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Abstract. In this study we compare a recent reconstructionpresent-day uplift rates predicted by ICE-5G and UMISM,
of the Weichselian Ice Sheet as simulated by the Universitywhich result in bifurcations in the best-fit upper- and lower-
of Maine ice sheet model (UMISM) to two reconstructions mantle viscosities.

commonly used in glacial isostatic adjustment (GIA) mod- We study the areal distributions of present-day residual
elling: ICE-5G and ANU (Australian National University, surface velocities in Fennoscandia and show that all three re-
also known as RSES). The UMISM reconstruction is carriedconstructions generally over-predict velocities in southwest-
out on a regional scale based on thermo-mechanical modern Fennoscandia and that there are large differences in the fit
elling, whereas ANU and ICE-5G are global models basedto the observational data in Finland and northernmost Swe-
on the sea level equation. The three models of the Weichden and Norway. These difference may provide input to fur-
selian Ice Sheet are compared directly in terms of ice vol-ther enhancements of the ice sheet reconstructions.

ume, extent and thickness, as well as in terms of predicted
glacial isostatic adjustment in Fennoscandia.

The three reconstructions display significant differences.

Whereas UMISM and ANU includes phases of pronouncedl Introduction

advance and retreat prior to the last glacial maximum (LGM),

the thickness and areal extent of the ICE-5G ice sheet idennoscandia has been a key area in the development of the-
more or less constant up until the LGM. During the post- ories and models of glacial isostatic adjustment (GIA) due
LGM deglaciation phase ANU and ICE-5G melt relatively to the unique temporal and spatial coverage of observational
uniformly over the entire ice sheet in contrast to UMISM, data (e.gEkman 2009, and the region remains an impor-
which melts preferentially from the edges, thus reflecting thetant study area; see summaries of recent work in Rlag
fundamental difference in the reconstruction scheme. et al.(1998, Whitehousg2009 andSteffen and W{2011).

We find that all three reconstructions fit the present-dayTo model the GIA process two components are needed: an
uplift rates over Fennoscandia equally well, albeit with dif- earth model and an ice sheet reconstruction, collectively re-
ferent optimal earth model parameters. Given identical earttierred to as a GIA model. Today several reconstructions of
models, ICE-5G predicts the fastest present-day uplift ratesthe Weichselian Ice Sheet are available, both regional mod-
and ANU the slowest. Moreover, only for ANU can a unique els and as part of global models (eRgeltier 2004 Lam-
best-fit model be determined. For UMISM and ICE-5G there beck et al. 2010 Naslund 2010. The ice sheet properties
is a range of earth models that can reproduce the present-ddat are most important for GIA studies are the areal extent
uplift rates equally well. This is understood from the higher and the distribution of ice thickness. These two are however

very different in terms of how difficult they are to constrain.
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372 P. Schmidt et al.: Weichselian Ice Sheet reconstructions

Whereas the areal extent often can be reasonably well deRSES and ICE-5G are adequate for studying the GIA process
termined from geological markers such as moraines, usuallyn FennoscandiaZhao et al(2012 used ANU and ICE-5G
very limited data are available on the ice thickness and generand inverted for the optimal earth model parameters using
ally only from mountainous regions. The thickness thereforethe Lidberg et al.(2010 processing of the Bifrost GPS data,
often has to be determined by indirect methods. Importantshowing that both reconstructions can equally well fit obser-
to notice is that most ice models require an earth model fovation of the present-day rebound in Fennoscangia.der
the reconstruction of ice thickness; a coupling therefore of-Wal et al. (2013 used ICE-5G as well as a reconstruction
ten exists between the ice sheet and the optimal earth modelescribed therein, and compared to thgberg et al.(2007)
parameters in a GIA model. processing of the Bifrost GPS data as well as RSL data. The
Ice sheet reconstructions can broadly be categorised intstudy focused on the effect of the mantle rheology on GIA
two groups. The first, classical approach base the reconstrugredictions and concluded that a wet rheology consistent
tion primarily on geological markers of the extent of the ice with laboratory data could be found for which both ICE-5G
sheet at different times (e.Benton and Hughe4981 Lam- and their own reconstruction could explain RSL data, while
beck 1993 Lambeck et a].1998 Tushingham and Peltier  uplift rates predicted by their ice sheet that are close to ob-
1991, Peltier, 1994). The ice thickness is then adjusted such served present-day uplift demand a dry rheology.
that the solution to the sea level equation fits available data Common to previous studies where multiple ice sheet have
(mainly relative sea level (RSL) and tide-gauge data, butbeen used is a focus on the observational data and/or the
more recently also GPS data). For global models, estimatesarth model parameters. Further, most of the studies only
of the global mean sea level are used to constrain the totgbresented the results of a limited number of earth models,
volume of ice at different times. Early models of this type thereby limiting the understanding of the differences be-
did not extend further back in time than to the last maximumtween the reconstructions. Here we turn the primary attention
extent of the ice sheet, due to sparsity of older RSL data ando the ice sheet reconstructions and their GIA predictions,
geological markers (e.geltier and Andrewsl976. with the intention to understand how differences in the re-
The second group reconstructs ice sheets from physieonstructions lead to differences in the GIA predictions. The
cal (thermodynamical) principles, often using palaeo-climatesecond objective of this study is to investigate how UMISM
data to govern the evolution of the ice sheet (Eagrsstrom  compares to ANU and ICE-5G, given that the former re-
and Greve2004 Zweck and Huybrecht2005 van den Berg  construction has not been optimised to observations of the
etal, 2008. This provides anice sheet which, within the lim- GIA process, while the latter two have been. Our compari-
itations of the model implementation, behaves as a real iceson stretches back to 69 kyr before present (BP) up until to-
sheet in terms of basal sliding, ice streams, ice thickness disday, which is significantly longer than any of the previous
tribution and growth and decay properties. Geological mark-studies.
ers and RSL data may be used to constrain the reconstruction. This paper is organised in three parts, each covered by two
As the interdependence between ice model and earth modslections. In the first part we will focus on the ice sheet recon-
varies in the two types of reconstructions, they may providestructions themselves, with a description of each reconstruc-
complementing information on the properties of the earth. tion in Sect. 2 followed by an inter-comparison in Sect. 3. In
In this study we compare a recent thermo-mechanical rethe second part we focus on GIA by first describing our GIA
construction of the Weichselian Ice Sheet, the University ofmodel implementation in Sect. 4 and then the GIA predic-
Maine ice sheet model (UMISMNaslund 2010, with two tions of each reconstruction in Sect. 5. In the third and last
models constrained by geological markers and RSL observapart of this work we summarise and discuss the results of the
tions: ANU (Lambeck et a].201Q Australian National Uni-  first two parts in Sect. 6 and finish off with our conclusions
versity, also known as RSES) and ICE-5Re(tier; 2004). in Sect. 7.
This is not the first study where different ice sheets have been
used and compare&chotman and Vermeersé2005 used
an earlier version of ANUL{@ambeck et a].1998, a modi-
fied version of ICE-3G Tushingham and Peltiet 991) and
a thermo-mechanical reconstruction to investigate the effec
on geoid heights to the ice load history in models with shal-

2 Ice sheet reconstructions

g)bservations of the GIA process, as well as geological mark-
ers, are usually dated using the C-14 method. Most of the
early reconstructions are therefore given in C-14 years rather

low low-viscosity earth layersivu et al.(2010 used FBK8 than calender years. As these two timescales differ by up to
(Lambeck et al. 199§ and ICE-4G Peltier 1994 to inves- 3.5 kyr around the time of the last glacial maximuBa(d

tigate the sensitivity of the present-day rebound to the ice o i
sheet thicknessteffen et al(2010 also used the ANU ver- e.t al, 1990.’ itis important to note that all threg reconstruc

. tions considered here, as well as all observational data used
sion byLambeck et al(1998§ referred to as RSES) as well herein. are dated in calender vears
as ICE-3G, ICE-4G and ICE-5G and compared to satellite- ' y '
based gravity data (GRACE). That study focused on the use
of GRACE data in GIA modelling but concluded that both
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2.1 Last glacial maximum The simulation is run using a palaeo-temperature record,
from which the spatial pattern of air temperature is obtained,
An event commonly referred to when discussing ice sheet reand precipitation is calculated through a mass balance rela-
constructions is the last glacial maximum, LGM. This often tionship, developed from the Antarctic Ice SheBagtook
refers to the last maximum advance of the ice sheet. Howand Prentice1994. This precipitation is further dependent
ever, the conditions governing the advance and retreat of agn distance from the pole, saturation vapour pressure (func-
ice sheets will vary from place to place. Therefore the max-tion of altitude and lapse rate) and surface slope. As a proxy
imum advance will not be a synchronous event in all partsfor the air temperature record, data for the last 120 kyr from
of a large ice sheet. In the case of the Weichselian Ice Sheghe Greenland Ice Core Projedddnsgaard et 31.1993
the time span enclosing the last maximum advance may b@ave been used. The ice sheet reconstruction was calibrated
as long as 10kyr (e.d3oulton et al, 200% Forsstrom and  against dated ice-marginal positions for Weichselian stadi-
Greve 2004). als (e.g.Lokrantz and Sohleniy2006 by making slight
In this study we have chosen to define the LGM as thesystematic adjustments to the temperature cuN&siund
point in time of the last occurrence of the maximum volume 201() This ice sheet calibration process did not focus on
of the ice sheet, remembering that this may not coincide Withthe northern ice sheet margins, resumng in a major uncer-
the maximum areal extent, thickness or advance of the iceainty in ice margin position around e.g. the Barents Sea. For
front. the basal boundary conditions the ETOPO2 digital elevation
model was used as well as the geothermal heat flux model
by Naslund et al(2005. A sea level curve estimated from
a previous UMISM reconstruction of all Northern Hemi-
sphere ice sheets, representing a 100 m lowering of global
mean sea level at LGM, was used, together with the pre-
vailing bathymetry, including the location of the continental
shelf, for determining the changes in position of the ice sheet
grounding line for marine parts of the ice sheet.

2.2 UMISM

The UMISM ice sheet reconstructio@slund 2010 uses
the October 2004 version of the thermo-mechanical Uni-
versity of Maine ice sheet modeF4stook and Chapman
1989 Fastook 1994 Fastook and Prenticd994. UMISM
was part of the “European ice sheet modelling initiative
model inter-comparison experiment” and yielded output in
agreement with other thermodynamic ice sheet modialy{( 2.3 ICE-5G (VM2)
brechts et a).1996 Payne et a).2000. The reconstruction

has previously been used in GIA modelling for assessmenthe global ICE-5G model Reltier 2004 is built upon
of shoreline migration\Whitehouse 2009 as well as fault  successive refinements of models of the last Pleistocene
stability (Lund et al, 2009. deglaciation. The initial model in the suite, ICE-Retier

In the present simulation UMISM was used for a regional- and Andrews1976), tabulated ice thicknesses of the Lauren-
scale reconstruction of the Weichselian Ice Sheet on anjde, Greenland and Fennoscandian ice sheets from 18 kyr BP
equidistant-resolution (50km50km) grid every 100yr  and onward. Updates include the widely used ICE-B@sh-
since 120 kyr BP. The ice sheet constitutes three main subingham and Peltier1991) and ICE-4G Peltier 1994 mod-
systems: mass balance, ice movement and ice temperature fg[s. A new model (ICE-6G) is under developmefogcano
which the model solves the conservation of mass, momentungt al, 2011) but has so far not been made publicly available.
and energy equation respectively. The UMISM model used The ICE-x suite consists of global models based on dated
for the present reconstruction uses the shallow-ice approxipbservations of ice sheet margins, RSL curves and the global
mation for solving stresses and ice velocities. The model inmean sea level curve. As such, the ICE-x models critically
cludes a sub-glacial hydrology moddiofinson1994 that  depend on the use of the sea level equation to compute RSL
transports melt water under the ice sheet according to prevailestimates. ICE-1 was based on analytical relations between
ing pressure potentials, governed by ice sheet thickness angle distance from the ice margin and the ice thickness, as-
basal topography. The response of the solid earth is modelleduming dynamical equilibrium of the ice sheet, as well as
in a simplified way using a hydrostatically supported elasticestimates of the ice history in some central areas considered
plate model, adequate for the purpose of placing the ice sheeritical. In later versions the ice thicknesses have been manu-
surface at an appropriate altitude, and hence obtaining an apyly adjusted to optimise the fit to the growing body of obser-
propriate air temperature for the ice surface mass balance calational constraints. Of the individual ice sheets, Antarctica
culation. The isostatic response of the earth is modelled in gs the least well constrained in that no or very little adequate
different way in UMISM than in the GIA model we use in data are available from this continefte(tier 1998. There-
this study, which leads to a slight inconsistency in modellingfore, Antarctica has mainly been used as a buffer to ensure
approach. Investigating the degree to which this affects thehat the fit to the global mean sea level is maintained, as well
modelled ice sheet configuration is beyond the scope of thigs the fit to the sparse sample of RSL records from the South-
study. ern Ocean.
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Parallel to the ICE-x development, the VMn mantle vis- e E—
cosity models have been developed using GIA modelling
constrained by RSL data, rebound relaxation spectra, earth ]
rotation anomalies and polar wandBe(tier and Jiandl996 7001
Peltier, 1998. In the inversion for the VMn models, the ICE- ]
x models have been used as predefined loading. The derive
viscosity models have then been used in constructing thex. ] I
next-generation ICE-x models. £ 14007 5

The latest published version of the ICE-x suite is the ICE- a ] i
5G (VM2) model Peltier, 2004). The theoretical framework ] i
and methodology of ICE-5G is the same as that employed 2100 5
for its closest predecessors, but the viscosity structure of the i
earth model has been updated to the more advanced VM2
model (Fig.1), which was constructed based on the ICE-4G 2800 -0—-—"r+—"""7""+"+-"F—+
model Peltier and Jiangl99§. In the original VM2 model 20.0 20.5 21.0 21.5 22.0 22.5
the thickness of the lithosphere was prescribed to 120.6 km; log10(n)

this was however reduced to 90 km reltier et al.(2009 Figure 1. Viscosity profile VM2 (black line) used in the ICE-5G

.to bgtter fit GIA data from the British Isles, AS,dISpl,aye_d reconstruction and optimal two-layer viscosity range (grey regions)
in Fig. 1 the VM2 model resolves the mantle viscosity in ¢,,,nd in the ANU reconstruction.

several layers; howeveZhao et al.(2012 found that the
GPS in Fennoscandia alone can only resolve three layers: the
lithosphere, the upper mantle and the lower mantle. Simi-added byLambeck(1993 1999, and the Fennoscandian Ice
larly, Paulson et al2007) found that gravity data (GRACE) Sheet was modified ihambeck et al(1998.
and RSL data from Hudson Bay, Canada, can also only re- The latest ANU model was presentedlimmbeck et al.
solve two mantle layers. We therefore note that VM2 has(2010. This revision present a new reconstruction of the
a mean viscosity of about:610°°Pas in the upper mantle Fennoscandian Ice Sheet with exception for the Barents and
and about B x 10?1 Pas in the uppermost part of the lower Kara Sea region, where the solution frisambeck(1996 is
mantle (670-2000 km depth). used. A new reconstruction of the Laurentide Ice Sheet has
Peltier and Fairbank$200§ presented an extension of also been generatedgmbeck et al.2010 although not yet
ICE-5G to 120kyr BP, based on the assumption of a con-{published. For the period preceding the LGM, the reconstruc-
stant areal coverage up until the LGM and scaling the pre-ion is mainly controlled by available data on ice sheet mar-
LGM ice thickness by the SPECMAS*80 record byMar- gins and an assumption of ice sheet basal conditions equal
tinson et al(1987. In this study we use the extended version to those at the LGM. At times prior to 64 kyr BP the recon-
of ICE-5G (VM2), which is sampled on an approximately struction byLambeck et al(2006 is used. Loading of ice-
0.7° x 0.7° grid with a temporal resolution of 500yr from dammed lakes and marine limit data have been added to the
17 kyr BP to present, 1kyr between 32 and 17 kyr BP andcomputation and the density structure, and elastic parameters
2 kyr at earlier times. For simplicity we will in what follows of the earth are adopted from PREM (Preliminary Reference
refer to this model as ICE-5G rather than ICE-5G (VM2).  Earth ModelDziewonski and Andersqri981).
In the reconstruction the sea level equation is solved, con-
2.4 ANU strained by geological markers of ice sheet extent and RSL
data. As a starting model, ice thicknesses are computed from
The ANU model, also known as RSES, is best consideredsimple glaciological assumptions leading to analytical ex-
a collection of models of individual ice sheets, together com-pressions for the relation between the thickness, distance
prising a global model. As in the case of the ICE-x suite, thefrom the margin and basal shear streBatérson 1994,
ANU model has been developed in a series of papers, startingith basal stress determined from the reconstruction between
with Nakada and Lambedd 987, 1988 1989. However, in 23 and 21 kyr BP inLambeck et al(2006. The final so-
contrast to the ICE-x models, where the entire global modellution is obtained through a series of iterations involving
is updated, ANU has evolved from successive reconstrucfit to different parts of the constraining data set or intro-
tions of individual ice sheets. duction of new data while optimising either via a spatially
The first version used ICE-1 and ICE-2 for the Laurentide and temporally varying scale factor or via the earth model
and Fennoscandian ice sheets, constrained in the Barents apdrameters. Therefore, in addition to the ice sheet the re-
Kara Sea by the model byughes et al(1981), and a model  construction also produces an estimate of the thickness of
of the deglaciation of Antarctica were constructed based orthe lithosphere (65—100 km) and the viscosity of the upper
the work byHughes et al(1981), Drewry (1982 andWu and  and lower mantle beneath Fennoscandia (344%° and 5—
Peltier(1983. A regional model of the British Ice Sheet was 20 x 107! Pas respectively, Fid). This can be compared to
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the ICE-5G reconstruction, where the earth structure is as- [ky BP]
sumed known prior to the reconstruction. The spatial resolu- %2 60 50 40 30 20 10 0
tion of the model is 0.5in longitude and 0.25in latitude. In 1@ Volume 3
time the model is sampled on varying length intervals (450—«2 1 i
5000 yrs), capturing the timing of important changes in the =
evolution of the ice sheet. 2 :’ ]
0+ : : : ‘

3 Comparison of the ice sheet reconstructions 1 0) Areal extent oy re

] —ANU e
In this section we compare the three ice sheet reconstruc- | L4

tions directly, first in terms of integrated quantities such as
volume, area and mean thickness, after which we look more
closely at the details of the reconstructions at the LGM and 20> =2 ‘ ‘ 0
a few selected post-LGM snapshots. We will compare the 151 2
ice sheet reconstructions from 69kyr BP onward since theg o] /\\

X

UMISM model is less well constrained at prior times. =

: -2

0.5 F

3.1 Ice volumes, areal extent and thickness 0.0

d) Max.‘ thicknesg
A comparison of ice volume, areal extent, mean and maxi- E 3
mum thickness of the three ice sheet reconstructions is shown | <N\

in Fig. 2. Interms of volume and areal extent we see that both /’_/

ANU and UMISM display a period of small ice cover preced-
ing the LGM by some 13-16 kyr, while ICE-5G only displays ‘ ‘ ‘ ‘ ‘ \ 0
minor fluctuations in volume and nearly constant areal extent 69 60 50 4°k BP30 20 10 0
pre-LGM. The LGM in ICE-5G occurs at 26 kyr BP although Ly BP]

the decline in volume up until 21 kyr BP is only about 7% Figure 2. Temporal development df) ice volume,(b) areal ex-
while the areal extent over the same period is more or lessent,(c) mean thickness ar(d) maximum thickness of the UMISM
constant. In ANU and UMISM the LGM occurs at 21 and (red), ICE-5G (green) and ANU (black) ice sheet reconstructions as
18.2 kyr BP respectively, but we note that the maximum arealmplemented in this study. The simulations are started by linearly
extent occurs slightly earlier (21533 and 18 400yr BP r(_:‘_increasin_g the load fr_om_ 0 at 69 kyr BP to the sngpsho_t of ea_ch re-
spectively). In general, UMISM has the smallest areal eXtem;‘fonstructlon closest in Flme as ;hown by the unfilled circles in the
and ICE-5G the largest. During its two periods of extensive9U"¢: The non-zero thickness in ICE-5G from about 8 kyr BP un-
ice sheets, UMISM displays the greatest mean thickness o Iotrctf:r{]:ansstsofilta;?ilxg‘zaémn;;nlﬁz:gg smallice cover in the
the three ice models. As seen in Fjthe greatest thickness P va '

in UMISM occurs some 3.9 kyr after the LGM.

A notable difference between the reconstructions during ) ] ) )
deglaciation is a 2 kyr long hiatus in UMISM some 1.5 kyr af- CE-5G display double ice domes over Fennoscandia, with

ter the LGM. This is followed by very rapid deglaciation until ©ne of the domes approximately co-located with the present-

the Younger Dryas, at about 13 kyr BP, when the ice sheet inday centre of uplift. In ICE-5G the second dome is located
creases slightly both in volume and extent (F2yy. Neither ~ OVer the northern part of the Gulf of Bothnia, while in ANU

ICE-5G nor ANU displays the hiatus or the growth seen in it is located just north-west of lake Vénern, close to the bor-

UMISM, although the deglaciation rate is notably impeded in 97 between Norway and Sweden. To the north, ANU and
ANU from about 2 kyr prior to the Younger Dryas. In ANU ICE-5G show extensive ice sheets over the Barents and Kara

the deglaciation rate increases again after the Younger Drya$€as, whereas UMISM mainly shows ice coverage in an area
while in ICE-5G the deglaciation continues at an approxi- €St of Svalbard.

o
(km]

mately unchanged rate until the end of deglaciation. From Norway toward the British Isles, both ICE-5G and
UMISM have a connecting ice bridge, albeit thinner and
3.2 Ice sheets at the LGM wider in the case of ICE-5G. In ANU no such feature is seen

in Fig. 3, although a continuous ice sheet from Norway to
Snapshots of the Weichselian Ice Sheet reconstructions at thae British Isles exists in ANU between 29.5 and 27 kyr BP.
LGM can be seen in Fi. We see that the maximum thick- A notable thinning of ice in ICE-5G is seen across a NE-SW
ness in UMISM is centred over the Gulf of Bothnia, whereasdivide running parallel to the southern shoreline of Finland
the maximum thickness in ANU and ICE-5G, at their respec-down through south-central Sweden. Such a feature is ab-
tive LGM, is located slightly further south. Both ANU and sent in ANU and UMISM. Southeast of the divide, ICE-5G

www.solid-earth.net/5/371/2014/ Solid Earth, 5, 371388 2014
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a) ICE-5G (26 kyr BP) b) ANU (26 kyr BP) ¢) UMISM (26 kyr BP)
- - 7dl
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Figure 3. Ice sheet extent and thickness at 26 kyr BRPq LGM of ICE-5G), 21 kyr BP ¢—f, LGM of ANU) and 18 200 BP ¢—i, LGM of
UMISM) for ICE-5G (g, d andg), ANU (b, eandh) and the UMISM modelg, f andi). Bold font header indicates the LGM of respective ice
sheet reconstructiora(e andi). ICE-5G and ANU ice thicknesses at 18.2 kyr BP have been linearly interpolated from adjacent time frames
(16.5 and 20 kyr BP for ANU, 18 and 19 kyr BP for ICE-5G), while the extents have been inherited from the closest preceding snapshot.
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is significantly thinner than ANU and UMISM. At the LGM Table 1.Elastic material parameters and densities used in the earth
the ice edge is located slightly further inland over the Baltic models as derived from volume averages of PRBii¢wonski and
countries in ANU and ICE-5G than in UMISM, and west of Anderson1981).

Norway, ICE-5G extends further out with greater thicknesses

Depth Densit Young's Poisson’s

than ANU and UMISM. Layer (k’:n) s mis)y (Gpg) oo Rheology
3.3 Post-LGM ice sheets 1 15 2750 64 0.28 Elastic

2 50 3251 156 0.28 Elastic
The post-LGM ice sheets in the three reconstructions can be3 120-160 3378 170 0.28 Elastic
seen at three selected times in FgOver Fennoscandiathe 4 410 3433 182 0.28  Viscoelastic
areal extents of the ice sheets agree well, although the timing> 670 3837 263 0.28  Viscoelastic

6 00 4853 552 0.28 Viscoelastic

of the end of glaciation differs slightly, with ice-free condi-
tions at 10 100 BP in UMISM, 9650 BP in ANU and 8 kyr BP
in ICE-5G. The non-zero thickness of ICE-5G seen in Big.
from the end of glaciation and until present day is associatedtonstrain this study to the predicted uplift component of the
with a non-vanishing small ice cover in the northernmost partGIA process.

of Novaya Zemlya, Russia. Similar to the ice sheets at or just The central part of our FE model covers the formerly
prior to the LGM, we see that ICE-5G and UMISM have the glaciated Fennoscandian and Barents Sea regions, with
greatest thickness over the Gulf of Bothnia, whereas ANU@ resolution of 56«50 km horizontally, identical to that of
displays two local maxima further south. We also note thatUMISM. The sub-surface of the model is expanded to a half-
in the last stages of ice retreat, the ice has migrated into théPhere of radius about 10 times the central region using
mountains in UMISM, while in ICE-5G it is centred on the @ coarser mesh, and at the outer edges we apply semi-infinite

Bay of Bothnia and in ANU over inland northern Sweden. ~ €lements as outer boundary conditions. Material boundaries
in terms of density and elastic parameters are included at 15

and 50 km depth, at the base of the lithosphere and at 410
4 Glacial isostatic adjustment modelling and 670 km, using PREMDziewonski and Andersqri981)

volume averages as summarised in TdblBeveral test mod-
To model the GIA process we need two components: an ice|s have been run in order to check that our choice of outer
model and an earth model. Collectively we refer to these afboundary conditions as well as our averaging of PREM do
a GIA model. Combined with observational data, GIA mod- not affect the predictions of the model in the region of inter-
elling makes it possible to infer rheological properties of the est. In what follows we will only vary the thickness of the
earth, such as the thickness of the lithosphere and the viscogithosphere in the range 120-160 km and the viscosities of

ity structure of the mantle. However, since many ice modelsthe upper and lower mantle in ranges 1-600° Pas and
require an earth model for the reconstruction of ice thicknessj 0-500x 102° Pa s respectively.

the two are often not independent.

4.2 Ice sheet implementation
4.1 Earth model implementation

The ice sheet over Fennoscandia, the British Isles and the
Our GIA model is implemented in the commercially avail- Barents and Kara seas is implemented as a pressure source
able finite element (FE) code Abaqus, following the recipesin our GIA models. We transfer the spatial sampling of ICE-
of Wu (2004 and Schmidt et al.(2012. We use the 5G and ANU to that of the earth model by bilinear interpo-
incompressible flat-earth approximation and neglect self4ation. Thus the earth models loaded by different ice models
gravitation. Our implementation was benchmarke@pada  will use the same mesh, and for earth models with identical
et al. (2011, where it was found that the vertical displace- |ayering and material parameters the differences in predicted
ments and displacement rates agreed well with those ofjisplacements will only depend on differences in the load
spherical models including self-gravitation, thus confirm- history.
ing the findings by the previous study I8chotman et al. Each ice model is linearly ramped up from zero thickness
(2008. However,Schotman et a(2008 also found thatthe  at 69 kyr BP to the thicknesses in the reconstructions at the
horizontal displacement rates predicted by the flat-earth FElosest available snapshots in time after 69 kyr BP. During
model were generally larger than those predicted by an inthe simulations we assume linear growth and decay of ice
compressible self-gravitating spectral model, unless materiahicknesses between adjacent times, while the areal extent is
compressibility was included in the FE model. We thereforeassumed constant at the value of the closest preceding snap-
include material compressibility in our model. However, as shot. This assumption leads to a smooth evolution of the ice
we have not yet properly benchmarked our implementationsheet.
with respect to the predicted horizontal displacements and
displacement rates, we can not use these and will therefore
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Figure 4. Ice sheet extent and thickness at 16.5 kyr@Pc), 14 kyr BP (d—f) and 10.5 kyr BR(g—i) for ICE-5G (@, d andg), ANU (b, e

andh) and the UMISM modelq, f andi). Note that the ANU model at 10.5 kyr BP has been generated by linear interpolation in thickness
between the solution at 10910 and 10 274 yr BP, the extent of the ice sheet is inherited from 10910 yr BP, while the ice sheet displayed at
14 kyr BP is the snapshot at 13940 yr BP.
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To test whether or not excluding the ice history prior to
69 kyr BP affects the postglacial uplift, we have run two
suites of test models. In the first suite we run a series of A
models that only include the ice sheet reconstructions be-
tween present day and 21 kyr BP, 25 kyr BP, 30 kyr BB,

60 kyr BP. In each run we assume initially ice-free conditions
and linearly ramp up the ice thicknesses from 0 thickness tg’0" 1
that given by each reconstruction over a period of 1 kyr. In the
second suite we assume an earth model in (close to) isostatic
equilibrium at the LGM of respective reconstruction. Note
that we here use 21 kyr BP as the timing of the LGM in ICE-
5G. To achieve (close to) isostatic conditions, the earth mod-
els are loaded with the LGM ice sheets already at 68 kyr BP
(linearly increased from 0 at 69 kyr BP), after which the ice
sheets are held constant until the onset of deglaciation at the
LGM. Both test suites are combined with earth models witha
120 km lithospheric thickness and uniform mantel viscosities®0 |
in the range 10-6& 10°°Pas.
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4.3 Observational data

We compare the predicted displacement rates from our GIA
models to present-day Bifrost GPS data (Fyprocessed ) £
by Lidberg et al.(2010 in the ITRF2005 reference system ) Aa
(Altamimi et al, 2007). The objective of comparing the pre- >
dicted uplift rates to observational data rather than perform-
ing a direct inter-comparison between the predictions of theFigure 5. Present-day uplift rates in Fennoscandia as measured by
different reconstructions is twofold. Firstly this allows quan- GPS in the Bifrost project as processedigiberg et al.(2010.
tifying the uplift rates of each choice of earth model param- Triangles mark the location of the GPS stations; circles abbreviated
eters by a single number, hence making it possible to easil;‘/",“h a,b qnd ¢ show locations at which predicted uplift curves are
present and analyse the response of a large range of earfirPlayed in Sect.4
models. Secondly this allows for a reasonable criteria to se-
lect a limited subset of earth models for which a more de-
tailed comparison of uplift histories and residual velocities
may be of interest.

The uncertainties of the vertical component in thaberg
et al.(2010 data are in the range 0.15-0.83 mm¥yfmean
0.34mmyr1). A prior processing of the Bifrost data in the

A
A

-
ou

on the fit in parameter space we can then single out a limited
subset of earth models for which more detailed comparison
of predicted uplifts and uplift rates are of interest.

The fit of the model predictions to the GPS data is com-
puted using the normalised chi-squared value

ITRF2000 reference framéltamimi et al, 2002 was pre- 1 & mod obs\ 2
sented bylLidberg et al.(2007). The two realisations differ XUZ _ Z Vi Y ’ @
by up to approximately 1 mmyt in the vertical compo- N-M= o

nent, with generally greater velocities in the more recent pro-

cessing. As the major difference between the two solutiongvherev™d andvPS are the vertical velocities predicted by
is the choice of reference frame (ITRF2000 vs. ITRF2005),the model and observed by GPS respectivelyare the un-
this indicates that the uncertainties in reality are of the or-certainties of the observed velocities, is the number of
der of 1 mmyr? due to the reference frame realisatihid¢ data points and/ the number of free parameters in the GIA
berg et al. 2010. We also note that previous studies (e.g. model (in this study the lithospheric thickness and the mantle
Wu et al, 201Q Zhao et al. 2012 have used significantly  viscosity).

larger uncertainties than the ones presentdddberg et al.

(2010. Here we will simply use the uncertainties given in

Lidberg et al.(2010 as our aim in using the Bifrost data is

not to define optimal ranges for the earth model parameters

but as a familiar mean of characterising the predicted uplift

rates by a single number, allowing for a simple visualisation

and interpretation in the earth model parameter space. Based
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5 GIA model predictions Table 2. Parameters for the earth models that best fit the Bifrost ver-
tical velocities, from Fig7, for all three ice sheet reconstructions.

5.1 Impact of the pre-LGM ice history on present

day uplift rates LT Num Nm
yHp Ice km) (PPas) (18Pas) b
To evaluate the impact of the pre-LGM ice history on the ANU 120 10 100 16.66
present-day uplift rates, we compute thg fit (Eq. 1) be- UMISM 120 30 70 13.22
tween uplift rates computed using perturbed ice reconstruc- ICE-5G 160 20 150 13.03

tions (described in sectioh?) and uplift rates computed us-
ing the full reconstructions back to 69 kyr BP. We use uplift

velocities predicted at the location of the GPS stations in therates enerally increase with decreasing lithosoheric thick-
Bifrost network (see Figh) assumings = 0.34, equal to the 9 y 9 P

mean vertical uncertainty in the Bifrost datsidberg et al ness. We further find that for identical earth models, ICE-5G
2010. A perturbation to an ice history resulting ir1x§ of 1 predicts the highest present-day uplift rates over the previ-

or less can then be interpreted as not resolvable by the Cur(?USIy glaciated regions while ANU predicts the lowest.
rent Bifrost data. For simplicity we only use earth models 53 Residual velocities
with uniform mantle viscosity. The results are summarised

in Fig. 6. . _ . . ~ Figure8 shows the residual velocities after subtraction of the
For a mantle viscosity of #8 Pas we find that the ice his- pjift rates predicted by the best-fit earth models for each
tory prior to 25 kyr BP in all the reconstructions does not af- jce sheet from the observations. We find that ANU under-
fect the current uplift rates enough fon of more than 1. predicts the uplift rates at most stations with the exception of
Ifinstead a mantle viscosity of 6 10°* Pas is used, changes  stations in central Sweden and Northern Denmark. UMISM
in the ice history more recent than 40kyr BP for UMISM gyer-predicts the velocities in an approximately east-west-
and 50 kyr BP for ANU or ICE-5G may result i} greater  oriented band stretching from southernmost Finland and the
than 1. From Figéb we find that the assumption of isostatic gatic states through southern Sweden, southernmost Nor-
equilibrium at the LGM is not valid for ANU or UMISM if  \yay and Denmark, with the greatest over-prediction occur-
the mantle viscosity is #9Pas or greater. For ICE-5G the ring over eastern Denmark—western Sweden. In the north-
assumption can be accepted for mantle viscosities up to s parts of Norway, Sweden and Finland UMISM under-

proximately 3x 10°* Pas. predicts the uplift rate. ICE-5G is found to over-predict the
. _ velocity over more or less all of Finland, southern Sweden
5.2 Predicted present-day uplift rates and Denmark, while under-predicting the velocities in central

to northern Sweden and more or less all of Norway. Common

Figure7 displays they? fit of the uplift rates predicted by g all reconstructions is an under-prediction of the velocities
each reconstruction to GPS data as a function of viscosityyt the stations south of Denmark and in the British Isles.
of the upper and lower mantle for lithospheric thickness in - Gjven the viscosity bifurcation seen in misfit plots of
the range 120-160 km. We find that only the misfit plots of ymiSM and ICE-5G the residual velocities displayed in
ANU display a simple region of well-fit earth model parame- Fig. 8 may not be representative for the full parameter range
ters. For UMISM and ICE-5G the misfit plots instead display of well-fit earth models. We therefore select a few more
a doughnut-shaped region of good fit, with poorer fit at theye||-fitting earth models to study for these two reconstruc-
centre and outside this region. This is a bifurcation in the op-tjons (see Fig7). Figure9 displays the residual velocities of
timal viscosities in the sense that, given a fixed viscosity inymisM and ICE-5G for three different, but to GPS data well
the lower mantle, the fit to the GPS data may be optimisedit earth models. Although the details differ at individual sta-
for two different upper-mantle viscosities, and vice versa. tjons, the general trends observed for the best-fit earth models

The best fit among the tested earth models for each rep Fig. 8 are also seen for each of the earth model shown in
construction are presented in Talleand marked by yel-  Fig. 9. In fact, extending the selection of models to all well
low circles in Fig.7. We note that for ANU the misfits de- it models (not shown here) confirms that the observed trends

creases with decreasing lithospheric thickness. For UMISMgre robust features of the reconstructions as implemented in
and ICE-5G the minimum misfit changes by very little over oyr GIA model.

the tested range of lithospheric thickness, but we observe that
the viscosity bifurcation becomes more pronounced with de5.4  Postglacial uplift curves
creasing lithospheric thickness.

Analysing the predicted velocities we find that earth mod- Figure 10 displays uplift curves since 10 kyr BP for all GIA
els with viscosities of about 28Pa s in the upper mantle and models presented in Fig8and9 at three selected sites from
about 7-10< 10?1 Pa s in the lower mantle predict the great- Tromsé in northern Norway through Angermanalven in Swe-
est present-day uplift rates. In addition we see that the uplifiden and close to the uplift centre to Blekinge in southern
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a) Initially ice—free conditions

381

b) Isostatic equilibrium at LGM
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Figure 6. Fit of uplift rates predicted by perturbed ice sheets models to uplift rates predicted by unperturbed (aptitdsgels assuming
ice-free conditions up until 1 kyr prior to the time indicated by the time axis in the figure, followed by a 1kyr linear increase to the ice
thicknesses in the ICE-5G (green), ANU (black) or UMISM (red) reconstructions. Dashed lines display results for models with a mantle
viscosity of 6x 10?1 Pass, and solid lines for models with a mantle viscosity di1Fa s.(b) Models assuming isostatic equilibrium prior

to the LGM in ICE-5G (green, 21 kyr BP), ANU (black, 21 kyr BP) and UMISM (red, 18.2 kyr BP). All earth models have a lithospheric
thickness of 120 km.
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Figure 7. XE fit to the vertical displacement rates of the Bifrost
data for GIA models using the ANU (upper row), ICE-5G (middle

row) or UMISM (lower row) ice sheet reconstructions, as a func-

tion of upper-mantle and lower-mantle viscositiegrg and njm)

and thickness of the lithosphere of 120 km (left column), 140 km

(middle column) and 160 km (right column). Tiny “x"s mark the lo- 3 . A
cations of tested parameter combinations, yellow circles mark theeXtent of the ice sheet at different times; however the data

locations of best-fit models and yellow triangles mark the locationSets used only partly overlap. Whereas UMISM is driven
of the UMISM and ICE-5G models compared in F&g.
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Sweden (see Figh). For the best-fit models we find that
UMISM and ICE-5G predict comparable uplift curves at
both Troms® and Angermanélven, while at Blekinge the up-
lift curve predicted by UMISM is almost twice as steep as
the uplift curves predicted by ICE-5G and ANU. The uplift
curves of the best-fit ANU model are further found to be sig-
nificantly steeper at Angermanélven but less step at Tromsé
than those of UMISM and ICE-5G.

Comparing the uplift curves for similar earth models
loaded by UMISM and ICE-5G (Figl0d—e) we find that
at Angermanélven similar earth models give rise to simi-
lar uplift curves generally differing by less than 10m. At
Tromso and at Blekinge on the other hand the uplift curves
generally differ by more than 15 m. ICE-5G further predicts
steeper uplift curves at Tromsé than UMISM, whereas at
Blekinge, UMISM predicts steeper uplift curves than ICE-
5G, given similar earth models. Interestingly, the uplift curve
of ICE-5G steepens with increasing upper-mantle viscosity
at Blekinge. This is in contrast with the behaviour of the up-
lift curve at all other sites for both ICE-5G and UMISM as
well as for UMISM at Blekinge (note that the apparent steep-
ening of UMISM at Tromsd in Figl0d vanishes if the vis-
cosity of the lower mantle is increased to 8A0°°Pas.).

6 Summary and discussion

The three ice sheet reconstructions studied here display both
differences and similarities. Common to all three models are
the use of dated ice-marginal positions in constraining the

by palaeo-climatic data and focuses on physically viable ice
sheet dynamics, ANU and ICE-5G focus on matching post-
LGM RSL data by adjusting the thickness of the ice sheet.

Solid Earth, 5, 37888 2014
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Figure 8. Residual vertical Bifrost velocities after subtraction of the best-fit earth models of ANU (left), UMISM (middle) and ICE-5G
(right). Positive residuals (green colours) show where the reconstructions under-predicts the present-day uplift, whereas negative residuals
(blue colours) show regions of over-predictions. Red triangles indicate the location of the stations in the Bifrost network.
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Figure 9. Residual vertical velocities after subtraction from the Bifrost observations of selected well-fitting uniform viscosity models of
UMISM (upper row) and ICE-5G (lower row). Negative residuals (blue colours) indicate too-fast predictions. Earth model parameters are
shown in the legends. Also shown are observed (yellow vectors) and predicted (red vectors) horizontal velocities, the latter adjusted by a rigid
rotation as explained ihidberg et al.(2007).
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Figure 10.Relative displacements at Tromsd, Norway (top); Angermanélven, Sweden (middle); and Blekinge, Sweden (bottom), predicted
by the best-fit two-layer models (left panel) and selected well-fit models (right panel). The legends show lithospheric thickness, LT, in km
and viscositiesy, in units of 19 Pas.

Although both ANU and ICE-5G are based on the solutionfrom at least 50 kyr BP needs to be taken into account, for
of the sea level equation, differences, especially the pre-LGMall reconstructions (Figea). The start of our simulations at
constraints, have resulted in significant differences betwee®9 kyr BP is therefore sufficient for the range of viscosities
the two reconstructions at pre-LGM times. As both of thesestudied here.
reconstructions have been optimised against RSL data, this The style of deglaciation in UMISM differs notably from
indicates that RSL data alone may not be sufficient to con-ANU and ICE-5G, Fig2. Specifically, the initially increas-
strain the earlier history of the Weichselian Ice Sheet. ing mean thickness during periods of deglaciation indicates
The importance of the pre-LGM ice sheet on the presentthat the ice sheet melts preferentially from the edges inwards
day uplift rates increases with increasing mantle viscosityin UMISM, whereas the correlation between mean thick-
but also depends on the details of the reconstruction @rig. ness, ice volume and extent in ANU and ICE-5G indicates
Whereas the assumption of isostatic equilibrium at the LGMthat the ice melts more or less uniformly over the ice sheet
may be reasonable for ICE-5G with its massive pre-LGM in these reconstructions. From about 40 kyr BP up until the
ice sheet, it will not be valid for UMISM or ANU, where LGM, UMISM and ANU display similar evolutions in terms
the ice sheet grows from almost ice-free conditions at aboubf integrated characteristics such as volume and areal ex-
34 kyr BP up until the LGM (Fig2) unless the mantle vis- tent (Fig.2). However, the fit of the uplift rates predicted by
cosity is less than PdPas. To investigate the response of UMISM to the Bifrost data is more similar to that of ICE-
a mantle with a viscosity of & 10?1 Pas, the ice history 5G. This is mainly caused by the about 2.8 kyr later LGM in
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UMISM than in ANU, resulting in greater present-day up- ownv*(r) and corresponding®*(¢), potentially giving rise to
lift velocities in UMISM and therefore predictions closer to a bifurcation in the optimal viscosity of each layer as seen in
those of the more massive ICE-5G. the ICE-5G and UMISM misfit plots. In the ANU case the
Despite a fundamentally different approach used in thepredicted present-day uplift rates are very close*tgmow).
reconstruction, UMISM can fit present-day uplift rates in The above analyse is valid for all stations well within the re-
Fennoscandia as well as both ANU and ICE-5G. It is there-gion that was once covered by the Weichselian Ice Sheet. In
fore not feasible to claim one reconstruction to be more sucfact, plotting the misfit at single stations yields the same vis-
cessful than the others in reproducing the GIA observationgosity bifurcation as seen in Figfor all stations located well
we have used herein. However, based primarily on physicalnside the LGM extent of the ice sheets, whereas at stations
principles rather than inversion of GIA data, the UMISM re- close to or outside the LGM margins display a more complex
construction is bound to evolve as a real ice sheet (within thamisfit field. As the uplift rate is of greater magnitude beneath
limits of the modelled physics), which is not the case for thethe former ice cover, the misfit at stations located here will
ICE-5G or the ANU reconstructions. In addition, the mod- also dominate the total misfit plot.
elling of the earth response is handled in a simplified way in  Given identical earth models, ICE-5G in general predicts
UMISM. This indicates a slightly lower degree of coupling the fastest present-day uplift rates and ANU the slowest.
between the earth and the ice model than offered by ICE-5GAnalysing the residual velocities for well-fitting earth mod-
and ANU, as the reconstruction in these latter two modelsels, with emphasis on trends independent of the earth model,
largely rests on a more realistic modelling of the earth re-we find that improvements can be made in all three recon-
sponse. structions. In particular, we find that ICE-5G tends to over-
The viscosity bifurcation seen in the misfit plots of ICE- predict the velocities over Finland whereas ANU tends to
5G and UMISM (Fig.7) are not unique to this study. A sim- under-predict them (Fig and9). Although inspection of the
ilar feature can be seen in the misfit plotsSteffen et al.  respective ice sheet thicknesses shows that the post-LGM ice
(2010 andLidberg et al.(2010, as well as possibly hinted sheet in ANU is relatively thin over Finland while ICE-5G
at in the misfit plots inMilne et al. (2004. The doughnut-  displays a thick ice coverage over Finland, stretching well
shaped region of well-fitting models can be readily under-into westernmost Russia (Fig), this may not be the sole
stood from a simple model of postglacial uplift. During the explanation. Also the post-LGM ice sheet in UMISM is rel-
rebound process, the vertical displacemantin a formerly  atively thick over Finland and western most Russia (B)g.
glaciated region can be described by a function on the formyet the predicted uplift velocities in Finland lies in between

(e.g.Turcotte and Schuber2002 those predicted by ANU and ICE-5G (Fif). Common to
; UMISM and ANU is instead a continuation of the ice thick-
w(n,t) = Wexp(——), 2 ness south of Finland, whereas in ICE-5G a clear divide is
An seen along the southern border of Finland, with great ice

whereW is a constant proportiona| to the maximum depres-thiCknesses to the north and thin ice to the south. Further,
sion andA is a site-specific constant. The vertical displace- the centre of the ice sheet in both UMISM and ANU mi-

ment rate is then given by a function of the form grates westward in the last stages of the deglaciation phase,
whilst in ICE-5G the centre stays more or less fixed over the
= __ W exp(_ . > . (3)  Gulfof Bothnia. Itis therefore likely that ANU would benefit
dr An An from greater post-LGM thickness to the east whereas ICE-

5G would benefit by slightly reduced thicknesses over inland
Finland, greater post-LGM thickness over the southern half
of the Baltic Sea and the western shores of the Baltic states,
n (1) = L. (4) as well as a westward migration of the ice centre in the fi-
A nal stages of deglaciation. UMISM generally over-predicts
The equations above show that at any given timthere ex-  the velocities over Denmark and southern to central Sweden;
ists a viscosityy*(t), that will give rise to the greatest uplift similar trends can also be seen in ANU and ICE-5G. This
rate,v*(¢). If however the actual viscosity is either higher or may indicate that the centre of mass in all three reconstruc-
lower thann*(¢), the uplift rate will be smaller than* (7). tions at the LGM and onward is placed slightly too far south.
The time dependence af (¢) is a reflection of the fact that The trends we have identified here apply to a wide range
a low-viscosity earth will rebound fast, with the rebound ve- of earth model parameters that yields uplift rates in rea-
locity decaying fast with time. In a high-viscosity earth the sonable agreement with observed present-day uplift rates in
initial rebound velocity is small, but the decay with time is Fennoscandia and are therefore robust features of the ice
slow. With time, the rebound velocity in a low-viscosity earth sheet reconstructions as implemented in our GIA model.
will therefore become smaller than the rebound viscosity inHowever, it should be noted that we do not include the
a high-viscosity earth, subjected to an identical loading his-ocean load from the melting glaciers, and this may affect our
tory. In a multilayer model each viscous layer will have its conclusions. Further, several studies using different methods

This function has a maximum velocity;(¢), at a viscosity
of
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have shown that the lithospheric thickness changes fronor ICE-5G, where the ice sheet thickness has been optimised
great thicknesses in the old cratonic parts in the east to #o yield postglacial uplift curves in accordance with observa-
thinner lithosphere in the younger western part (BPérez- tions. We find that while the characteristics of the UMISM
Gussinyé and Watt2005 Priestley and MKenzie 2006 reconstruction is more similar to ANU, the overall fit of the
Artemieva and Thybo2008. It is therefore to be expected predicted present-day uplift rates to the Bifrost data is more
that also the GIA process will "see" an approximately east-similar to ICE-5G. ANU yield a relatively well constrained
west variation of the lithospheric thickne¥ghitehouse etal.  best-fit model when compared to observed present-day up-
(2006 showed using the previous version of ANUafn- lift rates. However, both ICE-5G and ANU bifurcations in
beck et al. 1999 that this will result in reduced uplift rates the optimal upper- and lower-mantle viscosity give rise to
over Finland and central Sweden, while the uplift rates in-a range of well-fitting models. In general, though, with iden-
crease in northern Finland, Norway, Denmark and the Baltictical earth models, the present-day uplift velocities predicted
states. Although not shown here we can confirm these genby UMISM are smaller than those predicted by ICE-5G but
eral trends for all three reconstructions used in this study (forgreater than ANU predictions. Given the large difference be-
UMISM seelund et al, 2009, but we note that the effect tween ICE-5G and ANU ice sheets it is clear that there exists
diminishes with increasing mantle viscosity. Thus a later-a large freedom in reconstructing the Weichselian Ice Sheet
ally varying lithosphere may at a first glance seem to coun-based on an optimisation to observational RSL data. We find
teract the over-predictions seen for ICE-5G in Finland andthat improvements can be made to all three reconstructions to
the under-predictions in central Norway; however it would better fit the observed present-day uplift rates. More specif-
enhance the over-predictions seen in northern Finland anétally, the post-LGM ice sheet in ANU would benefit from
northern Norway as well as in Denmark. Similarly, regions greater thickness to the east, while the post-LGM ice sheet in
can be found for both UMISM and ANU where a lateral vari- ICE-5G would benefit from reduced thickness over Finland,
ation in the lithospheric thickness would either improve or increased thickness over the southern half of the Baltic Sea
degrade the fit of the predicted uplift rates. Lateral variationsand the western shores of the Baltic states and a westward
in the lithospheric may therefore also affect our suggestednigration of the ice centre in the final stages of deglaciation.
improvements to the ice sheet reconstructions. In addition, in all three reconstructions, the mass centre of
While the fit of the predicted uplift rates to the Bifrost the ice sheet appears to be located slightly too far south from
data fails to single out a “best” ice reconstruction, compar-the LGM and onward. These suggested improvements may
ison of predicted uplift curves indicates that inclusion of however be affected by our neglect of the ocean load as well
data measuring the past uplift (e.g. RSL data) may resolveas our assumption of a uniform lithospheric thickness.
this (Fig.10). Further, comparing the uplift curves of similar
well-fit earth models for UMISM and ICE-5G indicates that
also the viscosity bifurcation observed in the uplift misfits AcknowledgementsThe authors thank Kurt Lambeck for giving
may be resolved by inclusion of such data. Unfortunately, adls access to the latest ANU recor_lstructloh of the _Welchsellan
our current GIA model does not solve the sea level equatio ce Sheet. We further thank the reviewers Pippa Whitehouse and
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ICE-5G correlate well with differences in the ice sheet from tne Bifrost data. Hans-Georg Scherneck is also acknowledged for
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7 Conclusions Smith, 1991).

We have compared a thermo-mechanical ice sheet reco gpecial Issue: “Lithosphere-cryosphere interactions”
P r]Edited by: M. Poutanen, B. Vermeersen, V. Klemann, and C. Pascal

struction, UMISM, to two reconstructions based on the rel-
ative sea equation, ANU and ICE-5G, and commonly used
in GIA modelling. We find that given appropriate earth mod-
els the predictions by UMISM fit observational data equally
well as the predictions by ANU and ICE-5G. Although it is
not possible to claim one model better than the others in re-
producing the present-day uplift rates, UMISM has the ben-
efit of being based on thermo-mechanical modelling and is
therefore a more physically viable reconstruction than ANU
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