenland and Antarcticicesheets, isin
the range from 0.15 m and 0.37 m. Including the
MG& | Cthat surround theice sheetsthe potential SLE
rangesfrom 0.50 mto 0.72 m.In the light of these
uncertaintiesfuturegloba volumechangeshavebeen
projected either by an ‘indirect’ approach viamass
bal ance sengitivitiesto temperature and precipitation
changes|[6] or a‘direct’ gpproach viamodeing mass
balanceintime[7]. The‘indirect’ approach relates
massbal ancesenstivities, derivedfor theglacierswith
available massba ance observations, to temperature
and precipitation changes. The established
rel ationships are then used to extrapol ate the mass
balancesengtivitiestoall theglacierized regionswith
no mass balance observations. Future volume
projectionsare derived for hypothetical changesin
temperature and precipitation or for changesderived
from output of General Circulation Models(GCMYs)
[8].

The'direct’ gpproach modesthechangesinglacier
mass bal ance by forcing mass balance model swith
an output from a GCM. In both approaches, if the
glacier areaiskept constant in time, volumeloss of
anindividua glacier isoverestimated when compared
to volume projections derived from the ice flow
models[9]. The most common way to account for
glacier areachangesin volumeprojectionson aglobd
scaleisthrough the scaling rel ationshi ps between
glacier volume, areaand length[10] gpplied thescding
[48]

relationshipto develop a‘ geometric’ model which,
coupled with amassbalance 31 model, enablesthe
glacier to reach a new equilibrium in a perturbed
climate. Applying this model and forcing it with
temperature scenariosfromtwo GCMs [11]

Projected the sea level rise from all MG&IC
outside Greenland and Antarcticafor 21st century to
be 0.046 m and 0.051 m. Another source of
uncertainty inmodding futurevolumechangesarethe
mass bal ance model swhich rangefrom full energy
balance model stolinear regression temperature-index
models, making the projectionshighly sengitivetothe
choice of the mass balance model [12]. However,
since positive degree days are good indicators of
surface melt [13] the degree-day models are most
commonly applied for deriving regiona and global
estimates of recent and future mass balance [14].
Nevertheless, two magor criticismsof theapplication
of surface massbalance modelsfor global volume
projectionsarethat (1) the sample of glacierswith
available mass bal ance observations to which the
modelsarecalibrated isbiased toward small glaciers,
area < 10 km2 [15] and (2) the models do not
consider dynamical processes, such as calving, of
maritime-terminating glacierswhich account for two-
thirdsof tota ablation of glaciersandicesheetsaround
theworld[16]. Taking into account sparseinformation
ontidewater glacierswith changesinicedynamics
[17] estimated that the worldwide glacier melt has
experienced accd eration dueto thinning and dynamic
instability of tidewater glaciers. Assuming this
accel eration to remain constant over the 21st century
they projected total volume changefrom MG&IC,
including those surrounding Antarcticaand Greenland
ice sheets, tobe 0.240 m = 0.128 min SLE by the
end of 2100. Assuming no acceleration of present
rate of massbalancelossthevolumechangein SLE
would be 0.140 m £ 0.025m. Their former result
appearsto bemuch larger than the one suggested by
the IPCC [2007], where SLE from MG&IC
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projected by GCMswith several emission scenarios
varies between 0.070 mand 0.170 m, but in close
agreement with therecent work by [18] recognize
thelack of sufficient glaciological dataand modelsas
alargeuncertainty inthe estimates of futureglacier
mdlt.

Considering all the social and economical
importance of futuresealevel riseonly afew studies
havebeen devotedtolower therangesof uncertainties
inthe projection of MG& I C contributionto sealevel
rise. Although the problem of incomplete World
Glacier Inventory (WGI) is 32 recognized and
addressed through Global Land |ce M easurements
from Space (GLIMS), methods for global
assessments of glacier changes are not adequately
tested for MG& | C which are presently availablein
WGI. Projections of volume changes have been
derived for samplesof glaciersworldwidewhereeach
sample consists of assumed number of glaciersand
thelr sizesany information on their exact location,
geometry, andloca dimateregime. Inthelight of these
assumptionsthetota error intheglobal estimatescan
only be assumed and it isacommon way to assume
cancellation or decrease of errors in the global
asessmentsdueto large scatter of independent errors
foreachglacier [19].

2.SEALEVEL RISE-AREVIEW
2.1 Why do we care about sea level change?

In 1990, the near-coastal population (areawith
100 km horizontally and 100 m vertically of the
shoreline) was 1.2 billion people, meaning that 23%
of theworld’ spopulation livesin theareawith three
timesthe global-mean density . Human settlements
areaso preferentially located closeto theworld’s
shoreline, including most of thelargest cities, which
meansthat theworld’seconomy isalso concentrated
inthecoastal zone. Thus, sealevel risshasamajor
Impact on coadtd cities, ddtaiclowlands, small idands,

and coastal ecosystems. The potential threat has
triggered studies on impacts and responsesto sea-
level risewhich arefocused on arangeof direct and
indirect socio-economicimpactssuch aslossof land
and buildings, lossof tourist amenity, increasing flood
risk, impact on variety of commercia infrastructure,
coastal process plants and offshore oil and gas
production. In practice, existing studieshavefocused
on asub-set of natural system effects (inundation,
flood and storm damage, wetland loss, erosion,
saltwater intrusion etc.) while the treatment of
adaptation to climate change hasbeenlimited or even
ignored. Also, protection costsagainst sea-level rise
may have been underestimated, especialy for deltas
and small idands. Globally averaged sealevel isan
integrator of changesinthe Earth'shesat budget. Thus,
precise estimates of theglobal mean sealevel change
provide strong constraints on climate model
amulaions. Fromascientific point of view thisisvery
important because climate model sat present provide
theonly insight we have concerning how the Earth
system might evolvein coming decadesin response
toincreasing greenhouse gases

2.2What do we know from the paleo/historical
record about global sea level changes?

The geological indicators of past sealevel are
usually not sufficiently preciseto enablefluctuations
of sub-meter amplitudeto beobserved. Itisimportant
that the areas, which provide proxy dataon sealevel
rise, are tectonically stable and that no barriers or
other shorelinefeatures caused changesin thelocal
conditions. Such areasare: Mediterranean (include
archeological dataand biologicd indicatorsof sealeve
change, the Bdtic Sea(fresh-to-marinetransitions,
and stabletropical idandsand continental margins.
Theresultsfrom theseareasindicatethat for the past
3,000t0 6,000 yearsoscillationsin global sealevel
ontime-scalesof 100to 1,000 yearsareunlikely to
have exceeded 0.3t0 0.5 m. However,globa sealevel
rose by about 120 m after theend of thelastice %
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(approximately 21,000 yearsago), asaresult of loss
of massfromtheice sheets, and stabilized between
3,000 and 2,000 years ago. Sea level indicators
suggest thet global sealeve did not changesignificantly
fromthen until thelate 19th century [IPCC, 2007]

2.3 What do recent global sea level observations
show and can we trust them?

Tidegauges, whichmeasuretheradia position of
the surface of the ocean with respect to the crust,
particularly highlight theimpact of the solid Earth on
sea-level estimation. On thetime scale of acentury,
motion of the Earth’s surface can be the same order
of magnitude asmotion of the seasurface (~0.1 m)
and locally can exceed thisby asignificant amount.
Thus, the problem of theimpact of searleve variations
requires consideration of the land motion. Land
motion correctionsfrom thetide gaugerecordshave
relied primarily on models of glacial isostatic
adjustment (GIA), however no correctionsdueto
other land motions are considered. IPCC [2007]
summarized theglobal sealevel trendsfor the 20th
century obtained fromtidegaugewith GIA correction
studiesas 1.7 + 0.5 mmyr-1, while the assessment
for 1961-2003is 1.8 + 0.5 mm yr-1. derived new
estimatesfor the period 1961- 2003 with atrend of
1.6+ 0.2mmyr-1. However, theglobal coveragein
tidegaugestill suffersfrom scarcity of data, epecidly
for the Southern Hemi sphere, whilethe modelsfor
GIA correction still need improvement.Since 1992,
global mean sealevel can be computed at 10-day
intervalsby averaging the altimetric measurements
fromthesatellitesover theareaof coverage (66°Sto
66°N). The emergence of global altimeter datasets
and recongtructionsof upper ocean heat content based
on historic hydrographic dataprovided insight into
Spatia patternsassociated with interannual and lower
frequency sealeve variations. Thedominant sealevel
signal at thesetime scal esis associated with ocean
volume redistribution, and not the ocean’svolume
change meaning that theredistribution signa needsto
(501

beremoved from thetrendsat each tide gauge station.
suggested that the under-sampling problem of tide
gaugescould lead to overestimation of theglobal sea
level trend, although the magnitude of thiseffect has
been questioned . Thecurrent best estimate of average
rateof globa sealevel risefrom satdlitedtimetry over
1993-2003 is 3.1 £ 0.7 mm yr- [IPCC, 2007].
However, theerror in theinstrumental calibration
dominates the error budget noted that sea level
estimated from satellitedtimeter observationsfollows
thetide gauge estimate closely up to 1999 and then
beginsto diverge, implying ahigher rateof rise. Itis
still unclear why thetide gauge and satel lite estimates
diverge.

2.4 How do we explain the observed global sea
level change?

The observation of sea level change contains
information on land movements, massredistribution
or geoid changes and changesin ocean volume or
distribution of water within the ocean basins.The
changes in the ocean volume are affected by the
changesin ocean density (steric sealevel change,
where thermosteric is due to temperature changes
while halostericisdueto salinity changes) and the
influx of water from the continents (eustatic sealevel
rise). Thisinflux ismorelikely dueto melting of the
mountain glaciersand polar icethan dueto changes
interrestrial water storage. The studieson steric sea
level rise and those on contribution from terrestrial
water storage are briefly presented here while the
cryospheric contribution will be presented separately
andwithmoredetailslater. estimated alinear trend of
0.36 £ 0.06 mm yr-1risein thermosteric sealevel
considering heat content inthe 0-700 mlayer inthe
period 1955-2003. Consideration of adeeper ocean
layer, 0-3000 m, increased thisestimateto 0.40 mmy/
yr for the period 1957-1997. An additional small
hal osteric component (sdinity change) wasestimated
as0.04 £ 0.01 mmyr-1, consistent with the earlier
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estimate. Hal osteric expansionisnearly compensated
by adecreaseinvolumeof theadded freshwater when
itssalinity israised (by mixing) to the mean ocean
value. However, for regional changesinsealevel,
thermosteric and halosteric contributions can be
equally important reported improved estimatesfor
thermosteric sealevel riseof 0.52 + 0.08 mmyr-1
for 1961-2003 (0-700 mlayer) which are about 50%
larger than earlier estimates. For the 1993-2003
decade, the estimated 1.6 + 0.5 mm/yr of
thermosteric (0-750 m) sealeve rise accounted for
morethan half of theriseintotal sealevel. However,
pointed out the biasin thisestimate dueto errorsin
thefal rateof expendabl e bathy-thermographs(XBT9)
and reported lower trend for 1993-2003 of 0.79 mm
yr-1. All theresultsindicatethat thereisasubstantial
interannual-to-decadal variability and regional
variahility, not only intherate of ocean warming, but
also in the ratio of thermosteric to total sea level
change. Part of therecently observed rise (~0.5 mm/
yr) may be duetotherecovery of sealevel after the
cooling effectsof theeruption of Mt. Pinatuboin 1991.

SincetheEarth’sgravitationd fieldisnot senstive
tothethermal expansion of seawater, observations
of thegravitational field can beused in concert with
sealevel change observationsto separatethe steric
from eustatic sea level rise . However, geodetic
observationsof thegravitationd field havesignificant
errorsdueto uncertainty intheterrestrial reference
frame, meaning that a2 mmyr-1 error in relative
vel ocity between the mean surface of the Earth and
the Earth system’ scenter of masscanresultinanerror
aslarge as 0.4 mm yr-1 in mean global sealevel
variation. Changesinterrestrial water storageresult
from climate variations, from direct human
interventionsin the water cycle, and from human
modification of thephysical characteristicsof theland
surface. For contribution to sea level one should
consder (i) climate-driven changesof terrestrial water

storage (deep ground water, lakes, |ake-affected
ground water, permafrost) and (ii) anthropogenic
changes (artificial reservoirs, dam-affected ground
water, groundwater mining, irrigation, wetland
drainage, urbanization and deforestation). Order-of-
magnitude estimates suggest that the permafrost
thawing resulting in decrease of stored water inthe
soil column and enhancing subsurface hydraulic
connectivity (thusleading to morefree drainage of
the landscape) has potential to be an important
contributor to sea-level riseinrecent years. Onthe
other hand, impoundment of water behind dams
removeswater from the ocean and lowerssealeve .
However, itisvery difficult to provide estimates of
the net anthropogeni ¢ contribution, giventhelack of
worldwideinformation on each factor. Thus, IPCC
[2007] summarized that theland contribution either
issmall (< 0.5mmyr-1) or iscompensated for by
unaccounted or underestimated contributions.

Theestimated contributionsto thebudget of globa
mean sealevel change and the observed ratesof sea
level riseare presented in Table 1.1. To summarize,
the observed global mean sealevel rise over 1961-
2003 is 1.8 + 0.5 mm yr-1, the estimate of steric
contributionis0.42 + 0.12 mmyr-1, the contributions
fromterrestrial water sorageare probably very smdl,
the contribution frommountain glacier andicecapsis
0.50+ 0.18 mmyr-1, from Greenland ice sheet is
0.05 + 0.12 mm yr-1 and from Antarctic ice sheet
0.14+0.41 mmyr-1[IPCC, 2007]. Thus, the sum
of thermal expansion and contributionfromlandice
issmaller by 0.7 £ 0.7 mm yr-1 than the observed
global average sealevel rise. Even with the new
estimates with observed sealevel riseof 1.6+ 0.2
mmyr-1and steric contribution of 0.7 + 0.1 mmyr-
1, the gap between observed and explained sealevel
riseisnot closed. However, during 1993-2003 period
theobserved sealevel riseof 3.1+ 0.7 mmyr-1and
the sum of steric and eustatic componentsof 2.8 +

[51]
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0.7 mm yr-1 show that the discrepancy between
observed and explained sea level rise is
samaller.Neverthd ess, theincreased therma expansion
inthisperiod (1.6 + 0.5 mmyr-1) may partly reflect
decadal variability rather than an accel eration.

2.5 How successful are the attempts to predict
future global sea level changes?

High-resolution Atmosphere Ocean General
Circulation Modd s(AOGCMs) which can reproduce
detailed ocean features have been used to understand
and project future sealevel changes under global
warming. Since climate isaprofoundly nonlinear
syseminwhichvarigbility ondifferent timeand spatiad
scalesinteract, accuracy in projected future changes
depends on how well the AOGCMs incorporate
processeson asmany different spaceand timescales
aspossible. If greenhouse gas concentrationsareon
oneend of thechain whileclimateimpact on sealeve
rise is on the other, these ends are linked through
processes such as radiative forcing, atmospheric
regimesand tel econnections, ocean-atmosphere-land
interactions,cryospheric interactions and
biogeochemical interactions. Thus, themodd accuracy
withwhichtheclimateimpact can bedetermined from
theunderlying climateforcingisdetermined by the
chain’sweakest link. Additionally, gopod AOGCM
performance eval uated from the present climate does
not necessarily guaranteereliablepredictionsof future
climate. The‘chainanalogy’ isespecialy applicable
for sealevd projection duetotherma expansonsince
this process can be cal culated directly in AOGCM
by simulating the changes in ocean temperature.
However, the contributionsto sealevel rissfromthe
icesheetsand mountain glaciersare projected by ice
sheet-climateor glacier-climate coupled models. This
meansthat processeson glacier-climateinterfaceare
currently not fully coupled in AOGCMs, but the
AOGCM soutput scenariosare used to forceice sheet
and glacier dynamica modelsin order to project the

[52]

volume changes. Thisaddsadditional uncertainty in
future sea level projections from cryospheric
component whichwill bediscussed later. Furthermore,
themodelsfor glacia isostatic rebound, which are
used in extracting theland motion signalsfromtide
gaugesealeve observations, depend onglaciological

and climateinput. For terrestrial water storageland
surface modelsare used, although their priority isto
calculate fluxes from land to atmosphere for the
purpose of atmospheric modeling. Thus, modeling
futureglobal sealevel isacomplex task which needs
aninterdisciplinary approach. Except modeling sea
level changesdueto climateforcing there have been
effortsto combine numerical modelsof solid Earth
deformation with large catal ogues of seilsmic events
to estimatethe cumulativeimpacts of thisseismicity
onglobal sealevel estimated amean sealevel signal

at tide gauge stations of asmuch as0.25 mmyr-1.
Thesgnd mainly originatesfromthevery largethrust
events. Thus, the history of seismicity, and future
events, may contribute non-negligibly to observed
sea-level trends. IPCC [2007] projected global sea
level rise between the present (1980-1990) and the
end of this century (2090-2099) to range between
0.18 mto 0.59 m under various emission scenarios,

gpread of AOGCMsand not including uncertainty in
carbon cycle feedbacks. Sealevel rise during 21%
century isprojected to have substantial geographical

varigbility.

3. MODELING GLOBAL MEAN SPECIFIC

MASSBALANCE 161-1990.

Large-scale numerical model sused to predict the
evolution of the Greenland and Antarctic ice sheets
requiretime-dependent boundary conditions(surface
mass balance, surfacetemperature, and sealevel, the
latter needed to model grounding-line changes).
Current ice sheet modelsemploy gridsof 20to 40
km horizontal spacingwith 10to 30 vertical layers
and includeice shelves, basal dliding and bedrock
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adjustment . However, ice sheet model srunfor recent
climate do not capturetherapid coasta flow (outlet
glaciers) acce erationsobserved sincethemid-nineties
[IPCC, 2007]. Most of theglacier accelerationsin
Antarcticaclosely followed reduction or lossof ice
shelves, whichiscaused by changesin basal melting
or iceberg calving. | ce-shelf basal melting depends
ontemperatureand ocean circulaion withinthecavity
benegth. | solation from direct wind forcing meansthat
themain driversof sub-ice-shelf circulation aretidal
and density (thermohaline) forces, but lack of
knowledge of sub-icebathymetry doesnot alow the
modelsto s mulatecircul ation beneath thethinningice
shelves. If outlet glaciers’ accelerationswereto be
sustained in the future these model s under-predict
future contributionsto sealevel. For computational
efficiency, most long S mulationswith comprehensive
iceflow modelsuseasimplified stressdistribution,
but recent changesinicesheat marginsandicestreams
cannot be simulated accurately with these models,
demonstrating a need for resolving the full stress
configuration. Additionally, current modelsare not
capableof smulaingtheincreasesiniceflow of dow-
moving ice dueto greater drainage of surface melt
water into the ice sheet as observed for sites on
Greenland. It should benoted that thereisasoalarge
uncertainty in current model predictions of the
atmosphere and ocean temperature changeswhich
drivetheice sheet changes, and thisuncertainty is
probably at |east aslarge asthat of thedynamicice
sheet response.

Global mean specific massbalanceisderived as
anarea-weighted averageover dl theglacierized grid
cdls Theglacierized areafor each grid cell isderived
from the data and the total area of MG&I1C from
WGI. If thelatter is+20% of the former, the WGI
vaueisassumed. Otherwise, theestimate isassumed
to represent thetotal glacierized areaof thegrid cell.
Inthe casewhereanindividua ice massfrom WGI

has surface areawhich exceedsthetotal areaof the
grid cell we adopt the WGI value. With described
methodol ogy we obtain a grid-based global mean
specific mass balance for 1961- 1990 of 0.326
myr-1, which differsfrom thevalueof -0.219+ 0.092
m yr-1 reported in IPCC [2007]. Since we are
interested infuture volume projectionsit isimportant
that our model ed globa massbaancefor the recent
climatedoesnot haveaninitia offset fromtheprevious
estimates. Thereforeweinitialize the massbalance
model, following Raper and Braithwaite[2006], by
uniformly adjusting the model parameter IrERAto
make the grid-based global mean specific mass
balance approximately agreewith the|PCC [2007]
estimate. Adjustment of IrERA ischosen sincethe
paramete, i.e. the correction of biasesin ERA-40 air
temperatures, isnot well constrained by thecdibration
of the mass balance model on 36 glaciers. Results
are shown in Table 1. The uniform adjustment of
IrERAfrom-0.69 K (100)-1t0-0.52 K(100m)-1is
needed to arrive at the global mean specific mass
balance of -0.214 m yr-1 or, expressed in
SLE,-0.305 mmyr-1.

Area-averaged specific massbaancefor grid cells
containing oneor moreMG& |Cfrom WGl is-0.200
myr-1, whiletheremaining grid cellsyielded -0.232
myr-1. Sizedistribution of MG&IC fromWGI with
corresponding area-size distribution and volume
changesisillustrated in Figure 1. The majority of
MG&ICfromWGI occur inthefirst few sizebins(A
< 3km2) for whichthemode derived negative specific
massbalance. Thelargest sizebin, containing theice
cap from Novaya Zemlya (A=11 130 km2) has
positive specific mass balance and therefore
compensatespartialy for thelossof volumefromthe
small mountain glaciers. Thisshowstheimportance
of modeling accurately the massbalancefrom very
large M G& | C sincethey carry most of theweightin
globa estimatesof SLE.

(53]
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Table-1. Total glacierized area, model ed mean specific mass balance for 1961-1990 and corresponding
sealevel equivalent (SLE), and modeled area-wei ghted global mean mass balance sensitivity to
temperatureincrease of 1K and precipitation increase of 10%

Glacierized grid cells Area Mean specific SLE Ab, { L Ab, { =L
(km®) mass balance (m yr'") (mm yr'') AT |wrK]| AP | yr10%|

With MG&IC from WGI 288,710 -0.200 -0.18 -0.73 0.16
Without MG&IC from WGI 225,710 -0.232 -0.13 -0.66 0.15
All 514,420 -0.214 -0.31 -0.70 0.15
IPCC (2007) 546,000 -0.219 £ 0.092 -0.33 £0.14
1

4 x 1 l0 T T T T T T T

a
3
2
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o . . .
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glacier size bin 2'" 1.8)

AV in SLE (mmyr™"y
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glacier size bin 2%

Fig. 1. (a) Sizedistribution of MG& I1C from WG, (b) total areafor each size bin, (c) areaweighted mean specific mass
balance for each size bin and (d) volume changein SLE for each size binfor 1961-1990.

4.CONCLUSION

We provided an ensembleof 21st century volume
projections for all mountain glaciers and ice caps
(MG&IC) fromtheWorld Glacier Inventory (WGI)
by modeling the surface mass bal ance coupled with
volume-area-length scaling and forced with
temperature and precipitation scenarioswithA1B
emission scenario from four GCMs. Results showed
that total volumechangein SLE of 53,413MG and
602 IC, with initial total areaof 222,642 km2 and
volume 52,780 km3, isintherangeof -0.018 mto -
0.089 m, depending on which GCM isapplied. By
upscaling thevolume projectionsthrough aregionaly

differentiated approach to all MG&IC outside
Greenland and Antarctica (514,380 km2) we
estimated total volume changeto beintherangeof -
0.039mto- 0.150 mfor thetime period 2001-2100.
Thelower estimate agreeswith the previousestimates
which applied only temperature scenariosfrom two
GCMs with A1B emission scenarios. However,
CCSM 3 mode openspossihility for more dramatic
glacier melt. Whilethree GCM s agreed that Alaskan
glaciersare the main contributorsto the projected
sealevel rise (followed by MG&IC from Iceland,
Svalbard, Himalayaand Patagonia), CCSM 3 model
projected thelargest total volumelossmainly dueto
Arctic MG&IC (Canadian Arctic, Svalbard,
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SevernayaZemlya, NovayaZemlyaand Franz Joseph
Land). Thisisprobably dueto increased projected
polar amplificationin CCSM 3 thanintheother three
GCMs.

The mass balance model was calibrated on 36
glacierswith available massba ance observationsand
thefunctions between climate variables and model
parameters were derived. By this we achieved a
certain amount of confidenceinthemodd parameters
that areappliedtoal MG&1CfromWGI. However,
amajor source of uncertainty inthe methodology is
thetemperatureforcing in the mass balance model
which depends on bias correction of ERA-40
temperatures in order to simulate the local
temperatures on amountain glacier or ice cap. By
perturbingthe’ satistical lapserate’, IrERA, by +0.02
K/(200m)-1the global specific massbaancefor the
period 1961-1990 changesby £0.1 mmyr-1of SLE.
Correction of ERA-40temperaturesshould beapplied
regionally instead of globally, however the lack of
available dataon mass balance hampers adjustment
of IrERA region by region. Other major sources of
uncertaintiesarethevolume-areascainginderiving
initid glacier volumeand upscaling thevolumechanges
with assumptionson glacier-szedigtributionsineach
glacierized region. Our projected 21st volumelossis
probably alower bound sinceno calvingismodel ed.
Nevertheless, the large range of our projections
depends on the choice of GCM emphasizing the
importanceof ensembleprojections. Thisisespecidly
thecasefor theArctic regionswhosemountainglaciers
andicecapsaremgjor potentia contributorsto global
sealevel risewhileclimate projectionsfrom GCM
contain large uncertainties due to the complex
feedback mechanism. We emphasize that our
estimatesarefor only thoseMG& ICthat lieoutside
of Greenland and Antarctica. Therefore, thequestion
on how to account for the huge number of MG&1C
that are peripherd tothelargeice sheets<till remains
open. Our projection of total volumechangeispossibly

avery low bound, not accounting for ~50% or more
of thetota areaof MG& I C that may now be, or will
be, contributingto sealeve rise.

REFERENCES

[ ACIA (2005), Impacts of a Warming Arctic: Arctic
Climate Impact Assessment, Cambridge University
Press. Bahr, D. B. (1997a), Width and length scaling
of glaciers, J. Glaciol., 43(145), 557-562.

2 Bahr, D. B. (1997b), Global distributions of glacier
properties: A stochastic scaling paradigm, Water
Resour. Res., 33(7), 1669-1679.

[3 Bahr, D.B., M. F. Meier and S. D. Peckham (1997),
Thephysical basisof glacier volume-areascaling, J.
Geophys. Res., 102(B9), 20355-20362.

4 Beck, C., J. Grieser and B. Rudolf (2005), A New
Monthly Precipitation Climatology for the Global
LandAreasfor the Period 1951 to 2000, Climate Status
Report 2004, pp. 181 - 190, German Weather Service,
Offenbach, Germany.

[5] Braithwaite, R. J. and Y. Zhang (1999), Modelling
changesin glacier mass balance that may occur asa
result of climate changes, Geogr. Ann., 81A(4), 489-
496. Braithwaite, R. J., Y. Zhang and S.C.B. Raper
(2002), Temperature sensitivity of the mass balance
of mountain glaciersand ice caps asaclimatological
characteristic, Z. Gletscherk. Glazialgeol., 38(1),
3561

[6] Chen, J. andA. Ohmura(1990), Estimation of Alpine
glacier water resources and their change since the
1870's. International Association of Hydrological
Science Publication (Symposium at Lausanne
1990 — Hydrology in Mountainous Regions.l —
Hydrological Measurements; the Water Cycle) 127-
135.

[7 Cogley, J. G (2003), GGHY DRO- Globa Hydrographic
Data, Release 2.3, Trent Technical Note 2003-1,
Department of Geography, Trent University,
Peterborough, Ontario, Canada.

[8] deWoul M. (2008), Response of glaciersto climate
change: Mass balance sensitivity, sealevel rise and
runoff, Doctoral dissertation, Department of Physical
Geography and Quaternary Geology, Stockholm
University.

copyright © samriddhi, 2010-2014

[55]

S-JPSET : ISSN : 2229-7111, Vol. 5 (Special Edition-I)



All India Seminar on Sources of Planet Energy, Environmental & Disaster Science: Challenges and Srategies (SPEEDS-2013)

[9

[10)

[11]

[12]

[13]

[14]

(15

[16]

[17]

[18]

[19]

DeWoul, M. and R. Hock (2005), Static massbalance
sensitivity of Arctic glaciers and ice caps using a
degree-day approach, Ann. Glaciol., 42, 217-224.
Dyurgerov M. B. (2002), Glacier mass balance and
regime: Data of measurements and analysis, Meier
M. and R. Armstrong, eds. INSTAAR Occasional
Paper No. 55.

Dyurgerov M. B. and M. F. Meier (1997), Year-to-
year fluctuations of global mass balance of small
glaciersand their contribution to sea-level changes,
Arctic Alp. Res., 29(4), 392-402.

Dyurgerov M. B. and M. F. Meier (2005), Glaciers
and the Changing Earth System: a 2004 Snapshot,
Occasional Paper 58, Institute of Arctic and Alpine
Research, University of Colorado, Boulder, Colorado,
117p.

Elsberg, D. H., W. H. Harrison, K. A. Echelmeyer and
R. M. Krimmel, (2001), Quantifying the effects of
climate and surface change on glacier mass balance,
J. Glacial., 47(159), 649-658.

Gregory J. M. and J. Oerlemans (1998), Simulated
future sea-level rise due to glacier melt based on
regionally and seasonally resolved temperature
changes, Nature, 391, 474-476.

Haeberli, W., M. Zemp, M. Hoelzle, R. Frauenfelder
andA. Kaab (2005), Fluctuations of Glaciers, 1995-
2000 (Vol. VII1), International Commission on Snow
and I ce of International Association of Hydrological
SciencessUNESCO, Paris

Hock R. (2003), Temperatureindex melt modelingin
mountain aress, J. Hydrol ., 282, 104-115, doi:10.1016/
S0022-1694(03)00257-9.

Hock R., V. Radic, M. de Woul (2007), Climate
sensitivity of Storglaciéren—An intercomparison of
mass balance models using ERA-40 reanalysis and
regional climate model data, Ann.Glaciol., 46, 342-
348.

Holmlund, P. and T. Schneider (1997), The effect on
continentality on glacier response and mass balance,
Ann. Glaciol., 24, 272-276.

IPCC, (2007), Climate Change 2007: The Physical
Science Basis. Contribution of working Group | to
the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change
[Solomon, S. and 7 others, (eds.)], Cambridge
University Press, Cambridge, UK, 996 pp.

[56]

S-JPSET : ISSN : 2229-7111, Vol. 5, (Special Edition-1)

copyright © samriddhi, 2010-2014



