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SUMMARY

The choice of the physical model of postglacial rebound plays a decisive role to derive infor-
mation about the mantle rheology and viscosity from observed data. In models for the mantle
rheology, an incompressible Maxwell material is often assumed in spite of seismic observa-
tions showing that the Earth’s mantle is composed of compressible material. In this study,
in order to assess the influence of compressibility on glacial isostatic adjustment (GIA), the
spectral-finite element approach proposed by Martinec is extended to incorporate the effect of
compressibility. Using this approach, the present-day velocity field is computed for Peltier’s
ICE5G/VM2 earth-model/glaciation-history combination considering the sea level equation in
the formulation of Hagedoorn et al. The results show that the effect of compressibility on the
vertical displacement rate is small whereas the horizontal rates are markedly enhanced. For
example, the rate around Fennoscandia and Laurentide becomes twice as large when com-
pressibility is considered. This large difference between the compressible and incompressible
models can be reduced by adjusting the elastic rigidity of the incompressible model so that the
flexural rigidity becomes approximately the same as that in the compressible model. However,
differences of ~1 mmyr~! still remain for wavelengths longer than 8000 km. These findings
show that when modelling horizontal motion induced by GIA, the influence of compressibility
cannot be neglected.

Key words: Transient deformation; Global change from geodesy; Glaciology; Tectonics and
climatic interactions; Dynamics of lithosphere and mantle; Rheology: mantle.

1 INTRODUCTION

Advances in space-geodetic observation systems such as GPS and GRACE have provided us with surface velocities and gravity data of
unprecedented accuracy (Beutler ef al. 2005). The interpretation of these data needs the separation of different contributions from the
atmosphere, hydrosphere, cryosphere and solid Earth. The main contribution of the solid Earth from regional to global scales is associated
with ongoing glacial isostatic adjustment (GIA) and the current ice-mass changes (Peltier 1998). It is well known that postglacial rebound
can be viewed as the viscoelastic response of the Earth to a surface load. The demand on precise correction models for GIA motivates the
improvement of rebound models considering different aspects of the mechanical and rheological behaviour of the solid Earth (e.g. Wu &
Peltier 1982; Wolf 1985; Sabadini et al. 1986; Wolf 1991, 1994; Vermeersen et al. 1996; Kaufmann et al. 1997; Vermeersen & Sabadini
1997; Kaufmann & Wolf 1999; Tromp & Mitrovica 2000; Wolf & Kaufmann 2000; Martinec et al. 2001; Wolf & Li 2002; Steffen et al.
2006). There, the aspect of considering compressibility has been one issue for modelling postglacial rebound. Seismic observations show
that the Earth’s mantle is composed of compressible material (e.g. Karato 2003). Many theoretical studies have discussed the effects of
compressibility so far (e.g. Wolf 1985, 1991; Vermeersen ef al. 1996; Wolf & Li 2002; Klemann et al. 2003; Tanaka ef al. 2009). However,
a standard strategy for the implementation of the effect of compressibility in GIA is not yet accepted. In most GIA models, compressibility
is often neglected (i.e. the kinematic constraint of divu = 0, where u is displacement, has been imposed) or approximated (e.g. Wolf 1991;
Klemann et al. 2003; Wang et al. 2008), because of the following two problems (e.g. Han & Wahr 1995; Plag & Jiittner 1995).

The first problem is associated with the numerical handling of eigenmodes which appear in the presence of compressibility. The
traditional approach to compute a viscoelastic relaxation, which has been used since Peltier (1974), is a normal mode method based on
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an eigenmode expansion in the Laplace domain (e.g. Wu & Peltier 1982; Tromp & Mitrovica 1999). When compressibility is considered,
denumerably infinite sets of modes appear in addition to the usual relaxation modes, which complicates the determination of the closed set
of eigenmodes by numerical methods (e.g. Han & Wahr 1995).

This problem can be avoided by numerical approaches performed in the time domain such as an initial value technique (Hanyk et al.
1998; Martinec 1999) and a finite-element method (e.g. Wu 1999; Zhong et al. 2003; Steffen et al. 2006; Wu & Wang 2008) or a numerical
inverse Laplace integration method (Tanaka et al. 2009). For a 1-D spherically symmetric model, Tanaka et al. (2009) shows theoretically that
the effect of compressibility on the load Love numbers are detectable by current space techniques. For an earth model with a small number
of layers, an analytical approximation method (Vermeersen et al. 1996) can also be used to evaluate these eigenmodes.

The second problem is associated with the choice of a reference-state model (e.g. Plag & Jiittner 1995; Hanyk et al. 1999). When
compressibility is considered in a self-gravitating stratified earth model which violates the Adams—Williamson condition such as PREM
(Dziewonski & Anderson 1981), modes with positive eigenvalues appear on timescales longer than geological ones (Vermeersen & Mitrovica
2000). This problem remains even if the above numerical approaches are employed (Hanyk ef al. 1999; Tanaka et al. 2009). Vermeersen
& Mitrovica (2000) show that these physical instabilities are of no influence when modelling GIA because their timescale is by orders of
magnitude larger than the glaciation process, and so, their influence can be neglected with confidence. In Tanaka ef al. (2009), the instability
modes are included in order to keep the consistency between the elastic response computed with their method and a result by a time-domain
approach. This takes the same position as in Plag & Jiittner (1995), who mentioned that the linear theory is valid on timescales shorter
than the growth of an instability. Theoretical studies dealing with the instability modes are still continued (e.g. Cambiotti & Sabadini 2009).
In addition, when using the normal mode method, a numerical instability associated with matrix inversion can arise in computations of
viscoelastic deformation for long-time period (see Section 3.3).

On the other hand, the effect due to lateral heterogeneities has also become an important factor in the modelling of GIA, accompanied
with the development of global seismic and geodetic observation networks [e.g. Kaufmann & Wu (1998, 2002), Marotta & Sabadini (2004),
Wu (2005), Kaufmann et al. (2005) and Steffen er al. (2006) for half-space models and Latychev ef al. (2005), Wang & Wu (2006a,b),
Whitehouse ef al. (2006) and Klemann et al. (2007, 2008) for spherical models]. In this respect, a finite-element approach is superior in
that it allows handling strong lateral heterogeneities that cannot easily be treated by analytical methods (e.g. Wang 1991; Martinec & Wolf
1999; Zhong et al. 2003). However, extensive computational cost is required when setting up a 3-D finite-element mesh for global modelling.
Hence, in most finite-element computations, a half-space model is employed to model local deformations and self-gravitation effects are
treated approximately.

In this paper, we generalize the rheological model adopted in the spectral-finite element method of Martinec (2000) to a compressible case
[note that the meaning of the term ‘spectral’ used here is different from that used in well known spectral-element methods (e.g. Komatitsch
& Tromp 2002; Chaljub et al. 2003; Métivier et al. 2006)]. The characteristics of this approach are (1) an initial-value method in the
time domain is employed and (2) finite elements are introduced in the radial direction only and the horizontal dependences are treated by
tensor spherical harmonics. Applying a time-domain approach, we avoid to identify a large set of eigenmodes in the Laplace domain that
originate from a realistic earth model structure like PREM. Introducing 1-D finite elements, discontinuities in the radial direction in the
Earth structure can easily be treated, compared to the normal mode method based on integration or propagation techniques. Using spherical
harmonics representing the deformation over the entire sphere allows us to consider self-gravitation effects naturally with less expensive
computational costs than cases when using 3-D finite elements. It has been pointed out that computational methods based on a spherical
harmonic development is subject to the problem of mode coupling when handling sharp lateral viscosity variations (Wu 2002, 2004). The
weak formulation in the presented approach (Martinec 2000) partly suppresses the effect due to mode coupling because viscosity is prescribed
as piecewise constant and usually taken as a value in the middle of a discretization interval in lateral direction. This acts as a certain type of
filtering of high frequencies in lateral direction.

The paper is structured as follows. In a first step, we present the spectral-finite element representation in which the effect of compressibility
is incorporated. The effect of compressibility is treated without an approximation. The representations are derived for 1-D and 3-D viscosity
models. In order to keep the model comparable with results by alternative methods, we apply the presented method to a spherically symmetric
model only and leave applications to a 3-D model for a further study. Moreover, we will not focus on resolving the problem of the instability
modes, namely, the influence of these modes are included in computational results shown, as in other numerical approaches (e.g. Hanyk ef al.
1999; Tanaka et al. 2009). In Section 2, we present the mandatory changes that have to be applied to the theory of Martinec (2000) and refer
that for the complete expression of the theory. In Section 3, computational results obtained with the derived formulation are validated against
the results obtained with independent methods. In Section 4, the global pattern of present-day global displacement rate due to postglacial
rebounds is discussed by comparing forward modelling of compressible and incompressible earth models. Here, we emphasize the need for
correcting the flexural rigidity of the elastic lithosphere.

2 FORMULATION

To avoid redundancy, during the presentation of the theoretical formulation, only the differences due to introducing compressibility are shown.
For convenience, eq. (I-#) denotes eq. (#) in Martinec (2000).
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2.1 Governing equations and boundary conditions
The momentum conservation and the Poissons’s equation for viscoelastic deformation of an initially hydrostatically pre-stressed self-gravitating

sphere are given as

divt — pogradeg; + div(pou)gradgp, — grad(pou - gradgy) = 0, 1)

V2, + 4 Gdiv(pou) = 0 2

(e.g. Dahlen 1974) (the same as eqs I-1 and 1-2), where u, ¢, T and G represent the displacement, the gravity potential increment, the stress
tensor and Newton’s gravitational constant, respectively, po = po(r) is the initial density, 7 is the radial distance from the centre of the Earth.
The hydrostatic and the perturbed states are expressed by the subscripts 0 and 1, respectively. The constitutive equation for Maxwell rheology
(Hanyk et al. 1995) can be represented as

1
i=if K (r - —trrI) , 3)
n 3
78 = A(diva)I 4 2pe, (4)
1
€= E(gradu + grad™w), (5)
1 . 2 .
gtrr = Kdivu = (A + gpl.) divu, (6)

where € represents the strain tensor and A = A(r), u = u(r), K = K(r) and n = n(r) are Lame’s constants, the bulk modulus and the
dynamic viscosity, respectively. The boundary conditions for surface loading are the same as in the incompressible case (eqs I-6-1-11). The
deformation is solved for a spherical shell confined by the core—-mantle boundary (CMB) and the Earth’s surface.

In the incompressible case, the divergence-free constraint (divu = 0) and the parametrization for the pressure increment (IT = Adivu as
A — 00 and divu — 0) are considered in addition to the above equations (e.g. Wu & Peltier 1982). As a result, %trr in eq. (3) and Adivu in
eq. (4) are replaced by IT (eqs [-3-1-5).

2.2 Time-differencing scheme

The time variation in the constitutive equation (eq. 3) is solved by applying an explicit Euler scheme of finite differences. Substituting eqs (4)
and (6) into (3) yields

TH—I — TE,i-H + TV'[, (7)
Vi i Vi—1 i i 2 (N i

=0 -M)t"" —2uM'e + g,uM (divu')I, (8)
v,0 0.0, 2 s

"= 2uM’€e + g,uM (diva”)I, )

M= %(tiJrl — ), (10)

where ¢ denotes the time at the ith time step with i = 0 being the initial instant. The dilatational terms in eqs (8) and (9) appear when
compressibility is considered (compare to eqs [-23-1-25).

2.3 Weak formulation and energy functional

In the weak formulation (Martinec 2000), the viscoelastic deformation is obtained which satisfies the variational equality at each time step.
The latter consists of the energy functionals associated with elastic deformation, self-gravitation and uniqueness of the solution and the linear
functionals associated with the viscous dissipation and the boundary conditions:

SEWT, ¢ T, Su, 8¢py, 8TT) = 8Epress(U ™!, T, Su, 8TT) + 8 pear(ui*!, Su)
+8Egra (W 1T, SU, 86h1) + SEunig(u' !, Su)

= 8 Fjiss(Bu) + 8 F L5 (Su, 8¢p1) (11)

(eq. I-47). In the compressible case, energy functionals related to elastic deformation can be written as

1 . . . :
£ = 3 [ @ eV = Sl ™) + Eualu' ), (12)
4
1 ) .
Epulk = 3 / A(diva TH(diva THd Y, (13)
v
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Eunear = / (et s e, (14)
|4

where the form of Ege,r is the same as for the incompressible case and the energy functional associated with the pressure, &y is replaced
by Epuik- The symbol: denotes the double-dot product of tensors. The variation of the bulk energy is written as

8Eu(u' ™!, Su) = / A(diva (divsu)d 7, (15)
vV
where du denotes a test function (eq. [-55). The variation of the dissipation term on the right-hand side of the variational equality,
8 F s (Su) = —/(rV’i 1 8e)dV (16)
v

(eq. I-45), is also modified due to the addition of the dilatational term in eq. (8). Here, d€ denotes the strain tensor evaluated for the test
function (eq. I-104). Using the representations of eqs (15) and (16), it can be shown that all governing field equations and the boundary
conditions are fulfilled by the variational equality for all test functions which are sufficiently smooth (Martinec 2000).

2.4 Spectral-finite element representation of the additional terms

The angular dependence of a solution (u, ¢) and a test function (8u, §¢,) is approximated by vector and scalar spherical harmonics (spectral
representation):

o
u(r, 0, ¢) = Z > [Um)85,70. ) + Vin()Si00. 9) + Win()S51(6. 9)].
J=0 m=—j

J
su(r, 0, ¢) = Z > [8Um ()8, (0. 9) + 8IS0, 9) + W0 (1S (0. 9)].

j=0 m=—j

0 J
G 0,0) =Y Y Fin()Yin(0, 9),

J=0m=—)j

(17
8¢1(r, 0, 9) = ZZS ()Y (0, 9),

=0 m=—j
where 6 and ¢ are colatitude and longitude, respectively, U, and ¥, denote the coefficients of the vertical and horizontal displacements for
the spheroidal component with degree j and order m and W, represents the toroidal component. The definition of these spherical harmonics
is given in appendix of Martinec (2000). According to the previous section, modifications due to the introduction of compressibility are
necessary only for §€, and 7", which are now decomposed by the tensor spherical harmonics and the radial linear finite elements. The
resulting parametrization of the variation of the bulk energy (eq. 15) can be written as

, v, 2U,, JVi.
d1vu=Z< dr’ + r’ - r’ )ij(Q,(p), (18)
jm
déU;, 28U J8Vim
div8u=2( dr’ + r’ - rf )ij(Q,go), (19)
jm
dU m 2ljm JVm ds U*m 28 U*m Jé V*m
asbulk—Z/ ( ! r] - r’ )( dr’ + r’ r»’ >r2dr, (20)

jm

where J = j(j + 1), asterisk indicates complex conjugate, and a and b are the radii of the Earth’s surface and the CMB, respectively.
Applying the finite element parametrization by the piecewise linear base functions (eq. I-72) to the radial dependency of displacement and
approximating the Lame’s constant A by piecewise constant functions, that is A(») = A, forr; <r <7, in a similar way as for u(r) (eq. I-75),
we obtain

o= XP: e kf: ki [ (1;“ +219) 215 + 41 ) e, sU”: 1)
Jm k=1 a=k p=k
+ (o1 = 2019 Us 8Vl (22)
+ (=019 = 2019) v 8D (23)
+ L V58V, 24)

where k and P are the index of a layer in the radial direction and the number of subintervals between » = b and a, respectively, and / 21;3‘4’6)

are given in appendix C of Martinec (2000).
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The representations for the time variation of the viscous part of the stress (eq. 8) are derived differently for the 1-D and 3-D cases. For
the 1-D case, T is expanded in terms of the tensor spherical harmonics Z;,, (for the definition see appendix B of Martinec 2000) as

6
Q) =) Y T )Z,(Q). (25)

Jjm n=l
The radial coefficients are approximated by finite elements as

1 ; :
,[th_Aln 7+B;€n/m1//k(r) l//I\Jrl(r)7

in
jm k/mh/ Cy
K

k,jm

(26)

where h; = riy1 — ry and ¥, and ¥, are the linear base functions for r, <r <r;.; (eqs [-108-1-109). The strain is expressed according
to eqgs (I-85) and (I-86) as

€r, Q) = Z Z ez, Z Z [ I b Wkr(r) + lﬂk?(i’)] z,. 27

jm n=1 jm n=1

The dilatational term can be written as

_ dui, 20, IV,
(divuHi =3 ( L . ) Yim(err + €95 + €4) (28)
jm

p
W 20 IV (g 1y
—Z 2 (2, - 52,). (29)

where e, ey and e, are the dyadics of spherical base vectors (Martinec 2000, appendix B). Substituting eqs (25)—(29) into eq. (8), we have

A;cy}m A;r jlmn al’c’ jm(ui)
Bl | = (L= M) | By | = 2mMp | B, (0)
Cll\'.f;'m Cll{ /'lmn ck,jm (ll )
a, . (W
2 (v) (30)
+§/»LkM1(R bk,jm (ll’) ’
C}c,jm (ui)
@, jm (W) Wksr,jm = Ui )/ e
bk_jm(ui) = (ZU,ﬁyjm = IV T . 31
C;c.jm(ui) (2U1:;+1,jm JVI\I+I ]m)/r

Here, R' =1and R° = —1/J.Forn =2,3,4 and 6, R" = 0, that is, eq. (30) is exactly the same as for the incompressible case (eq. I-107).
Eqgs (30) and (31) give the time evolution of the viscous part of the stress tensor (eq. 26). Substituting eq. (26) into eq. (I-110), and using eqs
(I-94) and (I-96), the variation of the dissipative energy at each time step is computed as

P

/(rV' se)dyV = ZZ th /(TV’ 8€)d0d¢7] ,

k=1 a=1 e

/ (TV":Se)dego:Z[ V"(r)aej;;(r)Jr ~J ﬁn’z(r)aem(r)Jr Jt), R r)sedn (r)

Jjm

+ = T r)oe: (r)+ r)o€;
JJ 2) Vl4( 8/,,1 2]2 V,i5 8

jm

55 r) + 20 (J = 2010 ()5S (r)] 32)
where 7, = %(hkxa + 74 4+ re41) and x1 » = 1/+/3 and the orthogonality properties are used in the integration over angular variables.

For the 3-D case, the corresponding time evolution formula is reformulated for computational convenience. The strain tensor is
represented in terms of the six symmetric spherical dyadics, that is, rr, ¥ 6, r ¢, 0 0, 6 ¢ and ¢ ¢ components (eqs I-90-1-92), instead of
using the coefficients of the orthogonal tensor spherical harmonics as in eq. (25). Accordingly, the viscous part of the stress is expressed by
the six components of the dyadics (eq. I-103). Moreover, the angular dependence of strain and stress is numerically evaluated at gridpoints
Q= (0, ¢;) (eq. 1-99). This is necessary because the viscosity is now laterally variable and becomes a function of €2;. Approximating the
stress over a radial interval of ry <r <7, as

‘ﬁk( ) c jm( op e ‘ﬁkﬂ(”) (33)

I Q) = A, (r, Q/) +BZ’;m( )
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its time evolution (eq. 8) can be written as

Al () A () 2y (Q;u)
Bl (@) | = (1= M) | B, () | = 2meMj; | by (R w)
kjm(Ql) Cig jlm(Ql) ck.jm(gl; ui)
ak (23 u')
+ 2 Q (34)
3“‘]{ ki k]m( [,ll) s
ck,jm(Q/; u )
where
a;c\/'m(Ql; ul) (Ulifl,jm - U/i,jm) /hi
bk‘jm(Ql; ul) = (zUli.jm - JVI:.jm) /r Y/M(Ql)(ei‘r + egg + etp(p) (35)
ck,jm(Ql;ul) (2U12+l,jm - JVlcl+I,j1n) /I"
and
M = BE i gy, (36)
Nkl
The variation of the dissipative energy (eq. 32) is computed as
r2h
/(TV' se)dV ~ ZZ k Zw,[r(r Q) ser, Q,)] , 37)

k=1 a=1
where w; are weight factors and L is the total number of 2-D gridpoints (eq. [-97). The double-dot product on the right-hand side of eq. (37)
is represented for r, <r <rj,; as (eq. I-103)

T(r, Q)" : Se(r, Q) = k,,(sz)z [8€],(")Yjm()]

iAz,gm) +Bk,9<sz)"”‘(”+ckre<9>¢”l(r)]Z[Sefmv)Efm(m 56,0 Fy(@)]

jm
Jjm

P 4 ¢ @] 3 368,00+ 568 O ]

|: krw(Q)i + Bk i(p(Q)

jm

i 3 [-8€4, )V Hym(Q) — J8€5,, ()Y (R) + 8€5,(1)G ()]
jm
T

n 5 |:Bl,€,0¢ Yk ( ) @ Yiy1 (r ):| Z [SGJm(V)G,m(Q) + 466 (r)H,,,,(Q)]

jm

} Z [8€3,, (") H(Q) — T8, (1) Y () — 8¢5, ()G ()],

Jjm

k, 09(9) + Ck 00(9)

1
2
[ lﬁk(r) ‘//A+1(V)

38
1//k( ) el W(Q)!//kH( ) (38)

[ ko0 (§2)

where the functions E;,,(R2), F;(2), G;(S2) and H,,(2) are given in appendix B of Martinec (2000). In the compressible case, the last term
in eq. (34) is added. Therefore, substituting eqs (33)—(36) into eq. (38), the following additional terms, compared to the incompressible case,
appear on the right-hand side,

1 l///c /i wk
[hk al\ Jjm, ir(Q) + bk jm, lr( ) + Ck,rr,jm(Q) V+1

> el Ym0

jm

1 Vi Vit
+|:hk aA jm, 99(9) + b/c jm, 09(9) + Ck Jm, 99(9) ]

x Y [ = 8eh, () Hin(Q) — Jb63,, jm(9)+3ejm(;,-,,,(sz)]*

jm

1 Y Yir1
+ihk a" mpp($2) + bk jm, (ﬂ‘ﬂ(Q)i F K jm.gp($2) - ]

X Z (SE (V)H/M(Q) ‘]ngm /'”(Q) jm I”I(Q)] (39)
Jjm
where
G () = a7 1 00( D) = (D = (Upsr i = Ui ) Yim (),
bl/cl jm, rr(Q) = bZ]mH@(Q) bl/cl jm, (p(p( ) = (ZU]i]m - JVkl,]m)Y]m(Q)’
ck,jm,rr(Q) = c;:,jm,é)é?(gz) = ck,jm«p(ﬂ(Q) = (2U1£+1,jm - JV/:+ij)ij(Q)- (40)
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Table 1. A comparison of calculated elastic load Love numbers
for a homogeneous earth model to analytical solutions from Wu

& Peltier (1982).
J Type  Analytic sol. This study Per cent diff.
2 h —5.818E—01 —5.818E—01 0.01
1 —1.218E—02 —1.218E—02 0.06
k —2.202E-01 —2.201E-01 0.01
10 h —8.816E—-01  —8.815E—01 0.01
1 1.468E—02 1.468E—02 0.01
k —9.183E—02  —9.182E—02 0.01
60 h —9.965E—-01  —9.964E—01 0.01
1 3.583E—-03 3.583E—03 0.01
k —1.891E-02  —1.891E—-02 0.00
100 h —1.007E4-00  —1.007E+00 0.01
1 2.213E-03 2.213E-03 0.01
k —1.156E—02  —1.157E—02 0.03

Egs (39) and (40) are the final expression used to compute the variation of the additional term occurring in dissipative energy that is due to
considering compressibility for the 3-D case. The numerical computation algorithms for the volume integral of the dissipative energy and the
Galerkin matrix are described in sections 8 and 10 of Martinec (2000).

3 VALIDATION

To validate the presented formulation, numerical results are compared with those obtained by independent methods (Wu & Peltier 1982;
Tanaka et al. 2006, 2009). These methods are based on the same governing equations as described in Section 2. Since we restrict applications of
the presented approach to 1-D models, comparisons are carried out for spherically symmetric earth models (Sections 3.1 and 3.2). Moreover,
a stability of the employed computational scheme in a numerical aspect is discussed in Section 3.3.

3.1 Elastic deformation

First, elastic deformation is confirmed. A representation of the analytical solution for a homogeneous compressible earth model is listed in
Wu & Peltier (1982). Table 1 shows a comparison between the load Love numbers for selected spherical harmonic degrees calculated by the
analytical solution and those computed by the presented method. The load Love number is defined as /,(t = 0) = (M./a)U;o(r = a,t =0),
[(t =0)=(M./a)Vj(r =a,t =0)and kit = 0) = —(M./ago)Fp(r = a, t = 0), where M, and g, denote the mass of the Earth and the
surface gravity, respectively, and the earth model parameters are shown in table 1 of Wu & Peltier (1982). The load is Heaviside loading. The
comparison shows that deviations between the both methods are less than 0.1 per cent. The differences decrease with increasing number of
finite elements in the radial direction. This result indicates that the formulation of the bulk energy (eq. 20) is correct.

In Wu & Peltier (1982), a time-series of load Love number derived from the analytical solution is plotted for the homogeneous earth
model. In this plot, the instability modes mentioned in Hanyk et al. (1999) are excluded when eigenmodes are searched by the normal mode
method. On the other hand, the effect of instability modes appears in our result after some time as shown by Hanyk e? al. (1999), which uses
the time-domain approach. Therefore, transient deformation is not fully comparable with the analytical solution.

3.2 Viscoelastic deformation

To confirm that transient deformation is computed correctly, we use a numerical inverse Laplace integration method (Tanaka et al. 2006,
2009). Several compressible earth models have been employed for this validation, namely, homogeneous model, two-layer model, PREM
(Dziewonski & Anderson 1981) averaged on five/30 layers with/without a liquid core. In each layer of these models, the material property
is uniform. The agreements between the load Love numbers (/;(¢), [;(¢), k;(¢)) calculated with both the methods are better than 2 per cent
in general. For earth models where the instability (Hanyk ez al. 1999; Vermeersen & Mitrovica 2000) occurs in a relatively short timescale,
however, an agreement can only be seen up to the time prior to a growth of unstable modes becomes remarkable (e.g. up to 10000 yr for a
homogeneous earth model). This is an acceptable fact because numerical errors associated with the mode instability increase in a different
manner for the two different algorithms. For a realistic model, it is known that unstable modes appear in longer timescales than geological
ones (Vermeersen & Mitrovica 2000). As an example, Figs 1-3 show the load Love numbers computed for the PREM averaged on thirty
layers with a liquid core, up to 1 Myr after the surface load is applied. The viscosity is 103° Pa s within the lithosphere down to the depth
of 45 km and 10?! Pa s from depths 45 km to CMB. The radial intervals of the earth model used for the finite element parametrization are
1-2 km in the lithosphere, 5-10 km in the upper mantle and 20 km in the lower mantle. The time step A¢ is 100 yr. The 3-D formulation
(eqs 26-30) is used for the computation of the dissipative energy and the numerical results are compared with the 1-D formulation (eqs 23-25).
The differences are less than 1-2 per cent, which is caused by a numerical integration error over the angular variable €2 in the computation of
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Figure 1. Comparison of the viscoelastic load Love number /;(¢) for vertical displacement for different spherical harmonic degrees j. The horizontal axis
indicates the time since the Heaviside-type surface load is applied at # = 0. The solid lines show the result obtained by the method presented in this study for
a 1-D viscosity model. The squares display the results computed by the numerical Laplace integration method for the same model (Tanaka et al. 2009). The
elastic earth model PREM is employed with the lithospheric thickness 45 km and the asthenospheric viscosity 10%! Pas.
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Figure 2. The same as Fig. 1 but for the load Love number /;(¢) for horizontal displacement.

the dissipative energy. On the other hand, the method of Tanaka ef al. (2009) can cause a numerical error of a few per cent in the calculation
of the load Love numbers according to a choice of an integration path in the Laplace domain (Tanaka et al. 2007). Considering these facts,
the results computed by the two different algorithms agree acceptably well, indicating that the formulation derived to include the effects of
compressibility is correct.

3.3 A stability of a numerical computation at longer time period

For times greater than the Maxwell time, the response of viscoelastic material changes from elastic to fluid behaviour. In the normal mode
approach, the fundamental matrix describing the differential equation reduces its form from a 6 x 6 matrix to a 2 x 2 matrix at the fluid
limit (Wu & Peltier 1982). When a solution of the 6 x 6 set of equation approaches that of the 2 x 2 set of equation, the differential
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Figure 3. The same as Fig. 1 but for the load Love number k;(¢) for gravitational potential change.
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Figure 4. The degree-two load Love numbers for a compressible earth model in which the density profile is artificially adjusted such that instability modes
vanish (the solid line). For a longer time period, the load Love numbers agree with those computed for an earth model in which the rigidity below the lithosphere
is set to zero. This shows that the computational scheme is numerically stable for computations at longer time periods when the mantle behaves like a liquid.

equation becomes stiff and a numerical instability arises which causes that the near fluid displacement oscillates. This problem becomes
especially severe when compressibility is included.

In our computational results, such an instability is not seen. Fig. 4 shows the load Love numbers for a compressible PREM in which
a density gradient is added such that the Adams—Williamson condition is satisfied. This modification allows us to distinguish a numerical
instability from the physical instability. We see from the figure that the load Love numbers converge to the isostatic load Love numbers (Wu
& Peltier 1982) computed for an earth model in which the rigidity below the lithosphere is replaced by zero. This indicates that the employed
formulation remains stable for computations at longer time periods. The form of the fundamental matrix on the left-hand side of eq. (11) is
constant in time and the dissipation term on the right-hand side, which is numerically evaluated, becomes smaller at longer time periods and
finally vanishes.

4 APPLICATION TO THE GIA PROCESS

In this section, we apply the presented method to modelling of GIA. As an example, we model the present-day deformation rates induced
by ICESG/VM2 earth model/glaciation-history combination (Peltier 2004) together with the sea level equation of Hagedoorn et al. (2006).
The influence of compressibility is investigated by comparing the result for a compressible earth model based on PREM, model C, with two
incompressible models.

The first one, model 1A, is PREM with setting the Lamé parameter . — oo (Wu & Peltier 1982), corresponding to a Poisson’s ratio
Vine = 0.5. Therefore, the elastic rigidity, iy, is not changed. The second one, model IB, is also PREM with 1 — oo but the elastic rigidity
is adjusted such that the flexural rigidity, D, (McConnell 1965; Walcott 1970), becomes the same as that of the compressible PREM. The
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Figure 5. Comparisons between the degree variances of surface motion, horizontal component, V (solid), radial component, U (dashed) and of radial geoid
displacement and N (dotted). The results are shown for a compressible model C and incompressible models IA and IB. In model IB, the flexural rigidity is
adjusted.

elastic rigidity can be obtained from the following scaling law (Lambeck & Nakiboglu 1980)
dDe _ 2pu(r)L? _ 2ptine(r)L? @n
dr 1 —v(r) 1 — Vine(®)’

where p and v are the elastic rigidity and Poisson’s ratio of the compressible model and vy, = 0.5. The thickness of the elastic lithosphere,

L, is the same for the three models. By this, a physically equivalent relaxation process is simulated in the presence of an elastic lithosphere.
This treatment is also used in the comparison between the compressible and incompressible models in Tanaka ez al. (2009).

4.1 Comparison with the incompressible model without the flexural rigidity adjusted

Fig. 5 shows a comparison between the degree variances of the present-day surface motion (see Klemann er al. 2008). Because of the
spherically symmetric Earth structure employed, the toroidal displacement, W}, is not induced for the three earth models. The influence on
the vertical displacement and the geoid is almost negligible if we disregard the components of degree 1, where the deviations are larger. This
finding corresponds to the fact that compressibility of the Earth can be neglected for the modelling of vertical uplift and sea level change. In
contrast, the horizontal velocities are markedly enhanced for the model C implying that the horizontal deformation is driven to a large extent
by shear deformation.

The above tendency is also seen in the load Love number (Fig. 6) where the horizontal displacement evolves differently for the
compressible and incompressible models. For the vertical displacement, the elastic response is larger for model C, which is consistent with
the result of Wolf (1985). This indicates that the influence of compressibility on the vertical component of GIA is small as long as no present
time loading is considered where the elastic component of displacement appears. For j = 1, the deformation refers to the centre of mass of the
Earth plus load (CM) (Klemann & Martinec 2009). Note that some studies refer to the centre of mass of the undeformed Earth (e.g. Farrell
1972; Saito 1974; Okubo & Endo 1986).

If we compare the deformation patterns in the spatial domain (Figs 7a and b), we observe a more symmetric pattern around the regions
of former glaciation for model C than for model IA, visible as red spots marking the maxima of postglacial uplift. The horizontal rates are
enhanced approximately by a factor of two for model C when compared with model IA. Furthermore, the horizontal displacement rates
decrease much faster with distance from these regions. This feature indicates more localized mass redistributions around the load due to
compressibility and so less dynamic interaction between the GIA in Laurentide and Fennoscandia.

4.2 Comparison with the incompressible model with the flexural rigidity adjusted

In this comparison, the elastic rigidity within the lithosphere [i.e. u(r) for » > 6281 km] is parametrized for the incompressible model IB as
Ar) + ()
Ar) 4 2pu(r)
(see eq. 41). From Fig. 5(b) showing the degree variances of models C and IB, we see that the difference in the vertical components (Fig. 5a)

W) = u(r) (42)

between model IA and C for j > 20 almost disappears. In the horizontal component, the fit between model IB and C is quite well for shorter
wavelengths, whereas the difference is not completely removed for longer wavelengths (j < 5). In particular, the horizontal displacement
rate for model IB for degree j = 2 becomes larger than that for model C, although the difference between them is smaller than the difference
between models C and IA (Fig. 5a). At degree 1, no agreement is seen between model IA, IB and C.

A similar tendency is seen if the load Love numbers are compared (Fig. 6). The comparison of the vertical displacements of lower
degrees (j < 10) for model IA and IB shows that vertical deformation for such degrees is not affected by the adjustment of the flexural
rigidity. The reason why the degree variances for j = 1 differ between IA and IB (Figs 5a and b) in spite of the agreement in the load Love
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Figure 6. The effects of compressibility on the lower-degree load Love numbers 4;() and /;(¢). Solid, dotted and dashed lines, respectively denote the results
for the compressible model C and the incompressible models IA and IB. In model IB, the flexural rigidity is adjusted. For j = 1, centre of mass of the whole
Earth (CM) is chosen as the origin of the reference frame (Klemann & Martinec 2009).

numbers is that the degree variance of j = 1 includes the effect of the realization of the reference frame in addition to the response to the load
(Klemann & Martinec 2009). In the horizontal displacement, differences between the compressible model C and the incompressible model
IB with the adjusted flexural rigidity decrease after # > 1 kyr by approximately 30 per cent.

Fig. 7(c) shows the velocity field in the spatial domain for model IB. Compared to model IA and C, we see that the far-field horizontal
displacement rate increases for model IB, indicating that the adjustment of the flexural rigidity does not necessarily reduce the difference from
the compressible model in the spatial domain for lower degrees. Further detail can be gained by plotting the differences in velocity fields. In
Figs 8(a) and (b), the differences between models C and IA and those between models C and IB are plotted, respectively. In Figs 8(c) and (d),
the differences in deformation rate are shown only for degrees larger than 5. These figures confirm that the reduction of the difference for
higher degrees is better achieved when using a model with the adjusted flexural rigidity. In contrast, when considering also Figs 8(a) and (b),
it becomes quite visible that the differences in the velocity fields are dominated by the low degrees. The difference between models C and IB
for j = 2 (Fig. 8b) is dominating the plotted difference field and is larger than for C-IA (Fig. 8a). This shows that the low degree response is
dominated by a process which is not parametrized by the flexural rigidity.

We can resume these findings as follows. (i) If the incompressible PREM is used without adjustment of the flexural rigidity of the
lithosphere, a large difference between the compressible and incompressible models is seen in the present-day horizontal displacement rates
which amount to 1-2 mm yr~! around the regions of the former glaciation, and which are detectable with GPS. (ii) By adjusting the flexural
rigidity, the difference from the compressible model almost disappears. However, for longer wavelengths (j < 5), the difference still remains
at I mmyr~! on a global scale.
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Figure 7. Present-day surface velocities for (a) the compressible model C, (b) the incompressible model IA and (c) the incompressible model IB with the
flexural rigidity adjusted.

5 CONCLUSION

The spectral-finite element approach to viscoelastic relaxation induced by surface loading outlined in Martinec (2000) has been extended to
the case of compressibility. The correctness of the presented solutions is confirmed by the comparison with results obtained by independent
computation methods for the same model setting (Wu & Peltier 1982; Tanaka et al. 2009). The presented method may serve as one of the
methods to incorporate the effect of compressibility, which has been often neglected in the modelling of GIA. In addition, the method allows
us to consider the effect of self-gravitation and large-scale lateral heterogeneities in viscosity.

As an example, we modelled the present-day deformation rate using Peltier (2004)’s ICESG/VM2 earth-model/glaciation-history
combination together with the sea level equation of Hagedoorn et al. (2006). To elucidate the influence of compressibility on the present-day
velocity field, we compared the results obtained by compressible and incompressible models. In the presence of compressibility, the horizontal
deformation rate is roughly twice as large around Laurentide and Fennoscandia and decreases with distance from these regions faster,
compared to the incompressible model. This indicates a more constrained mass redistribution inside the mantle due to compressibility and so
less dynamic interaction between the GIA in Laurentide and Fennoscandia. In contrast, the vertical displacement rate is only slightly affected
by compressibility. The difference in the horizontal rate amounts to 1-2 mm yr~!, which is detectable by GPS. Therefore, the consideration
of compressibility is mandatory in the modelling of GIA. The differences between the compressible and incompressible models are reduced
below a detectable level for shorter wavelengths, by adjusting the elastic rigidity in the incompressible model so that the flexural rigidity
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Figure 8. Differences between the velocity fields for (a) the compressible model minus the incompressible model (C-IA), (b) the compressible model minus
the incompressible model with the flexural rigidity adjusted (C—IB). (c, d) are the same as (a, b) but only spherical harmonic degrees j > 5 are considered. The

scaling is amplified by a factor of 3 with respect to Fig. 7.

becomes the same. However, the difference of 1 mm yr~! still remains on a global scale. Therefore, if discussing a global motion induced by

GIA, the influence of compressibility should be considered.
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