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Preface

This is an attempt to collect in a single document the basic traits of the the-
ory describing the deformations of the Earth under peculiar surface loads:
the ice sheets. The book has a mainly pedagogical purpose. It is written in a
simple way, and an effort is made to avoid the sentence it can be shown that.
Almost all of the propositions given here are demonstrated step—by—step,
even when they may appear obvious a priori. This is mainly done to facili-
tate the beginners in the art’ of the postglacial rebound, but I also hope that
this transparent style of writing could be useful for more experienced inves-
tigators. The book is written according to an austere minimalism: we only
give the statements which are strictly needed to understand the basic con-
cepts. For this reason, the chapter devoted to the mathematical background
is largely biased towards the main tools, such has differential operators and
spherical harmonics.

The theory illustrated here is implemented in the source code taboo.f90
which is freely distributed by the Samizdat Press along with this document
and the accompanying user guide. At the core of TABOO there is the assump-
tion that the Earth is spherically layered. In the common language this means
that the problems which can be solved by TABQOO are 1D problems. Nowadays
several research groups have developed more advanced codes, which account
for the 2D or even for the 3D structure of the lithosphere and the mantle.
However, these codes are not publically available to date, mainly for two rea-
sons. First, their are not totally developed, and some work is still to be done.
Second, differently from TABOO they are often based on numerical techniques
developed with the aid of software packages that are not publically available.
In a sense, TABOO has the aim of closing the chapter of the 1D problems
giving the chance of obtaining a portable source code and a full account of
the theory behind. It is hoped that this will encourage the developers of 2D
and 3D models to to the same with their procedures in the future.

The reader should be warned that TABOO is not a sealevel equation [4]
solver! The sealevel equation will be the subject of a separate review coming
in the next months along with a freely available code (SELEN).

The theory behind TABOO has only the purpose of collecting formulas and
results in an ordered structure. By no means the results presented here are
the product of my own research work. Rather, they constitute a theoretical
framework which has been constructed by a number of Authors in the course
of the last decades. It is not possible to mention all of the contributors to
this enormous (but sparse) work, and for this reason I must apologize for the
very poor bibliography that I have written at the end of this document. The
full set of original papers where the basic ideas have been first developed can
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be reconstructed on the basis of bibliographies of the manuscripts and books
quoted here.

While I have done my best to present a complete account of the theory
behind TABOO (and consequently a complete source code), some work is still
to be done. In particular, the present version of TABOO does not explicitely
compute relevant physical quantities such as the gravity anomalies, the stress
field in the lithosphere and the rotational variations of the Earth. It is my
intention to include these topics in the next versions of the code (which will
also include figures).

A final note concerning notation. I do not like to write vectors by bold
face letters, so that I use arrows throughout. I have been very pedantic in the
demonstration of the various propositions given in this document, certainly
too much for an experienced reader. This is admittedly boring, but I hope it
helps the novices, who are indeed the main target of this booklet. Since the
source code TABOO is totally accessible, I have not described in detail how
and where the single propositions are numerically implemented.

I have been involved in the research on these topics for fifteen years, first
as a student, and later as a teacher. Both need a place where a given formula
can be easily found and demonstrated. After all, this is the main purpose of
TABOO.

The future releases of this document (if any) will benefit from the feedback
of the readers of this first edition. Please feel free to write to

spada@fis.uniurb.it

for questions, comments, and suggestions.

Urbino, October 10, 2003.
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Chapter 1

Mathematical background

This chapter introduces the basic differential operators (gradient, divergence,
curl, and Laplacian) in spherical geometry, a number of conventions, and
definitions concerning the spherical harmonic functions. The Complex (Sur-
face) Spherical Harmonics (CSH), largely employed in quantum mechanics
[8] are useful for their simple and compact algebra. For numerical imple-
mentations, it is more convenient to employ the Real (Surface) Spherical
Harmonics (RSH). We also discuss the Fully Normalized (Surface) Spherical
Harmonics (FNSH), which are sometimes useful for studies concerning the
Earth gravity field. The last part of the chapter is devoted to the definition
the ocean function, the time—dependent functions in general, the Laplace
transform, and the convolution product.

1.1 Differential operators on the sphere

1.1.1 Spherical coordinates

Given a Cartesian reference frame Oxyz, the polar spherical coordinates of a
given point in space will be conventionally denoted with r (radius, 0 < r <
o0), 0 (colatitude, 0 < 6 < 7), and A (longitude, 0 < X\ < 27).

The polar spherical coordinates are related to the Cartesian coordinates
x, y, and z by the formulas:

sin 6 cos A
=r | sinfsin\ |, (1.1)
cos

INEINS

with
I (1.2)



2 Mathematical background

Any vector w can be written as a combination of the unit, mutually or-
thogonal vectors é,, é, and ¢, which point along the z, y, and z axes of the
Cartesian reference frame:

U = Uyly + Uyly + UuzE,, (1.3)
where the vector components u,, u,, and u, are functions of z, y, and z, and
€y X €y =€,, €y XE, =28, €,XEe =2¢, (1.4)

where x is the vector product (in the following, the symbol (-) will be used
to indicate the scalar product). In a similar manner, it is possible to write
U as a combination of the unit, mutually orthogonal vectors é,, éy, and éj,
which point to the directions of increasing r, 6, A:

ﬁ:urér+u@ég+u,\é,\, (15)
where the vector components wu,., uy, and u, are functions of r, 8, and A, and
€g X €y = €., €xXE. =€, €. X E=Eéy. (1.6)

The relationships between the Cartesian and spherical components of « are

. sinfcos\ cosfcosA —sin A Uy
u, | = | sinfsin A cosfsin\ cosA up |, (1.7)
U, cos 0 —sin A 0 Uy,

and conversely

Uy sinfcosA sinfsinA cosd Uy
up | = | cosfcosA cosfsin\ —siné uy |- (1.8)
Uy, —sin A cos A 0 U,

1.1.2 Partial derivatives
We employ the following notation for the partial derivatives:

0

agza—g

where ¢ is one among r, 6, \.



1.1 Differential operators on the sphere

1.1.3 Gradient

The three—dimensional gradient operator is defined as
(1.10)

1
V =60, + -V,
T

where
(1.11)

R 1
Vi, = €90y + ex——0,
sin @

is the surface gradient operator.

1.1.4 Divergence

Given a vector 4 in the form (1.5), its divergence is
t 0 1
«© Oty (1.12)

2 1
V i = 0, + —up + —Ogug + Up + —
r r rsin 6

or:
. 2 1 -
V-u= <8r+;>ur+;vh-u, (1.13)

where the surface divergence of 4 is
(1.14)

Vi, - U = Ogug + cot Oug + —— 0 \u.
sin ¢

1.1.5 Curl

Given a vector field ¢ in the form (1.5), its curl is

& (891“ + cot Quy — ,—8,\u9> +
sin 0

VXiu =
(1.15)

1
( - 8,\ur — T@TU)\ — U)\> +
sin @

S| [& =

(T@TUQ + ug — 89ur>,

while the surface curl operator is
(1.16)

1
€r X V= —€g——0 + €,0p.
sin @
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1.1.6 Laplacian

The Laplacian operator is defined as
2 1
V2=02+ 0+ ﬁv’z” (1.17)
where the surface Laplacian is

V2 = V-V, = 692 + cot 00y + 6)2\ (1.18)

sin® 6

1.2 Complex Spherical Harmonics

The complex spherical harmonics (CSH) formalism is traditionally employed
in quantum mechanics. For a summary on the CSH and their properties the
reader is referred to the Appendices of the book of Messiah [§].
We first define the associated Legendre function of degreel (I =0,1,2,...)
and orderm (m =0,1,2,...1) as
Pine) = (<"1 =22 i) (1.19)

dx™

where (=) = (1), x = cos#, 0 is colatitude, and the Legendre polynomials
of degree [ are defined by the Rodriguez formula

1 d
P) = g g ™

— 1)k (1.20)
With the above definitions, the CSH are

Yim (0, \) = pim P (cos 0) €™ (1.21)
where

L =+/—1. (1.22)

The normalization constant

e

ensures that the following orthogonality relationship holds

/ Y (0, 2)Yin (0, A\)dQ = 60Grmm (1.24)
Q
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where the asterisk denotes complex conjugation, ¢;; is the Kronecker deltal,
and

/Q(-)dQ = /0% /OW(-)sinQd@d)\, (1.25)

where (+) is any scalar function.
We finally observe that the CSH with negative order can be obtained
from those with positive orders by the definition:

Yiem(0,2) = (=)"™Yi,(0,A). (1.26)

1.3 Properties of Y},,, P, and P

A full account of the properties of the Y;,,, P, and P, functions is beyond
our purposes. We only give a few identities useful for the ensuing discussion.
The reader is referred to [1] and [8] for a more complete list of definitions,
formulas, and identities.

1.3.1 Properties of Y},

Property 1. The spherical harmonic functions Y}, (1.21) are eigenfunctions
of —V? with eigenvalue [(l + 1):

ViYin = =l +1)Yim, (1.27)

where the surface Laplacian V3 his given by (1.18).

Property 2 (addition theorem). Let (6, A) and (0’, \') the polar spherical co-
ordinates of two points on the surface of a sphere, and let © be the colatitude
of the second relative to the first, such that

7T

""" 1.28
cos o ( )
with 7" = ||7’|| and r = ||7]|. The addition theorem states that
A1 +l
Py(cos©) = > Y (0 N)Yin(0,N). (1.29)
A+1 ~—,

'The Kronecker delta is §;; = 1 if i = j, and &§;; = 0 if i # j.
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A proof of the addition theorem can be found in [11].

degree | order Yim(0,\) =
l m =k -f(0,))
0 0 (1/4m)17% 1
1 0 (1/2)(3/7)* - cosb
1 1 —(1/2)(3/27)? - sin e
2 0 (1/4)(5/4m)?  -(3cos*f — 1)
2 1| —(1/2)(15/27)Y2  -sin 6 cos e
2 2 (1/4)(15/47)Y2 . sin? g2
3 0 (1/4)(7/m)Y%  -(5cos® — 3cosh)
3 1 —(1/8)(21/m)?  -sinf(5cos?f — 1)e
3 2 (1/4)(105/2m)'/? - sin” f cos fe?*
3 3 || —(1/8)(35/27)1/% - sin? fe3H

Table 1.1: Complex spherical harmonics
Table of ¥},,,(0, ) for degree 0 <[ < 3 and order m > 0. The harmonics are
factorized as Y, (0, \) = k- f(0,\). Harmonics with negative orders can be
obtained by (1.26).

1.3.2 Properties of P,

Property 1.
Py(cosf) = Picosh). (1.30)

Proof. This is a straightforward consequence of (1.19).

Property 2 (an integral property).

2 cos Zm\ 27 (I+m)!
/P (cos0) { 02 m\ }dQ— A1 —m) (m #0). (1.31)

Proof. According to (1.25), the lefthand side of (1.31) is equivalent to

s 27 2
/ P2 (cos §) sin 6 - / { cos mA }d/\, (1.32)
0 0

sin“ mA
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where it is easy to verify that:
/ cos® mAd\ = / sin®mAd\ =7 (m #0). (1.33)
0 0
From the orthogonality relationship (1.24) written for | = I’ we obtain:

St = / Vi (8, )Y, (8, \)dS)
Q

Oy = (121) = [y iy /0 T mmrgy
: /OWle(cos 0) Py (cos 6) sin 6do
Omm/ = 2T Mim bt Oy /D7r Py (cos 0) Py (cos 0) sin 0d6
1 = 2mu}, /07T P2 (cos 6) sin 0d6
QWi%m = /0 i P2 (cos ) sin 0df
5] j_ 1 E; i— Zi: = (1.23) = /OwPﬁn(cos 6) sin 6d6. (1.34)

Once (1.34) and (1.33) are inserted into (1.32), (1.31) is proved e

1.3.3 Properties of P,

Property 1 (orthogonality). The Legendre polynomials are mutually or-
thogonal in the interval [0, 7]:

T . +1 2(5”/
/ Py(cos0)Py(cos ) sin0df = / P/(z)Py(x)dx (1.35)
0 1

- T+ 1

Proof. The statement (1.35) is a consequence of the CSH orthogonality
relationship (1.24) written for m =m’ = 0:

P /Q Y (6, ) Yo (6, \)d92

oy = (1.21):/Q,ulo,ul/oplo(C089>Pl/0<COS9)dQ

P A A G /HPl(x)Pl/(:c)d:c, (1.36)

47 1
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| Py (cos )
1
cos
—sinf
(1/2)(3cos*f — 1)
—3sinfcosf
3sin? 4
(1/2)(5cos® 6 — 3 cosb)
(—3/2)sinf(5cos? 6 — 1)
15sin? # cos 6
—15sin® 0

LW W WWN NN F P O~
W~ ONRFR OO oS

Table 1.2: Associated Legendre functions
Table of the associated Legendre functions P, (cos @) for degrees 0 <[ < 3.

L] Pi(x) |
0 1
1 x
2 (1/2)(32? — 1)
3 (1/2)(52% — 3x)
4 (1/8)(352* — 3022 + 3)
51| (1/8)(632° — 702 + 152)

Table 1.3: Legendre polynomials
Table of the Legendre polynomials P(z) for degrees 0 < [ < 5, with = cos 6.



1.3 Properties of Y,,,, P,,, and P,
so that:
+1 25“/ 2(5”/
Pi(x)Py(x)dx = = o (1.37)
/1 Jer+ e+ 2+l

Property 2 (link with the Chebichev polynomials). A useful integral property

of the Legendre polynomials is
(1.38)

VP (z)dr  Th(2) — Thia(2)

: V=2  (nt+iVI-z’

(1.39)

where
T.(z) = cos(nz), (n=0,1,2,...)

are the Chebichev polynomials of 2"¢ kind [1].

Property 3 (shifted derivatives).
P ,(z)— P _,(x)
Py(z) = 1 -l > 1 1.4
dP,
where P/(z) = Céix>

Property 4 (values for v = £1).

B(1) = 1
R(-1) = ().

(1.41)

Property 5 (a Legendre sum).
> 1
> Pcost) = —. (1.42)
2sin 5

=0

Property 6 (Legendre polynomials generating function)
1
|z| < 1. (1.43)

— I
B(cosb) = ,
ZZ d ) V1 —2zcosf + 22

=0
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Property 7 (a useful integral).

cos 6
L(61,6,) = / 9 " P(z)dx (1.44)
B _ Pa(costy) — P_y(cos )
= (1.40) = 201 +
_ Pii(cosb1) — Py(cosbr) (1.45)
20+ 1 ' '

In particular:

I(m,a) = (1.44):/ P(z)dx

-1
Pi(cosa) — P_q(cos @)
20+ 1 '

= (141, 1.45) = (1.46)

1.4 Spherical harmonics expansions of scalar
fields

Here we illustrate the various forms of the spherical harmonics expansion
valid for a scalar field, and the relationships between them. A generic scalar
function of colatitude and longitude can be expanded in series of complex
spherical harmonics (CSH), real spherical harmonics (RSH) or fully normal-
ized spherical harmonics (FNSH). For the functions which only depend on
colatitude (axis—symmetrical functions), a LEG expansion suffices.

1.4.1 CSH expansion

We denote with F'(6,\) a scalar field. It is often necessary to expand F' on
the basis of the CSH, i.e., to determine the (complex) coefficients f,, such
that

F(Q, /\) = Elmflm%m(& )\)7 (147)

where? we conventionally write:

oo+l

Sm=3Y (1.48)

=0 m=—1

ZWe are not concerned here on the conditions which ensure the convergence of (1.47).
The reader is referred to [11] and to [2] for these issues.
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In the following, we will refer to f,,, as to the CSH coefficients of the scalar
function F.
The degree variance of F(0,)\) is:

+l

1
=\ 2, 1.4
s szm;’f’m' (1.49)

Proposition 1 The coefficients of the CSH expansion (1.47) are
fin = | Yien (6, ) F(0, N)dC. (1.50)

Proof.
F = (1.47) = El’m’fl/m’ 'm/
* *
FYEm = El'm/fl’m’ l’m’}/im

/ YEFAQ = S fim / Vi Yy dO2

Q Q

/E;FdQ = (1.24) = El’m’fl/m’(sll/émm’
Q

/Yl;;Fm = fin (1.51)
Q

Proposition 2 If the field F' is real, i.e., if

F=F" (1.52)
the CSH coefficients satisfy the relationship:

Jiem = ()" fim- (1.53)
Proof.

fiem = (150 = /Y}"ij’dQ
Q
= (1.26) = /(—)mY}mFdQ
Q

= ([ viFan)

= (152 = (—)m</QY}:anQ)*
= @s0)= (=)"fr e (1.54)
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Proposition 3 If the field F' is real (see 1.52), the degree 0 CSH coefficient
of the expansion (1.47) is real.

Proof. The fact that fo is real follows immediately from (1.53). The explicit
expression of fyo is

foo = (1.50):/Y0*0FdQ
Q

1
= (uable L1) = ﬁ/QFdQ . (1.55)

Proposition 4 The mean value of a scalar field F' on the sphere, defined as

Jo FdQ
F, = 1.56
is proportional to the degree 0 CSH coefficient of (1.47):
Joo
I 1.57
(Pl -T2 (157)
Proof.
B Jo FdQ
(F)g = (56 = S}Q 70
_ v 47 foo
= 155 = —
47
Joo (1.58)

Vi
1.4.2 RSH expansion

Due to their simple algebra, the CSH are convenient for theoretical purposes.
However, for computational purposes, it is by far more practical to employ a
real representation of the spherical harmonics. The Real Spherical Harmonic
(RSH) function of degree [ and order m has the form

Sim(0,\) = (cim cosmA + Sy, sSinmA) Py, (cos 6), (1.59)

where ¢, and sp,, ([ =0,1,2...;m =0,...,1) are referred as to cosine and
sine coefficients of the RSH, and P,,(cos ) is given by (1.19).
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A RSH can be of one of three types. If m = 0, the RSH is a zonal RSH,
which is only function of colatitude. For 0 < m < [, the RSH is a tesseral
RSH, and finally, for m = [, the RSH is called sectorial. The geometrical
features of the three families are well illustrated in e.g. [7].

Below we give some recipes showing how to convert a CSH expansion into
a RSH expansion.

Proposition 5 The CSH expansion of a scalar function

F(0,)) = S fimYim(0, M), (1.60)
can be equivalently written as a RSH expansion:

F(0,\) =%, (Ctm cos mA + Sy, sin mA) Py, (cos ), (1.61)

where the prime indicates that the sum s restricted to m > 0:
oo+l

S =D, (1.62)

=0 m=0

and the cosine and sine coefficients (or, more simply, the RSH coefficients)
of F(6,\) are
Cim Re(flm)
= (2 — dom) tim , ((>0,0<m <), (1.63
fomd oo i 4z 00<m <, 06
where fyy, is given by (1.23), and Re(fi,) and Im(fi,,,) are the real and imag-

inary parts of fin, respectively.

Proof. It suffices to observe that

FO,\) = aan= SufinYim
= Yi(En<ofimYm + fuYo + Zms0finYim)
S1Eps0fipYip  + fuYio  + ZmsofimYim) = (1.26,1.53) =
1(Epso(— )pfz;(—l)pY}; + fuYio  + Xms0finYim)
1m0 fimYm  + fuYo  + Zms0fimYim)
= Yi[2Re(Zm>0fimYim)  + fioYio)
= (2 — Som)Re(Xm>0fimYim) = (121) =
(2 = Oom)Re fumtim Pim (c0s 6) ™
= (2 6OM)NlmleRe(flmeLm>\)
im(
im(

by
= X
by

2 — Oom ) tum [Re( fim) cosmA — Im( fi,) sin mA)| Py,
Clm COS M + Sy, SInmA) Py, (cos 6), (1.64)
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where ¢, and sy, are given by (1.63) e

1.4.3 FNSH expansion
The Fully Normalized Spherical Harmonics (FNSH) differ from the RSH for

their normalization. Given a real scalar function F'(0, \), its FNSH expansion
is

F(0,\) =%, (Cim cosmA + 5y, sinmA) Py, (cos ), (1.65)
where 33, is defined by (1.62), and the fully normalized associated Legendre
polynomials P}, (cos @) are such that

9 cos ZmA B
/ P2 (cos®) { 02 m\ }dQ =4dm, (m#0). (1.66)
By comparison of (1.31) with (1.66) we obtain:
Pn(cost) = | 2(20 + 1) E;; ; P,n(cos®), (m #0), (1.67)

which can be extended to the case m = 0 requiring that Pyy(cos®) = 1:

Byn(cos ) = (2—50m)<21+1)%3m(c039), (m>0). (L68)

Proposition 6 Given the RSH expansion

F(9,)) = 3, (ctm cosmA + Sy, sinmA) Py (cos 6), (1.69)
the sine and cosine coefficients of the FNSH expansion
F(0,)) = %, (Cim cos mA + 8y, sin mA) By, (cos 6) (1.70)
are
Cim . Clm
(o) o[ om ), o)
where

B 1 (I +m)!
fim = J 2= dom) @+ 1) (I —m)! (172)

Proof. It suffices to use (1.68) into (1.70) and to compare the result with
(1.69) @
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1.4.4 LEG expansion

When a scalar function ¢g(#) only depends on colatitude, the RSH and CSH
expansions reduce to a sum on the Legendre polynomials (LEG expansion).
Candidates to a LEG expansion are those functions which show an axial
symmetry with respect the z—axis of the Cartesian reference frame. For this
reason, we will refer to them as to azis—symmetrical functions. In the RSH
expansion (1.61) of an axis-symmetrical function g(¢) only the zonal terms
appear:

) = iglpl(cos 6), (1.73)
I=0

where g; is the LEG coefficient of degree [ of g(#). The main results for the
LEG expansions are given in the following three propositions.

Proposition 7 The LEG coefficients of the expansion:

= iglPl(cos 0) (1.74)
1=0
are
o= % /O " () P(cos 0) sin 66, (1.75)
or, equivalently:
o= %/:19@)3@)@ (2 = cos ). (1.76)
Proof.
g0) = = igm«zose)
9(60)Pu(cos) — Y- giP(cost) Py (cos)
1=0
Owg )Py (cosf)sinfdf = Zgl/ Py(cos ) Py(cos ) sin 0df
m = 20y

; g(0)Py(cosf)sinfdd = (1.35) = Z l2l’+1
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™ 2
P i -
/o g(0)P(cos 0) sin 0d0 T
q = 2t ; L / 0)P,(cos 6) sin 6do
+

- / . (1.77)

Proposition 8 Given the axis—symmetrical function g(0), its LEG expan-
sion (1.74) is equivalent to a RSH expansion with coefficients cim = Gi0mo
and Sy, = 0.

Proof.

g(0) = ()= Zglpl(cos@)
1=0

(1.30) = 3 7100 Pim (cos 0)
= X 910mo coS mAP,,(cos 0)
= X, (Cim cOSMA + Sy, SiInMA) Py (c0s 0), (1.78)

with ¢, = ¢10m0 and s, =0 e

Proposition 9 Given the axis—symmetrical function g(0), its LEG’ erpan-
sion (1.74) is equivalent to a CSH expansion with coefficients fi, = 5mogz

Proof.

g(0) = ()= Zglpl(cose)
1=0

1 .
= (130) = SimGi—Omokim Pim(cos §)e™
Im
1
= (121) = Elmgl 6m0Y2m(07)‘)
lm
= ZimSimYim (0, N), (1.79)

with fj,, = “%(Smggl and where p,,, is given by (1.23) e
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1.4.5 Summary conversion Tables

Here we provide summary tables showing how to convert a given spherical
harmonics expansion into another. Some of the formulas displayed are de-
duced explicitely in the previous sections, some others can be obtained by
simple algebra from those that have been demonstrated. The first and the
second columns show the types of the original (old) and of the final (new)
expansions, respectively. The third gives the harmonic coefficients of the old
form, and the equation giving the expansion in the old form is referenced in
the fourth column. The fifth column shows the relationship between the old
and the new coefficients, and the sixth provides a reference equation to the
new expansion.

from to old | see | new see
coeff. | eq. | coeft. eq.
CSH | RSH fim | aan | am = Re(fim)tim(2 — dom) (1.61)
Stm = T (2 — o)
CSH | FNSH fim (1.47) | Clym = Re(flm)(Q — 50m)/47r)1 2 (1.65)
Stm = _Im(flm)(Q - 50m)/47r)1/2

Table 1.4: CSH conversion table
Conversion table for CSH to RSH and to FNSH. The coefficient p;,, is given
by (1.23). Re(fi,) and Im(f,,,) are the real and imaginary part of the CSH
coefficient fj,,,, respectively.

from to old | see | new see
coeff. | eq. | coeff. eq.
RSH CSH Clm (1.61) flm = (Clm — LSlm)/(Z — 50m),ulm (1.47)
Sim
RSH | FNSH Cim a6 | Com =  NimCim (1.65)
Sim Sim = hlmslm

Table 1.5: RSH conversion table
Conversion table for RSH to CSH and for RSH to FNSH. The coefficients
him and py, are defined by (1.72) and by (1.23), respectively. The symbol ¢

denotes v/—1.
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from to old | see new see
coeff. | eq. coeff. eq.
FNSH | CSH Clm (1.65) Re(flm) =  Cim [471'/(2 — 50m)]1 2 (1.47)
Sim I (fin) = —=8im[47/(2 = dom)] '/
FNSH | RSH Clm (1.65) Clm = élm/hlm (1.61)
Sim Sim = glm/hlm

Table 1.6: FNSH conversion table
Conversion table for FNSH to CSH and to RSH. The coefficients p;,, and
him are given by (1.23) and (1.72). Re(fin) and Im(f,,,) denote the real and
imaginary part of the coefficient f;,,, respectively.

from to old see | new see
coeff. | eq. | coeff. eq.

LEG CSH qi (1.74) flm: glémo/ulm (1.47)

LEG RSH qi (1.74) | Cym = gl5m0 (1.61)
Sim — 0

LEG | FNSH q @) | Cm = GihimOmo (1.65)
Sim= 0

Table 1.7: LEG conversion table
Conversion table for LEG to CSH, LEG to RSH, and LEG to FNSH. The
coefficients hy,, and p,, are defined by (1.72) and by (1.23), respectively.

1.5 Ocean function

The ocean function is defined as follows:

1 if (#,\) € Oceans

O(Q’A):{ 0 if (4,0)e Land, (1.80)

where 6 and A colatitude and longitude, respectively.

Proposition 10 The coefficients of the CSH ocean function expansion

OB, )) =Y 01 Yim (0, \) (1.81)
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are:
Ot = / Yy dS. (1.82)
Q€Oceans
Proof.
Ol = (150) = /QOS/};dQ

= (80 = / Y dQ e (1.83)
Qe0Oceans

Proposition 11 The RSH coefficients of the ocean function are:

(% 1=t { _ folom) | (134

Spo Im(oy,)

Proof. This is a direct consequence of (1.63) e

Proposition 12 The area of the surface of the oceans is
Age = VAma2oyy = 4ma’cs), (1.85)
where a is the radius of the Earth.

Proof. The area of the surface of the oceans is

A= | dA, (1.86)
QeOceans
where
dA = a*dQ (1.87)
is the element of area, with
d€) = sin 0dOd\ (1.88)

(see also 1.25). Hence:

Ay = / 4
QeOceans

1
— Ve | Q)
T QeQOceans 4/ 4

- (table 11) =V 47TCL2/ YSBCZQ

Q€Oceans
= (182) = Vidma®ogp. (1.89)
The right equality in (1.85) follows from the first of (1.84) e
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1.5.1 Ocean function low-degree RSH coefficients

Below we give the double precision numerical value of some low-degree RSH
coefficients of the ocean function defined by (1.80). An expansion to harmonic
degree 128 is contained in the file oceano.128 in the TABOO package.

|

cﬁn E ‘ sl?n E ]
0.71311686 0 | 0.00000000 0O
-.19514428 0 | 0.00000000 0O
0.18556270 0 | 0.10244521 0
-.12529769 0 | 0.00000000 0O
0.51594067 -1 | 0.79778124 -1
0.24431601 -1 | -.62126902 -3
0.14005141 0 | 0.00000000 0O
-.48729831 -1 | 0.43897959 -1
0.21701498 -1 | -.30707776 -1
0.15241890 -2 | 0.11474542 -1
-.83171371 -1 | 0.00000000 O
-.35013115 -1 | -.22466979 -1
0.19243888 -1 | -.53146845 -2
0.29394751 -2 | -.30391754 -3
0.34639739 -3 | -.21057688 -2
0.34944621 0 | 0.00000000 0O
0.26141714 -2 | -.10522861 -1
0.77676002 -2 | 0.42565974 -2
0.10048663 -2 | 0.39066894 -3
-.72146556 -3 | 0.23722730 -3
0.10315201 -5 | 0.11962016 -3

U OOt Ot OO sl kRl WWWWwN NN~ O
OTHkOJl\Db—\OHkOJl\Db—‘OC}J[\Di—‘OM#—‘O»—‘OOE

Table 1.8: Ocean function
Table of the RSH coefficients ¢ and s, of the ocean function O(6, \) for
degrees and orders < 5. The coefficients are in the form a - 10F.

1.6 Time and Laplace domains

We introduce three basic time-dependent functions (the Dirac delta, the
Heaviside function, and the (multi)exponential function) and subsequently
we review the basic properties of the Laplace transforms.
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1.6.1 Time histories
The Dirac delta
The Dirac delta §(¢) is actually a distribution, defined by its integral property

+oo

F(#) = / 5(t — ) f(t)dt, (1.90)

— 00

where f(t) is any continuous function of time.

The Heaviside function

This is also known as step function:

1 it £>0
H(t)_{o it <o, (1.91)

with derivative

_dH()

o(t) = == (1.92)

where d(t) is the Dirac delta (see 1.90).

The multi—exponential function

We define the multi—exponential function as

mexp(t) = 3(1)f, + 3 e (1.93)

where f,, fi, and s; are real constants (s; < 0), and N is an integer. The
response of a viscoelastic, incompressible, self-gravitating, spherically sym-
metric Earth model to a d—like forcing is of multi—exponential type, as shown
in §4.2.2.

1.6.2 Laplace transforms

Laplace transforms are useful to compute the response of a viscoelastic Earth
to applied loads, as explained in §4.1.1. We only recall the basic facts.
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Definition

Given a function of time f(¢) defined for ¢ > 0, its Laplace transform (LT) is

f(s) = /0 T et ()t (1.94)

where the complex variable s is the Laplace variable. It is assumed that
the integral (1.94) exists so that f(s) is well defined. We will also use the
notation

f(s) = LTf(#)] (1.95)
to indicate that f(s) is the LT of f(¢) and
£(t) = LT £ (s) (1.96)

to say that f(t) is the inverse LT of f(s).

LT of a derivative

Using the definition (1.94) and integrating by parts it is straightforward to
show that:

LT[f'(t)] = sLT[f(1)] = £(0). (1.97)
where f'(t) = dfd—g)

LT transforms of simple functions

From (1.94) we can simply obtain the LT transforms of the elementary func-
tions introduced above:

1.6.3 Time convolution
Definition

Given two functions of time f(¢) and g(t), their convolution product is:

t
c(t) = / F(t— ) g(t)dt', (1.98)
which we also denote by:

c(t) = f(t) ® g(1). (1.99)
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f(t) LT[f(?)]
5(0) 1
Hey L
%1
e a<0
S — OlN fl
mexp(t) | fo+ 3

Table 1.9: Elementary Laplace transforms.

A property of the convolution product

Given two functions f(s) = LT[f(¢)] and g(s) = LT|[g(t)], "it can be shown
that”:

LT [f(s)g(s)] = [ (1) ® g(t), (1.100)

i.e., the inverse Laplace transform of the product f(s)g(s) is the convolution
product of the original functions (see e. g. [11]).
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Chapter 2

Displacement and Gravity

This Chapter is devoted to the study of the two relevant geophysical quan-
tities, i.e., the displacement field and the variations of the gravity potential
resulting from forces which perturb the equilibrium of the Earth. The reader
is referred to the literature for a broader and self-contained discussion.

2.1 Toroidal-Poloidal decomposition of dis-
placement

The displacement field is defined as
U =7(t) — 7, (2.1)

where 7(t) is the position of a particle of continuum at time ¢, and 7, is its
position in a given reference state.

For most applications, we can assume that the Earth is a perfectly in-
compressible body!. If the Earth equilibrium is perturbed in some way, the
resulting displacement field may be thus regarded as a solenoidal (i. e.,
divergence—free) field:

V- =0. (2.2)

!The current version of TABOO (1.0) is fully based on this assumption.
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Proposition 13 If the vector field u is solenoidal, there are unique scalar
fields T'(r,0,\) and P(r,0,\) with zero average on the surface of the sphere
such that

T=u+u" =V xeT+V x(VxEéP), (2.3)

where T = T(7) and P(F) are the toroidal and poloidal scalars, and @' and
P are the toroidal and poloidal parts of i, respectively. The expression (2.3)
is known as ”Mie representation” of the solenoidal vector i [2].

Proof. The Mie representation of a solenoidal vector field (2.3) derives from
the Helmholtz representation of a tangent vector. Details are given in [2] e

2.1.1 CSH expansion of the displacement field

Our purpose in this section is to write the general expansion of the (solenoidal)
displacement field on the CSH basis. The starting point is the expansion of
the toroidal and the poloidal scalars:

T N tlm(r)
{ P } (T> - Z:lm{ plm(/r) }YZm(ea )\)7 (24)
where, according to proposition 13 and (1.57):
too(r) = poo(r) = 0. (2.5)

Proposition 14 The components of the (solenoidal) displacement field u
can be expanded as follows:

up(r) = Zlrnul(rlrz(r)yln"b
(2) v (1)

up(F) = zlm[+ulm<r>amm+ m amm]
sin 6 (2.6)
(2)

_ w0y, 1+ im) Ym}
u(7) ! { Vi (1)00Y1m + ing OV
with:
W, Wl+1) @, _ Ldpun, 1), _ tim
im (1) = 5 Pim; Uy, (1) = gy Um (r) = P (2.7)
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where ty,, and py, are the CSH coefficients of the toroidal and poloidal scalars,
respectively (see 2.4). We observe that, due to (2.5), the degree 0 coefficients
of (2.6) vanish identically. This result, which is valid for solenoidal fields, is
also demonstrated in [10].

Proof. We use the definition of curl (1.15) with (2.3) and simple algebra:

ul = 0, (2.8)
: ! oL\T Lot INY (2.9)
U = = - mblim ms .
0 rsing rsin g mHmEAT

1 1
uf\ = ——89T: ——Elmtlm{?@Y}m, (210)

r r
» 1, 1 9 1
Uy = _ﬁvhp - _T_QElmplmthzm - ﬁzlmlu + 1)ple2m’ (211)

1 1 dpl

P 192 p_ i y e L YA 2.12
Uy - Oro om0 i, ( )

1 1 dpl
P 0* P = Yim——0\Y}m 2.13
A rsing " rsing "™ dr N (2.13)

which can be summarized as follows:
I(l+1
U, = ui—l—uf:ZmLQ)pszZm (2.14)
r
1 t L dp
= w4 ul = —5,—200Yim + S —09Yim 2.1
Ho U+ Up sing ™y i + 2 r dr Do’ (2.15)
tl 1 1dpl
= P — Y —=09Y)m Sim———\Y)m. 2.1

U uy + Uy ! Taez +sin9 T Y, (2.16)

With the definitions (2.7) the expansions (2.6) are thus demonstrated. The
(1) (2)

radial functions u,,,(r) and wu;

(1)

lm

(r), related to py,, have a poloidal nature,

whereas v;,” has a toroidal character being related to t;, (see 2.7) o

2.2 The gravity field

In this section we first consider the gravity field of a non-rotating body,
without making assumptions on its internal density distribution. The Stokes
coefficients are defined in §2.2.4. The inertia tensor and the position of the
center of mass of the body, introduced in §2.2.2 and 2.2.3 are related with
the low—degree Stokes coefficients of the gravity field, as shown in §2.2.5. In
§2.2.6, 2.2.7 and 2.2.8 the general concepts previously outlined are used to
describe the gravity field within the assumptions of TABOO. In particular, we
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define the potential perturbation and the geoid height change in response
to perturbing forces acting at the Earth surface, and we show how these
quantities are related to variations in the Stokes coefficients and of the inertia
tensor.

2.2.1 Gravity and gravity potential

We consider an arbitrarily shaped body B of finite extent and we denote by
7 the position of a mass element dm of B in a Cartesian reference frame
Oxyz. By Newton’s Law of gravitation, the gravity potential at an external
point P with position 7 is:

dm
dU(r) = GM’ (2.17)
with
dm = p(7)dV, (2.18)
where p(7") is the density at " and
dV = r?dr' sin 0'd0’d)N (2.19)

is the volume element in spherical geometry.
The potential of the gravity field due to the whole mass distribution can
be obtained by integration of (2.17) over B:

dm
U(F) = G/ _am__ 2.20
AT 220
and is related to the gravity field by
1
§(7) = VU = &0,U + —-V,U (2.21)

where the surface gradient operator V,, is given by (1.11).
An equipotential (EP) surface is a surface on which U takes a constant
value:

U() = ¢, (2.22)

and that particular EP surface corresponding to the free surface of the oceans
in the absence of winds and currents is called geoid.
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In the special case of a body characterized by a radial density distribution:
p(7) = p(r'), (radial density distribution) (2.23)

the gravity potential can be obtained explicitely from (2.20):

U(r) = GTM (2.24)
where 7 is the distance from the center of the body. The result (2.24) shows
that, for a body with radial density distribution, the gravity potential is the
same as if the whole mass of the body were concentrated in its center (see
2.17). The EP surfaces have a spherical shape, and from (2.21) the external
gravity field is directed along the radial direction:

g(r) = —érGr—]ZW. (2.25)
2.2.2 Inertia tensor
The elements of the symmetric inertia tensor are defined as follows:
e = /B (y? + 22)dm (2.26)
iy = /B (22 + 2)dm (2.27)
i = /B (@ + /%)dm (2.28)
fey = o= — /B 2y dm (2.29)
lpy = Goy = — Bx’z'dm (2.30)
by = Uy = — /B y'Z'dm, (2.31)

where the integrals are over the volume of the body, and dm is the mass
element with coordinates (z', v/, 2’) in a Cartesian reference frame Oxyz. The
trace of the inertia tensor is:

Tr(I) = gy + iy + s
= (226-2.28) = 2/ (2% +y” + 2*)dm
B

= (12) = 2/ r?dm, (2.32)
B
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2.2.3 Center of mass
The center of mass (CM) is defined as:

ﬁcm _ fB/’:’YdTn/7
Jpdm

(2.33)

where dm is the mass element with position vector /. The Cartesian com-
ponents of R, are:

/
cm = o5 d
Y M /B 3// m
Zem z
1 r'sin @' cos \
= (1= M/ r'sin@ sin \' | dm, (2.34)
B ' cos @’
where
M= / dm (2.35)
B

is the mass of the body B.

2.2.4 Stokes coeflicients

Proposition 15 The gravity potential external to a body B can be expressed
by a multipole expansion:

U(7) = 2%/}9(;)lﬂ(cos 8)dm, (2.36)

where (3 is the angle between 7 and 7', such that

P
cos f = gl (2.37)
where r = ||F]| and v = [|7]|.

Proof. By the law of cosines:

17 =1 = 1~ 2(% ) eos i (2 (2.39)
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hence

G d
U(r) = (220 = —/ m
r /B

= (143) = i /B(r/>lPl(cosﬁ)dm . (2.39)

Proposition 16 The potential of the gravity field external to a body B can
be expanded in series of RSH as follows:
_GM

I
Ur) = TZ;m (%) (Cim cOSMA + Sy SiInmMA) Py (cos ), (2.40)

{ o }: (2 = o) T (’"—')le<cos9’>{“sz}dm’

Sim (I+m)! M Js\a sin m\’
(2.41)

» 0”0

are referred as to cosine and sine Stokes coefficients, respectively, "a” is a
conventionally chosen reference radius (the average radius is a suitable choice
for quasi—spherical bodies), and M is the mass of the body.

Proof.
[e'e) G I\
U(r) = (236 = Z/() Py(cos B)dm
- r /B
00 G ’l“/ 1 47T +l
—  (199) — el _ Y (0 N)Y,, (0. \)d
(1:29) lz_%r/B(r)zlﬂmE_:_l i (0 A)Yin (68, A)
M !
- zem(“) i Yim (6, 1), (2.42)
T T
with coefficients
1 4n '\ !
= — — Y (@ N ) 2.4
= o+ 1 B(Cl) (8, Ay (243)

According to (1.63), (2.42) can be converted into the equivalent RSH form

I
(%) (Cm cOSMA + Sppy, SIN M) Py (cos 6), (2.44)
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with

fomd = - 50m>mm{ )

- (2 - 60m ’ulmM

sinm\

{cosm)\ }dmo

21—1—1 B

v )
Aim)

(%) {cosm)\’} Pyn(cos @)dm
) Pim

,
- (2_60’”) l+m'M (E inm\

(2.45)

Proposition 17 For a body with arbitrary density distribution, the zonal
Stokes sine coefficients vanish identically:

s = 0. (2.46)

Proof. This result derives from (2.41) observing that sinm\’ = 0 for m = 0.

Proposition 18 For a body with arbitrary density distribution, the degree
zero cosine Stokes coefficient is

Cop = 1. (247)
Proof.
1
Cop = (241) = M/BPOO(COSH')dm

1
- (table 12) - M /B dm
= @23)= 1 e (2.48)

Proposition 19 The mass of a spherical body of radius "a” characterized
by a radial density distribution (see 2.23) is:
M = 47r/ dr' p(r')r'?, (2.49)
0

and the only non vanishing Stokes coefficient of the body s
Coo — 1. (250)
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Proof.
M = (235, 2.23, 2.18):/,0(7"’)dV
B
a 27 T
= (2.19):// /p(r’)r’er’sinﬁldH’dX:
o Jo Jo
= 47T/ dr'p(r')yr' e (2.51)
0

To prove the second part of the proposition, it suffices to recall from (2.24)
that in the case of radial density distribution:

vy = M (2.52)

r

which can be cast in the RSH form (2.40), with ¢og = 1, sg0 = 0, and ¢, =
Sjm =0forl>1 e

2.2.5 Low—-degree Stokes coefficients

The low—degree Stokes coefficients (I = 0, 1, 2) have a special physical mean-
ing, which is discussed in the following.

Proposition 20 For a body with arbitrary density distribution, the degree 0
Stokes coefficients are:

{COO _ é (2.53)

Proof. The first is a repetition of propositions 18, while the second is ob-
tained from proposition 17 with [ =0 e

Proposition 21 For a body with arbitrary density distribution, the degree 1
Stokes coefficients are:

C11 1 Tem
S11 = a Yem (> (2‘54)
C10 Zem

Where Tem, Yem, and zq, are the Cartesian coordinates of the CM (2.534). A
direct consequence is that the degree 1 Stokes coefficients vanish identically
if the origin of the Cartesian reference frame coincides with the CM of the
body.
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Proof. Once again, the relationships (2.54) are a direct consequence of the
definition (2.41). In detail, we have:

Ci1 =

S11 =

Cio =

1 /
24 = o /B %Pll(COS ') cos N'dm

11

(table 1.2) = Y r'sin @ cos N'dm

11 7,

= [ v

CO= o st

a”’cm
(2.34) = —%

a

1 /
(24 = o7 /B %Pn(cos 0') sin Ndm

11
(table 1.2) = ol s r’sin @ sin N'dm
11
=—— d
(a1 aM JB m
oy — Yo
a
1 r!
any=— [ —P, 0" d
(2.41) M/Ba 10(cos0")dm
11 , 0'd
table 1.2) — — —— T COS m
(table 1.2) aM JB
1 ,
=—— d
(1.1) Cf 2 dm
Zcm
(2.34) =

(2.55)

(2.56)

(2.57)

Proposition 22 For a body with arbitrary density distribution, the Stokes
coefficients of harmonic degree 2 can be expressed as linear combinations of
the elements of the inertia tensor:

C20
C21
C22

1 _[izz - (Zm + iyy)/Q}
= 1
Ma? .
—(lae — 1yy) /4
1 0
- Ma Zyz 3

— gy /2

(2.58)

(2.59)
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where iy is given by (2.26-2.31).

Proof. The demonstration of (2.58) and (2.59) is straightforward but some-
what cumbersome. The details are given in the following.

c90 Stokes coefficient.

1 7'\ 2
Cop = (241) = M/B(&) Pyy(cos @' )dm

1
= (el = oo /B7"'2(3 cos® 0 — 1)dm
1
= (1) = W/B(Z%z'z —r'")dm. (2.60)

The last integral can be transformed observing that

bpw + iy = (2.26,227) = /B(x’2 + 9+ 22%)dm

= (228 = i, —1—2/ 2?dm, (2.61)
B
hence
/ 2 dm = M’ (2.62)
B 2
and from (2.32):
/ P2y, — e Ty e (2.63)
B 2
We therefore obtain
1 3. ) . 1 . . )
Cop = (2.60) = m {i(la:a: + lyy — Zzz) - E(Z:ca: + lyy + Zzz)

, fo
_ W[Z_%] . (2.64)
a
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c1 Stokes coefficient.

C21

11 (7"/)2P ( 9/) )\/d
2any = —— [ [ — cos ') cos Ndm
CO= 3m Je\a)
1 1
(ble 12) = 5 /B (=3 cos ' sin #') cos N'dm
1
~ 7oz / (r' sin 0’ cos ') (r' cos §')dm
a’ B
1
(1.1) = —Maz/Bx'z’dm
(2.30) = ez o (2.65)

Ma?

c29 Stokes coefficient.

C22

_ 11 (T/)QP ( 6/) 2)\/d
(2.41) = oM /s 29 (COS COS m

a
1 1
(abie 12) = 757 /B r"?(3sin? @) (cos* N — sin? \')dm
1
TYP / (r"?sin® @' cos® N — r”?sin”® @' sin® \')dm
a? /B
1 2 »
n= — —y?)d
(1.1) 4Ma2/3(x y'“)dm
(226,221 = — LW 4 (2.66)

AMa?

S91 Stokes coefficient.

5921

11 (r’)QP (cos @) sin Nd
(2.41) = 30 s\ G 21(COS S m

11
(bie 12) = 37 /BT’Q(—B cos @' sin ') sin N'dm
1
i / (r' sin 0 sin \')(r' cos §')dm
a? J
1 !/
)= - d
(1.1) MaQ/ByZ m
iy = ¥ o (2.67)

Ma?
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S99 Stokes coefficient.

S99 = (241) = 112]\14 g (7(;,)2P22(COS 0') sin 2X\'dm
= (table 1.2) = 1—12 MlaQ /B 72(3sin® §')(2sin X cos \')dm
= 2]\/1[a2 /B(r' sin @ cos \')(r' sin 0’ sin \)dm
= (1= 2]&[&2 /Bx’y’dm
- ﬁ . (2.68)

2.2.6 Potential perturbation and geoid height

In the following, we consider two distinct states of the Earth: a reference and
a perturbed state. In the reference state (hereafter referred as to ref state),
the gravity field is that of a non—rotating, spherically symmetrical body: the
solid surface of the Earth has a spherical shape, and the relevant geophysical
parameters (density, rigidity, and viscosity) only depend on radius. The
perturbed state results from the action of forces applied at the surface of the
Earth. The spherical symmetry of the ref state is lost, but it is assumed
that the mass of the Earth is unchanged. Since we are only concerned with
surface forces, no lateral density variations at depth are produced in addition
to those due to the deformation of the internal boundaries. The perturbing
forces may be arranged so that to describe the load due to ice sheets or even
the exchange of mass between ice and fresh water reservoirs.? Since these
surface loads correspond to specific imposed force systems that mimic mass
conservation, they never imply a creation or the disruption of actual mass
on the Earth surface. The Earth mass is always constant to its value in the
ref state.

2However, this procedure is not self-consistent, since the oceans water distribution,
and hence the ocean loads, should be naturally determined by the changes of the gravity
field of the Earth due to deformation, and not imposed as it is done here. The only way to
escape to this difficulty is to solve the sealevel equation, according to the theory illustrated
by Farrell and Clark [4]. This is done by the numerical code SELEN, which will be soon
made available by my postglacial rebound group. In SELEN we have implemented the finite
elements approach to the sealevel equation described by [5].
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Since in the ref state it is assumed a radial density distribution (2.23), we
represent the potential of the Earth gravity field as
Gme

Uref(r): . ’ (2.69)

where r is the radius measured with respect to the CM of the Earth, m, is
the mass of the Earth, and G is the Newton constant (see 2.24). Since in
the ref state any spherical surface is an EP surface, the unperturbed solid
surface of the Earth is a particular EP surface before deformation.
According to (2.21), the gravity field in the ref state can be expressed as

. Gm, .
gl (r) = VU™ (r) = —¢, 5 = —&,7,(T) (2.70)
where
Gm,
(1) = = (2.71)

is the modulus of the unperturbed gravity field at a distance r from the CM.
The ref gravity computed at the unperturbed Earth radius r = a is

_ Gme

Yo = Yola) = R (2.72)

In the perturbed state we assume that the gravity potential and the grav-
ity acceleration slightly depart from their values in the ref state. Accordingly,
we write:

U(t,r) = U”if(r) + O(t,7) (2.73)
and
git, 7y =gl (r) + (¢, 7), (2.74)

where ®(t,7) and §'(¢,7) are the potential perturbation and the gravity per-
turbation, respectively, with

D(t,7)] < U (1) (2.75)
17 < g™ o)l (2.76)

and

7(t,7) = VO (t,7). (2.77)
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Since the incremental potential is not totally negligible in front of the per-
turbed potential, the body is a self-gravitating body. A simply gravitating
body is one for which ® = 0, and consequently § = §"¢/. In our following
discussion, we will always deal with self—gravitating bodies.

The potential perturbation ®(¢,7) accounts for:

1. forces acting on the solid surface of the Earth, which mimic the effect
of continental ice sheets,

2. forces acting on the oceans bottom, which describe modifications of the
water load due to the accretion or ablation of the ice sheets of point 1.
above,

3. the further change in the gravity potential due to the distortions of the
solid Earth under the effect of ice and the water loads.

Accordingly, we write
O(t,7) = (¢, 7) + 4/ (¢, 7), (2.78)

where ®" describes the effects 1. and 2. above?, and ®9/ describes the effect
3. The decomposition (2.78) will be reconsidered in §4.2.1 from another point
of view.

It is convenient to transform the potential perturbation into a physical
quantity with the same dimensions of a displacement, the geoid height:*

N0, ) = 2E®0AN (2.79)
Yo

where ®(t,a,0,\) = ®(t,7)|,—q, a is the reference radius of the Earth, and
Yo is the reference gravity (2.72). Since ® is a small quantity if compared to
Urel (see 2.75), we can assume that N is small quantity as well, if compared
to the ref radius of the Earth:

N(t,0,)) < a. (2.80)

3The upperscript r stands for rigid, since ®" can be computed as the Earth was rigid
given that this term is only dependent on the load.

4The use of the term geoid height is conventional. As stated in the text, the geoid is in
fact that particular equipotential surface corresponding to the free surface of the oceans.
The lack of gravitationally self-consistent oceans in TABOO makes impossible a rigorous
implementation of the definition of geoid.
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As any scalar field, the potential perturbation evaluated at the unde-
formed surface of the solid Earth can be expanded in series of CSH functions
(see 1.47):

D(t,a,0,\) = X Pun(t, )Y, (0, N), (2.81)
so that the CSH expansion of the geoid height is
N(t,0,\) = Zimnim(t)Yim (0, N, (2.82)

with harmonic coefficients

. (I)lm(t, CL)
(1) = = 2 (2.83)

Proposition 23 The geoid height N is such that
Ula+ N) =U"(a), (2.84)

where U(a + N) = U(t,7)|r=asrn. In words, the perturbed gravity potential
computed on the surface r = a + N equals the old potential computed on the
unperturbed surface r = a. Since r = a is an EP surface

Ul (a) = c, (2.85)

(see 2.69), it follows from (2.84) that r = a + N is also an EP surface,
corresponding to the same constant c. Notice that while r = a is a solid
surface, r = a + N generally is not a solid surface.

Proof. To first order in N, we have:

ou
U(a+N):U(a)+NE : (2.86)
where
N%—Z = @221y= Né.-g(t,a,0,)\)

= (271 = Nér ’ (g'r‘ef(a) + g’@v a, 97 /\))
~ 270)~ —N~,, (2.87)
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where we have neglected the product of small quantities Né, - ¢ (see 2.80
and 2.76). From (2.86), (2.87), and (2.73) we obtain

U@+ N) = Ul(a) — N
= O(t,a,0,\) + U™ (a) — yoN
= ®(t,a,0,\) + U (a) — O(t,a,0,\)
= U (a), (2.88)

so that from (2.85) we conclude that the surface r = a + N is an EP in the
perturbed state, with U(a + N) =c e

2.2.7 Stokes coefficients variations

Here we compute the variations of the Stokes coefficients and of the inertia
tensor with respect to the ref state defined in the previous section.

Proposition 24 In the perturbed state, the geoid height is:
N(t,0,)) = a 3, (5ci(t) cos mA + §sp, (t) sinmA) Py, (cos6),  (2.89)

where a is the Farth radius in the ref state, and

Scum(t) = cum(t) — <!
m 2.
{ 551 () = sim(t) — 0 (2:90)

are the variations of the Stokes coefficients with respect to the ref state. Since
the mass of the Farth is constant, and it is assumed that the origin of the
reference frame coincides with the CM of the Earth both in the ref and in the
perturbed state, the only non—vanishing terms in the RSH expansion (2.89)
are those with degree | > 2.

Proof. The potential of the gravity field in the spherically symmetric ref
state is
Gm.

Ul (r) = — (2.91)

where m, is the Earth mass in the ref state, and we assume that the origin
of the reference system coincides with the CM (see 2.69). The reference
potential (2.91) can be formally expanded as

Gme !
Urel(r) = ;n X (%) (& cosmA + s]% sinmA) Py (cos ), (2.92)
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where a is the ref Earth radius, and the only non—vanishing term is that of
degree zero:

ref

COO = 1
cqf,{ = sqf,ff = 0, (m=0,1) (2.93)
c;;f = slrﬁlf = 0, (1>2).

According to the general result (2.40) the gravity potential can be ex-
panded as follows in the perturbed state:

Gme_, [a\! ,
U(t, )= TElm (r>(clm(t) cOS MA+ Sy, (t) sSinmA) Py (cos0),  (2.94)

where (¢ (t), sim(t)) and m, are the Stokes coefficients and the Earth mass

in the perturbed state, respectively, and it is assumed that the origin of the
reference frame still coincides with the CM. Due to (2.47) and (2.54):

Cop — 1

Clm = Sim = 0, (m=0,1) (2.95)
Clim 7é Sim 7£ 07 (l—2)

From (2.73), the potential perturbation is the difference between the po-
tential of the gravity field in the perturbed and in the reference state:

Cb(ta F) = U(t7 F) - Uref(r% (296)
which according to (2.94) and (2.92) can be written as:

o Gme_, [a\! ,
O(t,r)= . Zlm<r> (0cim (t) cosmA+38ym(t) sin mA) Py, (cos 0), (2.97)

where ¢, (t) and ds,,,(t) are the variations of the Stokes coefficients:

Scim(t) = cim(t) = it
{ O1m(t) = sun(t) — spe, (2.98)

with
if (z:o,1);{§§§:8 - 8 (2.99)

and

if (1>2): { gzﬁg _ SCZZ (2.100)
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where we have used (2.95) and (2.93). Using (2.97) and the definition of
geoid height (2.79), we finally obtain:

O(t,a,0,)\)

Yo
= a X}, (8¢ (t) cos mA+88,, (t) sinmA) Py, (cos ),  (2.101)

N(t,0,\) =

where due to (2.99) and (2.100) the lowest degree of the RSH expansion is
[ = 2. We also observe from (2.100) that for [ > 2 the variations of the
Stokes coefficients are the Stokes coefficients in the perturbed state e

2.2.8 Inertia tensor variations

According to (2.58) and (2.59), the variations of the Stokes coefficients of
harmonic degree 2 are related to the variations of the elements of the inertia
tensor by

5621 (t) = 5 52952 (t), (2102)
d¢2 Med —(Oigy — iyy) /4

and
(5820 1 0
5821 (t) = mea,Q (Siiyz (t), (2103)
5822 _5Z:By/2

where m, and a are the mass and the reference radius of the Earth, respec-
tively. The relationships above cannot be unequivocally inverted in order to
obtain the inertia tensor variations from the Stokes coefficients. A further
condition must be provided, as stated in the following proposition.

Proposition 25 As shown in [10], the trace of the inertia tensor does not
vary provided that the displacement field induced by the perturbing forces is
solenoidal (this statement corresponds to the so—called Darwin’s Theorem,).
Since we have assumed that the Farth is incompressible, the displacement
field is solenoidal (2.2). Using the constraint:

i + iy + 0ie = 0, (2.104)
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in (2.102) and (2.103), we obtain:

(553% 5C20/3 — 25C22

(ﬁyy 5020/3 + 25022

(5;22 . —2(5020/3

(%zz (t) - 5621 (t)a (2'105)
iy 0591

553%, —2(5822

where we have introduced the normalized inertia tensor:

(2.106)



Chapter 3

Surface loads

In the previous Chapter we have associated the displacement field (2.6) and
the geoid height (2.89) to generic perturbing forces causing deformation of
the solid Earth. The forces of concern in TABOO are indeed particular, in
that they are related to the accretion or ablation of ice loads placed on
the Earth surface and to the consequent variations of ocean mass. Here we
describe these surface loads in mathematical terms; their relationship with
the displacements and the geoid height is discussed in the next Chapter.

3.1 General properties

3.1.1 Definition

In our discussion we are only concerned with geophysical processes which can
be modeled in terms of normal forces acting on the Earth surface. We define
the surface load as

1 df,

L(t,0,\) = — (t,0,N), (3.1)
where df,, is the normal force on the surface element of area dA of the Earth
surface at time ¢, and ~, is the reference gravity acceleration at the surface of
the Earth (2.72). The surface load has dimensions of a mass per unit surface.

In this discussion we will limit our attention to the special case of surface
loads which can be factorized as follows:

L(t,0,)) = f(t)o(0,)), (3.2)



46 Surface loads

where the function o (6, \), called load function, defines the spatial features
of the surface load, and the non-dimensional function f(t) is the load time—
history, which describes its time—evolution.

All of the surface loads considered in this booklet are characterized by
load functions of the type

o(6, ) :{ ol ) Egi? D (3.3)

where D C 2 is the load function domain, €2 is the surface of the sphere, Hp
is a function defined on D, and c is a constant. The particular load functions
and time-histories available in TABOO will be described in §3.2, 3.3, and 7.1.

3.1.2 Dynamic and static load mass

Once L(t,0,)) is defined by (3.2) and (3.3), it is useful to introduce the
dynamic mass of the load:

u(t) = /Q L(t,0,\)dA (3.4)
— 6= f() /Q (6, \)dA, (3.5)

where
dA = a2dS) (3.6)

is the element of area on the surface of the sphere of radius a, with dQ2 =
sin @dfd\ (see also 1.25).

It is also useful to introduce the static load mass m, as

—— /Qa(e,)\)dA, (3.7)
so that:
u(t) = f(t)ms. (3.8)

The dynamic mass u(t) gives information of the spatially averaged surface
load at time ¢, and as such it can be characterized by negative, null, or
positive values:
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p(t) = @a= [ L(t0,\)dA

Q
 JoL(t,0,))dA
— Ae Ae
Jo L(t, 0, N)a?dS

= @6 = A

(0 < a0
= @s6) =  A(L(t,0,))),
= va= AS(E)o(0 Mg, (39)

where A, is the area of the surface of the Earth and (...), indicates the
average on {2 (see 1.56).

3.1.3 Balanced loads

In the special case of a surface load with vanishing dynamic mass at any time
t, we are dealing with a balanced load. Due to (3.8), a sufficient condition for

p(t) =0is
ms =0 (balanced load). (3.10)

Since the balanced loads never create nor destroy a net static mass on the
Earth surface, they are useful to mimic the principle of mass conservation.
It should be remarked that the surface loads, being them balanced or not,
always correspond to distributed forces applied at the Earth surface, which
do not imply any alteration of the effective mass of the Earth.

Suppose that a non—balanced surface load with dynamic mass p'(t) is as-
signed on a domain D! and that we want to balance that load introducing an
appropriate compensating surface load with dynamic mass ?(t) on a domain
D? (see 3.3). The two surface loads will be also referred as to primary and
secondary surface loads, respectively. In the special case D' U D? = , the
secondary load is complementary to the primary.

The load resulting from the juxtaposition of the two unbalanced surface
loads is balanced if

plD(t) = (1) + p2(t) = fH{Omy + fA(Hm: =0, (3.11)

where f1(t) and f?(t) are the time-histories of the two loads, and m! and

2

m? are their static masses, respectively. The condition (3.11) is satisfied if
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fi(t) = f2(t) and m! = —m?, ie., if the two loads have the same time-
history but opposite static masses. This is the strategy that we will employ
in the following in order to build the compensating secondary surface load
once the primary is assigned. In general, the static mass of the primary load
is > 0, since the primary surface load is associated with an ezcess of mass
on the Earth surface (e.g., an ice dome, or other). As a consequence, a static
mass < 0 is assigned to the secondary load, which is usually associated with
a mass deficiency (e.g., the sealevel drop due to ice accumulation within the
ice caps).

A special case is that of self-balanced loads, for which the dynamic mass
vanishes without the need of introducing a secondary compensating load. An
example of self-balanced load is given in §3.3.6.

3.1.4 AX and NAX surface loads

For our following discussion, it is important to classify the load functions
o(6,\) into two families. The first contains those load functions which possess
an axis of symmetry, and the corresponding surface loads are called AX loads.
The second family contains the non—axissimmetric loads, referred as to NAX
loads. Of course, any AX load can be viewed as a particular NAX load.

Suppose that, once the load function o(f, ) and the domain D in (3.3)
are specified in the geographical reference frame (GRF), it is possible to
determine a new frame in which o is only function of the new colatitude ©.
The z—axis of the new frame, that we call load reference frame (LRF) is the
axis of symmetry of the load. The pole of the (AX) load is that point where
the axis of symmetry pierces the sphere, so that the pole has colatitude © = 0
in the LRF. The existence of the LRF depends on the geometrical features of
both o(0, A\) and D. The x and y axes of the LRF can be assigned arbitrarily
on the plane perpendicular to z due to the symmetry of the load.

If © is the colatitude of point P in the LRF, the cosines theorem of
spherical geometry ensures that

cos © = cos f cos 0, + sin f sin 0. cos(A — A.), (3.12)

where (6, \) and (., \.) are the spherical coordinates of P and of the pole of
the load in the GRF, respectively.
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3.1.5 Expansion of the NAX load function

Proposition 26 Given a generic NAX surface load, its load function can be
expanded as

(0, ) = S0 Yim (0, \), (3.13)

where the CSH coefficients are:

O = /Q (6, )Y (6, \)dQ. (3.14)

Proof. The formula (3.13) is just a consequence of the general CSH expan-
sion theorem (1.47), and (3.14) follows from (1.50).

Proposition 27 Given the CSH expansion of the load function associated
with a generic NAX load (3.18), the coefficients of the RSH equivalent ex-
pansion

a(0,\) =3, (ch, cosmA + s sinmA) Py, (cos 0) (3.15)

are

{ i } =(2- 50m)uzm{ _ oA0tm) }v (3.16)

Slm Im(alm)
with
oo+l
S =Y. (3.17)
=0 m=0

Proof. The formula (3.15) is just a a consequence of (1.63) e

Proposition 28 The static mass of a generic NAX surface load is
m, = a*Vdroy = 4ra’c,, (3.18)

where a s the reference radius of the Farth.
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Proof. We prove the left equality first:
ms = (3.7) :a2/§20(6‘,/\)d9
= (3.13) = aQ/QEZmale}mdQ
S /Q Vi)
~ @S Vix [ ﬁ}/,mm
= (e 11) = @ Syon VAT /Q YooVimdS2

ST / Y Vind
Q

= (124) = CZZEZmO'lm \% 4775[0(51710
= a*Viroy e (3.19)

The right equality in (3.18) can be recognized as true observing that from

the first of (3.16) we have ¢, = \/%Re(aoo) (see also 1.23). But since o (6, \)

and oy are real (1.55), we have ogg = V4mcf,, which proves (3.18) e

3.2 Two useful NAX loads

We will consider two specific kinds of NAX loads: the rectangular and the
ocean surface loads.

3.2.1 Rectangular load
The rectangular surface load is defined as

L(t,0,)\) = f(t)o" (0, N), (3.20)
where f(t) is the load time-history, and the load function is:

h if (01 S 0 S ‘92) and (/\1 S A S )\2)

o"(6,2) = 'Oi{ 0 elsewere, (3:21)

where the parameter h is called load thickness, p; is the density of the material
which constitutes the load!, and (\;, A2) and (6, 65) are the longitudes of

Lthe label i in p; stands for ice, since generally (but not necessarily) the disc load is
used to model an ice cap.
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the two meridians and the colatitudes of the two parallels which bound the
rectangular load, respectively. As we will show below, the product p;h is

proportional to the static mass of the rectangular load m?.

Proposition 29 The CSH coefficients of the rectangular load function ex-

pansion.:
" (0,\) = Zimol, Yim(0,N)
are

T = Pih i Vi (Qm 4 Lm),

where fyy, is given by (1.23), and

(1)-(5%). e

am | _ 1 | sinmAy —sinm, m
{omt=if b oo,

m | cosmAy — cosmA;

cos 02
Vim = — Py (x)dx.

cos 01

Proof.
o, = (3.14) = /JTYl;dQ
Q

A . 9
= (321) = pl-h,ulm/ 2d)\e’”"A/ 2le(cos.9) sin 0d6
)\1 01
cos Oy

A )
— i /A * e / Py ()da

os 01

A2 .
= (3.26) = pihulm’ylm/ dhe™ M,
A1

For m = 0:
)\2 . )\2
dhe ™ = d\
)\1 >\1
Ay — A\
= Oy + L%307

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)
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where ap and [, are given by (3.24).

For m # 0:
A . 1 ' A2
2 dAe_Zm)\ - |:€—zm>\:|
A1 m A
= i(e*im& _ efim)\l)
m
= i(COS)\z—Lsin)\2—cos>\1—i—Lsin)\1)
m
= i[(COS Ay — €os ) — ¢(sin Ay — sin Ay )]
m
1

1
= —(sinAg —sin Ay) + t—(cos Ay — cos A1)
m m

= Qm + O, (3.29)
where «,, and (3,, are given by (3.25) e

Proposition 30 The static mass of a rectangular load of thickness h and
density p; 1s

m’ = p;ha*(Ag — A)(cos @y — cos bs). (3.30)

Proof. From (3.18), the static mass of the load is m’ = v/4mwa?of,, where
oo 1s the degree 0 CSH coefficient of the load function expansion. But from

(3.23), (1.23), and (3.26), we also have o{, = \p/% (A2 — A1) (cos by — cosbs),

so that for a rectangular load (3.30) holds e

3.2.2 Ocean surface load

The ocean surface load is defined by

L(t,0,)\) = f(t)o*(0,N), (3.31)
where f(t) is the load time-history, and the ocean load function is
m
Ape
where O(6, \) is given by (1.80), m?2° is the static mass of the load, and A,.

is the area of the surface of the oceans (1.85). By definition of static mass
(see 3.7):

m = a2/ a°dS. (3.33)
Q

oc
S

5 (0, ) = = 0(0, )), (3.32)
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3.3 AX loads

As seen in §3.1.4, a generic AX load can be expressed in the LRF by a load
function ¢4% (0), where O is the colatitude measured with respect to the axis
of symmetry of the load. When the LRF is not coincident with the GRF,
it is by far more economical to take advantage of the load symmetry and
to expand the load function in Legendre polynomials in the LRF instead of
writing a CSH expansion in the GRF. We thus write:

o*¥(0) = ialAXPl(cos 0), (3.34)

=0

where, according to (1.75), the LEG coefficients of the expansion are:

20+1 g~
ot = ;—/0 0% () P(cos ©) sin ©dO, (3.35)
or
20+ 1 1
oAX — 2* / @) P(e)dr, @ = cose. (3.36)

Proposition 31 The static mass of an AX load is

mAX = 2742 / " 54X () sin ©dO. (3.37)
0

s

Proof. This result can be obtained from the general formula (3.7) written
in the LRF:

AX 2 AX i dOdA
m a /Qa (0)sin ©dO

s

21 s
— (2) = a’ / / 54X () sin OdOdA
0 0
— 2’ / " 54X () sin ©dO), (3.38)
0

where A and © the longitude and the colatitude in the LRF, and we have
taken advantage from the load symmetry e

Proposition 32 The explicit expression for the static mass of an AX load
18:

maX = dra®od, (3.39)
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where o§*X is the degree 0 LEG coefficient of the expansion of the load func-
tion in the LRF.

Proof.

s

mAX (337) = 2ma® /7r 0% (0) sin ©dO
0

= (334) = 27m2/ > 0¥ P(cos ©) sin ©dO
0 1=o

= (b 1.3) = 2ma’ ZUZAX/ Py(cos ©)P(cos ©) sin ©dO
1=0 0

& 2010
= (35 = 2ma’ ZJZAX
= 20+ 1

= drd’ol* e (3.40)

Proposition 33 Let us consider an AX load and its LEG expansion in the
LRF:

o (0) = ialAXPl(cos 0), (3.41)

=0

where O 1is the colatitude of an arbitrary point on the Farth surface. This
same point has coordinates (6, \) in the GRFE. The load function % (©) will
depend on 0 and X through the dependence of © from 0 and \ (see 3.12):

o (0) = o™ (0, )), (3.42)

where the lower—case upperscript ax’ indicates that the corresponding quan-
tity is written in the GRF. Our purpose here is to show that the coefficients
of the CSH expansion

50, N) = S Yo (0, \), (3.43)
are
we  ATY7 (0., N)
R TP (3.44)

where (0., \.) are the coordinates of the pole of the load in the GRF.
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Proof. The proof is a direct consequence of the addition theorem:

o (0) = @31 = ZUZAXPl(COS@)

=0

o™ (H,\) = (120 = Za;“ * (B, Ae)Yim (0, )
=0 m*l
= Y0 Y (6, \), (3.45)
with
v ATY (e, M)
Ulm:—él—i—l oX e (3.46)

3.3.1 Unit load

The response of the Earth to a unit surface load allows to construct the
response to any other load. For this reason, it is important in our discussion.
The unit surface load is defined as:

L(t,0) = f(t)o’(09), (3.47)

with load function

m(S

0°(0) = —5(1 — cos O), (3.48)

2ma?

where §(z) is the Dirac delta and a is the reference Earth radius. According
0 (3.37) the static mass m? of the unit load is

md = 27TCL2/ 0’ (©) sin ©dO, (3.49)
Q

where © is the colatitude in the LRF.

For later purposes it is convenient to introduce the potential perturbation
¢P associated with a point source with static mass m? placed on the surface
of the Earth in the ref state (§2.2.6). By Newton’s Law of gravitation:

Gm?
P _ s
(b d )

where d is the distance between the observer and the source. By the cosines
theorem:

¢p(a’ 6) =

(3.50)

Gm?®
\/2a2(1 —cos O) 7

(3.51)
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where a is the reference radius of the Earth, and © is the colatitude of the
observer with respect to the point source. Since 1 — cos © = 2sin?(0/2), we
obtain:

¢’(a,0) = GL?@, (3.52)

2a sin B}
which can be transformed recalling the Legendre sum (1.42):

Gm5 [es)

¢ (a,0) = " SZZ:PI(COSG)

= Y ¢(a)P(cosO), (3.53)
1=0
where the LEG coefficients of the expansion are
Gm?
& (a) = p (3.54)

Proposition 34 The coefficients of the LEG expansion of the unit load func-

tion
o’(©) = > o) P(cos O) (3.55)
1=0
are
20+1
5 _ .5
ol =m) ( a2 ) : (3.56)
Proof.
20+ 1 1
0! = (336) = ;_/ o (x)Py(x)dx
-1
2041 md [+
= (348) = LAl ms (1 —x)P(x)dx

2 2ma? /o

20+1
e (20

20+ 1
= qa)y= m’ <+> . (3.57)

*\ 4ma?
From (3.56) we observe that
md = 4ra’o), (3.58)

in agreement with the general relationship (3.39) e
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3.3.2 Disc load
The disc load is the particular AX surface load defined as
L(t,©) = f(t)o"(®), (3.59)

where f(t) is the load time-history and the load function in the LRF is

don [ pih if 0<O<a

where « is the half-amplitude of the disc load (0 < a < ), h is the thickness
of the load, and p; is the ice density (see the footnote of page 50).

Proposition 35 The static mass of the disc load is
m? = 2ra*p;h(1 — cos a), (3.61)

so that an alternative form of the disc load function is:

md

s ] < <
c?(0) = { 21a?(1 — cos ) if 0=0=<a (3.62)

0 if a<0 <.

Proof.
mé = @an = 2na® /7r 0(0) sin ©dO

s
0

= (3.60) = 2ma’p;h /a sin ©dO
0
= 2ma’p;h(1 —cosa) e (3.63)

Proposition 36 The coefficients of the LEG expansion of the disc load func-
tion in the LRF

c(©) = > 0/ P(cos ©) (3.64)
1=0
are

d_pih 1 —cosa if [=0
9T [— Pi(cosa) + P_q(cosa)] if 1> 1.

(3.65)
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Proof. We apply to the disc load the general result (3.35) and we consider

separately the cases [ =0 and [ > 1.

1. For [l =0:

1 T
ol = (3.35)25/0 0%(0) Py(cos ©) sin ©dO

ihoe
= (3.60) = '02 / Py(cos ©) sin ©dO
0
h ro
= (table 1.3) = P / sin ©dO
2 Jo
ih
= p2 (1 —cosa). (3.66)
2. For [l >1:
2041 47
ol = (335 = T+ 0%(0)P,(cos ©) sin ©dO
0
20+ 1 o
— (s60) = —é;—mh/mfﬂaﬁ@)ﬁn@dG (3.67)
0
20+ 1 1
= T—Fpih P(x)dx
_ o 20+1 b Pla(e) — Py (2)
= o= —o—pih /a ST
ih
= BE[Pia(1) = Pialcos@) = Pa(1) + Pia(cos )
ih
= (141) = p2 [1— Pi(cosa) — 14 P_y(cos a)]
pih
= -5 [Py1(cosa) — P_y(cosar)] e (3.68)
3.3.3 Balanced disc load
The balanced disc load can be expressed in the LRF as:
L(t,6) = (1) |"(6) +0(0), (3.69)

where 0%(0) is the disc load function (3.60), and o¢(0) is the complementary

disc load function:

c B 0 if 0<O<w
U@*”4h'ﬁa<@gm

(3.70)
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where the thickness A’ is determined below, and p; the ice density. From
(3.60) and (3.70), the load function of the balanced disc load is:

hoif 0<O<a

Woif a<O<r, (3.71)

0°(©) = 0/(8) +0°(0) = p; {
where h is the primary load thickness. To make the constant A’ in (3.71)
explicit, we impose that the total static mass of the balanced load vanishes
(see 3.10):

0=m = @3n= 2rd® /7r o“(©) sin ©dO
0

s

= @m = 2ma’p; {h /a sin ©dO + K /7r

0 «a
= 2ma’p;i[h(—cos ©)§ + h'(— cos ©)7]
= 2ma’pi[h(1 — cosa) + /(1 + cos )],

sin @d@}

hence

-1
Wo=h (LO‘ ) . 3.72
cosa+ 1 ( )

Proposition 37 If m? denotes the static mass the primary disc load and o
its half-amplitude, the balanced disc load can also be described by the following
load function:

1
— if 0<O<La
; mé 1 —cosa
c“(0)=— 3.73
(©) = 5, 1 (373)
—— if a<O6<1.
1+ cosa

Proof. It suffices to use (3.61) in the first of (3.71) and (3.72) with (3.61) in
the second e

Proposition 38 The LEG coefficients of the expansion of the balanced disk
load

Z ot Py(cos ©) (3.74)
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are

0 it [=0

o =ph i Pua(cosa) = Pafeosa) ) (3.75)

1+ cosa

Proof. The cases [ = 0 and [ > 1 are discussed separately.

1. The result o5 = 0 follows directly from the relationship between the
degree 0 LEG coefficient of a generic AX load and its static mass (3.39)
and from (3.10).

2. For [ > 1 we start from the general expression valid for any AX surface

load:
20+1 ¢~
ot = (335) = T+/o o0°)(0) Py(cos ©) sin ©dO =
A0+ 17 e
= @371) = ;{/ pihPi(cos ©) sin ©dO +
0

+/ pih' P(cos ©) sin @d@}
21 1 Cos o
= @en = o]+ T—i_pih’/ P(x)dx
1

pih
2
204+1 ,Pyi(cosa) — P_y(cosa)

N
y Pl 20+ 1
—Z P i(cosa) — Pr_y(cos 04)] (h—h)

= (3.68,1.46) = [P1(cosa) — Pp_q(cos )]+

2
= (372) = —% {PM(COS a) — Py (cos a)] (h —h

cosa — 1)
cosa + 1
Pyq(cosa) — P_q(cosa)

~ —ph (121) o  (3.76)

1+ cos«

3.3.4 Parabolic load

The surface load with parabolic cross—section constitutes an improvement
with respect to the disc load, since it does not include unrealistic steep edges.
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According with the general definition of surface load, we define the parabolic
surface load® in the LRF as

L(t,0) = f(t)a?(O), (3.77)

where f(t) is the load time-history, and the load function appropriate for
the parabolic load is

P ks kLTI P SN
a?(0) = p; 1= cosa (3.78)

0 if a<O <,

where p; is the mass density of the load, « is the half-amplitude, and h, is
the load thickness for © = 0, related to the load static and to « by (3.79).
As it will be clear in the following, the particular form of ¢?(©) allows for a
closed—form computation of the LEG expansion coefficients in the LRF and
constitutes a quite realistic equilibrium profile for an ice cap.

Proposition 39 The static mass of the parabolic surface load is

4
mb = gmfpiho(l — cosa). (3.79)

Proof.

mP = @an= 2ma’ /7r o”(0) sin ©dO
0

s

a @ _
= (3.78) = 27ra2piho/ COiﬂsin 0do
— COos &

2ma’p;h, s pp—
= cos© — cosasin © dO
val —Cosa/

2 lho Cos o
= \/% Va —cosa (—dz)

2mwa’ pZ o
= VI —cosa dx
AV 1 - COS (¥ /cosa

2As it is clear from (3.78) the profile of the surface load is parabolic in the variable
cos ©, where O is colatitude.
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2ma®p;h, 2( )3/2 1
= —=— 2 —(x—cosa
V1 —cosa3d
402
— 310 PTRe (1 coga)

v1—cosa

= gﬂazpiho(l—cosa) )

COos «

3/2

(3.80)

Proposition 40 The coefficients of the LEG expansion of the parabolic load

function in the LRF

o(0) = 3" of Pi(cos ©)
1=0
are
p_ Pilo B 1 if 1=0
=g (1 Cosa){ Glo) if 131,
where
@)= -1 [Tin(@) = Tisla) _ Tiala) — Tifa)
MUT T = cosa)? 1 +3/2 I—1/2 ;

and Ti(a) denotes the Chebichev polynomials of 2™ kind (1.89).

Proof. The cases [ =0 and [ > 1 are considered separately.

1. In (3.82), the expression for [ = 0 follows from (3.39) and (3.79).

(3.81)

(3.82)

(3.83)

2. For [ > 1 we start from the general expression (3.35), valid for any AX

load:
204+1 7
ol = ;_/ o”(0)P,(cos O) sin ©dO (3.84)
0
204+1 @ —
= (3.78) = +pih0/ COS@&Pl(cos@) sin ©dO
2 0 1 —cosa

2041 iho o .
= - P / Vcos © — cos a Py(cos ©) sin ©dO
0

2 1 —cosa
20+ 1 pih, cos
= Vo — P, —d
5 s )i xr —cosa Pj(z)(—dx)
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2041 iho
= VI — P
2 \/1—COSOz/cosOc v cosa l( ) — =
2041 piho

= VI — COS«
2 \/1—COSCY cos o
sz Ly

VI — COSC
2\/ 1-— COSO{[ Ccos &

P
\/[E—COSOZd +1 ]

COos «

= N — P
2\/1—cosa[ Tocosa l+1( )

Pz+1< ) — Pl_l(x>]dx
20+ 1

1 1 /1 Py(x)de
cos a 2 Jeosa VI — COSC

1 1 1 Py(x)dx
v r —cosal_ — _—
o at 1(x) cos a + 2 cosa /T — COS
= (141) = { Frnlz)de b Aalodr }
' 1—cosa cosa \/:c—cos& cosa \/T — COS (v

= (138) = — pilo Tii1(a) — Tio(@) B Ti—1(a) — Tl(Oé)]
' 4(1 — cos @) 1+3/2 [—1/2
= (383) = pilto (1—cosa)§(er) e (3.85)

3

3.3.5 Balanced parabolic load

The balanced parabolic load can be expressed in the LRF as:
L(t,6) = (1) |"(8) +0(0)|. (3.56)

where ¢?(0) is the parabolic load function (3.78), and ¢¢(©) is the load
function of the complementary disc load (3.70). The load function of the
balanced parabolic load is thus:

cos©®—cosa
57(0) = 0?() + 0°(©) = p; { foy Fioema” 05O sa g

h if a<O<m,

where the parameter h, is related to the static mass of the primary load by
(3.79), and to make the constant h’ explicit we impose that the static mass
of the balanced parabolic load vanishes (see 3.10):

0=m? = @sn= 2’ /7r c?(©)sin ©dO (3.88)
0

s
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o

= (387 = 2ma’ {/a o?(©) sin ©dO + /7T p:h' sin @d@]
0

= (3.80) = %WGQ,Oiho(l — cos @) + 2ma’p;h'[— cos O
— gmﬁpihg(l — cosa) + 2ma’p;h/ (1 + cos )
= 2ma’p; Eho(l —cosa) + h'(1 + cos a)}, (3.89)
hence
2 /1 —cosa
W= -2 <m> ho. (3.90)

Proposition 41 The LEG coefficients of the expansion of the balanced parabolic
surface load function:

oc?(0) => 0" P(cos O) (3.91)
1=0
are
0 it [=0
> _ h Wy 3.92
o =r o] + p2 [Py1(cosa) — P_y(cosar)] if 1> 1. (3.92)

where o] are the LEG coefficients of the expansion of the unbalanced parabolic
load function (3.82) and h' is given by (3.90).

Proof. The proof is into two parts.

1. The case [ = 0 in (3.92) follows from the condition of vanishing static
load mass (see 3.88) and from (3.39).

2. For [ > 1 we recall the general expression (3.35), valid for any AX
surface load:

o = # /07T oP(©)P,(cos ©) sin OdO = (3.87) =
= 2l2+1{/0‘ o?(©)P,(cos ©) sin ©dO +
0

+ /7r pih' P(cos ©) sin ©dO
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2[ 1 CoS «
= @sa)= o+ —;— pih//_1 P(z)dx

2041 Pyi(cosa) — Pq(cos a)
2 20+ 1
pil’

= ol + T[PZH(COS a) — P_i(cosa)] e (3.93)

= (146) = o)+

3.3.6 Harmonic load

The harmonic surface load is defined as

L(t,0) = f(t)o"(O), (3.94)
where f(t) is the load time-history, and the load function is

o"(©) = K Py(cos ©), (3.95)

where K is a constant, and ¢ is the harmonic degree of the load. Since
Py(1) = 1 (1.41), K represents the value of ¢"(0) at the pole of the load
(©=0).

Proposition 42 The static mass of the harmonic load is
m" = 4K éy. (3.96)
As a consequence, for £ # 0 the harmonic load is self-balanced (see §3.1.3).

Proof. From (3.39), m" = 4na?sl, and from (3.95): of = Kd,. Hence,
mh = 4ma®K&y. Since m! = 0 for £ # 0, the load is self-balanced for ¢ # 0
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Chapter 4

Response to surface loads:
displacement and geoid height

In this Chapter, the response of the Earth to surface loads is expressed in
terms of surface displacement and geoid height at a given point of the Earth
surface. In §4.1 the spectral coefficients of these physical quantities are ax-
iomatically provided and employed to build the response of an elastic Earth
to a generic NAX load in the GRF. As a particular case, the elastic response
to an AX load in the LRF is also obtained.

In §4.1.1 we generalize the elastic solutions to the case of a viscoelastic
Earth, and we subsequently introduce the viscoelastic load—deformation co-
efficients (LDC) by means of the response to an impulsive, unit load (§4.2.1).
This allows for an explicit representation of the response to AX loads in the
LRF (§4.3.1), which is subsequently employed in §4.3.2 to construct the GRF
response to the AX load by means of simple geometrical arguments.

The viscoelastic response formulas valid for NAX loads are provided in
§4.4. They are given both in complex and real forms. In §4.4.3 we view the
response to an AX load as a particular case of the response to a NAX load.
The resulting formulas are not computationally convenient, but are useful
if spectral formulas are sought for an AX load in the GRF. In §4.5 we deal
with the ocean corrections to the responses previously introduced.

4.1 Equilibrium of an elastic Earth

The link between the surface loads and the Earth response to the loads can
be evidenced solving the equilibrium equations of a Spherically symmetric,
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Elastic, Incompressible, and Self-Gravitating Earth (in what follows, we will
use the acronym SEISG to indicate such an Earth model, and SVISG to
denote the its viscoelastic variant). The solution of the equilibrium equations
requires a considerable amount of algebra, but the details can be omitted for
an understanding of the basic functioning of TABOO. The main findings can
be summarized as follows.

Proposition 43 Consider a SEISG Earth model perturbed by a surface load
L(t,0,)\) = f(t)o(0,\), where f(t) is the load time history and o(6,\) the
load function (§3.1.1). "It can be shown that:”*

1. The equilibrium equations can be split into two decoupled sets of lin-
ear, first order ordinary differential equations. The first involves the
poloidal fields and the potential perturbation, and the second concerns
the toroidal fields. The toroidal part of the displacement field vanishes
wdentically due to the assumed spherical symmetry of the model and to
the absence of toroidal terms in the load function expansion (3.13).

2. Due to the elastic behavior of the Earth, the response is proportional to
the perturbing forces:

Ulm Cl
Uim (t7 CL) = | d O-me(t)7 (l > 2)7 (41)
7 €

where

® U, and vy, are the poloidal CSH coefficients for the radial and
horizontal components® of the displacement vector (2.6),

o O, is the CSH coefficient of the potential perturbation (2.81),
® 0y, is the CSH coefficient of the load function expansion (3.13),

e ¢, d;, and e; are model-dependent constants.

The special cases | = 0 and [ = 1 must be discussed separately, as indicated
by Farrell [3].

'The details will be reported in the next editions of this booklet.

L) and u(2)

o i instead of ug,, and vyy,.

ZNotice that in (2.6) we have used the symbols ul(
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As already observed in §2.1.1, the degree 0 coefficients ugy and voy vanish
identically due to incompressibility. From (2.97) and (2.99) we also have
®oy = 0, since we have assumed that the mass of the FEarth is not altered
by the perturbing process that has caused its deformation. Since the degree 0
coefficients vanish independently from the value of ooy, the relationship (4.1)
s valid also for | =0, provided that ¢; = d; = e¢; = 0.

The CSH expansion of a given surface load contains, in general, a degree
1 term. At the time of this writing, the formulas required in order to describe
the harmonic degree 1 responses have not yet been implemented in TABOO.
Thus, in what follows the responses are computed as if o1, = 0 (m = 0,1).
Since we acknowledge that the degree 1 term may produce non—negligible ef-
fects, it will be implemented in the future releases of the software.

Proposition 44 The components of surface displacement and the potential
perturbation in response to a generic NAX surface load acting on a SEISG
Earth model are:

nax

u”"
(a6, =
A
P
Uim, 1
- U a8 a6, (42
Im im sin 0
iy, 1

where Uy, Uy, and Oy, are given by (4.1).

Proof. The first three lines of (4.2) are a direct consequence of the general
toroidal-poloidal decomposition (2.6), in which the toroidal terms are absent
due to proposition 43 above. The fourth derives from (2.81). The expansion
(4.2) formally contains all of the harmonic degrees with [ > 0. Actually,
since the degree 0 responses vanish for an incompressible Earth, and since the
degree 1 components of the load functions are simply ignored (see proposition
43), the expansion begins with the term [ = 2. This applies to all of the
results presented in this Chapter e
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Proposition 45 Here we consider the particular case of an AX load with its
axis of symmetry coincident with the z—axis of the GREF. In this configuration,
the LRF and the GRF are superimposed, so that R =1, © =60 and A = ),
where (R, ©, A) and (r, 0, \) are the spherical coordinates of a given point in
the LRF and GRF, respectively. We show that in this particular geometrical
configuration the formulas (4.2), which describe the response of a SEISG
FEarth, degenerate into

AX AX

UR Uy 1
Uo . > (Y ) 8@
s (t,a,0) = ; 0 (t,a) 0 Py(cos ©), (4.3)
P P, 1
with
U AX c
l 1
u | (ta)=| d | o f(t), (4.4)
o, €

where o{'X is the LEG coefficient of the AX load (3.34), and the constants
a, di, and e; are the same as in (4.1).

Proof. From proposition 9, the CSH coefficients of an AX load function are
o = G, (4.
where o'% are the LEG coefficients of the load function (3.34). Thus, from
(4.1), the CSH coefficients associated with the radial displacement are:
wm(t,a) = aop f(t)
P W I ()] (4.6)

lm

so that from the first of (4.2) (recall that R = r, © = 0, and A = \), we
obtain:

II%X <t> a, 67 A) = Zlmulm(ta a)Y}m(GL A)
1 )
= (46,1.21) = Elmcl—5moalAXf(t),ulmle(cos 0)emA

lm

= Zu (t,a)P(cosO) =

= up¥(t,a,0), (4.7)
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with
uf‘X(t, a) = clalAXf(t), (4.8)

where ¢; is the same as in (4.1). The demonstration is similar for the remain-
ing equations in (4.3) e

4.1.1 Extension to viscoelasticity

Till now, we have limited our attention to the elastic response to an applied
surface load. The extension to the linear viscoelastic response of (4.2) and
(4.3) is simple by virtue of the correspondence principle of linear viscoelas-
ticity. It states that the equilibrium equations for a viscoelastic body with
linear rheology can be obtained from the elastic ones substituting the elastic
moduli with appropriate complex moduli, and the field variables with their
Laplace-transformed [6].

A general demonstration of the correspondence principle is beyond our
purposes. However, it may be useful to illustrate it in the simple case of a
Maxwell body, with the aid of one-dimensional mechanical analogies. The
elastic and viscous components of the Maxwell rheology are described by

o

e - bl 4
€ e (4.9)
and
o
= : 4.10
“ =y (4.10)

where ¢, is the elastic strain, €, is the viscous strain rate, o is the applied
stress (not to be confused with the load function), G is the shear modulus,
V' is the Maxwell viscosity, and the dot indicates the time derivative. When
the elastic and the viscous elements are arranged in series, the total strain
rate

E=¢+é, (4.11)
is
o o
c = — 4+ — 4.12
“=o¢ oy (4.12)

which constitutes the rheological law for a Maxwell viscoelastic body in one
dimension. Taking the Laplace transform of both sides of (4.12), using (1.97),
and assuming vanishing strain and stress at time ¢ = 0, we obtain:

_ (s
) = 260

(4.13)
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where o(s) and €(s) are the Laplace transforms of (t) and €(t), respectively,
and

Gs

G(s) = STV (4.14)

is the complex shear modulus appropriate for the Maxwell rheology.

A comparison between (4.13) and (4.9) reveals that in the Laplace trans-
formed space the Maxwell constitutive equation is formally identical to the
elastic equation in the time domain, provided that the shear modulus is re-
placed by the s—dependent modulus given by (4.14), and the strain and stress
are replaced by their LTs. This statement is not restricted to one-dimensional
problems, and can be extended to other linear viscoelastic rheologies. The
s—dependence of G(s) determines the form of the s—dependent constants ¢;,
d;, and e; in (4.1).

On the basis of the correspondence principle outlined above, the results
(4.2) and (4.3) can be generalized to the linear viscoelastic case as follows.

Proposition 46 The Laplace—transformed components of surface displace-
ment and potential perturbation induced by a generic NAX surface load acting

on a SVISG Earth model are:

nax

Uy
uo (s,a,0,\) = (4.15)
Ux
P
Uim, 1
m 0
=3 8 b(sia) -3 B 1 Yim(6, ),
im lm sin 0
Dy, 1

with (see 4.1):

Ulm C
Uim (87 a) - dl (S> O'me(S), (416)
Dy, €

where f(s) is the Laplace—transformed time—history of the surface load, and
o are the CSH coefficients of the load function (3.13).
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Proposition 47 The Laplace—transformed components of surface displace-
ment and potential perturbation induced by an AX surface load in the LRF
acting on a SVISG Farth model are:

AX AX

UR [ 1
ue . > (v ) 8@
s (s,a,0) = ; 0 (s,a) 0 Py(cos O), (4.17)
d i 1
with (see 4.4):
AX
uy ]
v | (s,a) = | d; | (5) 0¥ f(s). (4.18)
P el

4.2 Response to an impulsive unit load

The impulsive unit load is a particular AX unit load defined as
L(t,0) = 6(t)0°(O), (4.19)

where () is the Dirac delta (hence the attribute impulsive), and o°(0) is the
unit load function (3.48) with LEG expansion coefficients ¢ given by (3.56).
From (4.18), valid for any AX load, the LEG coefficients of the response are:

)

uy ]
v | (s,a)=|d | (s) o}, (4.20)
CDZ €]

since LT[6(¢)] = 1 (see Table 1.9).

4.2.1 Load—deformation coefficients

The s—dependent load—deformation coefficients (LDC) hy(s), l;(s), and k;(s)
are defined with reference to the response to the impulsive unit surface load
(4.20):

uz 5
1 m
v s,a) = —=

Yo

(s), (I>2), (4.21)

Q|
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where a is the reference Earth radius, 7, = Gm./a? is the gravity acceleration
at 7 = a in the unperturbed state (see 2.2.6), m? is the static mass of the
unit load, and m, is the mass of the Earth. From (4.21) we see that the
LDC Ry(s) and [;(s) are those non—dimensional quantities by which the ratio
m?/m, must be multiplied to give the ratios u(s)/a and I?(s)/a.

The definition of k;(s) deviates from that of the other two LDC, but it
can be reconciled with intuition observing that:

m5
@?(s,a) = @21 = ay,—[1 + ki(s)]

e

= (2m2) = G;ng [+ ki(s)]
= @s) = ¢(a)[l+ ki(s)], (4.22)

where ¢ (a) is the degree [ LEG coefficient of the potential perturbation due
to the presence of a point source on the unperturbed Earth surface. Hence,
from above:

) (s,a) = ¢f(a)+ ku(s)¢f(a)
o (a) + ¢ (s, a), (4.23)

where the first term represents the perturbation which would be produced
if the Earth were rigid, and the second represents the perturbation which
arises from the deformation of the Earth under the load. The latter term is
proportional to the former, as it is expected from a linear response to the ap-
plied load. The decomposition (4.23) is the counterpart, in the Legendre and
Laplace-transformed space, of our previous decomposition of the potential
perturbation (2.78). From (4.23), a definition of k;(s) which better clarifies
its meaning is thus
def

7 (Sva)
kl(s) = 7(#?(&) . (424)

4.2.2 Form of the LDC

Explicit solution of the equilibrium equations for a linear viscoelastic body
subject to an impulsive unit load show that the s—dependent LDC have the
form:

hy m" u

ll (S) = ll + Z A lli s (425)
Ky ki i=1 5 7S,
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where

1. The dimensionless terms h¥, IF, and kF are called elastic LDC, since
they describe the response to the impulsive unit load in the limit of
infinite frequency (s — —o0). Their amplitude does not depend on
the viscosity profile of the mantle, but only on the density and shear
modulus profile.

2. The terms A}, [}, and k), (i=1,..., M) are the viscous amplitudes (or
viscous residues) of the LDC. They have the physical dimensions of a
frequency, and their value depends on the viscosity, density, and rigidity

profile.

3. The terms s;; (i=1,..., M) describe the relaxation of the Earth to the
imposed impulsive unit load. The numerical solution of the equilibrium
equation indicates that the quantities s;; are real and negative, even if
a rigorous proof of this statement valid for any Earth model is still to
come. In the case of an incompressible viscoelastic body, the terms s;;
are the roots of an algebraic equation of degree M, with M depending
on the number of layers of the Earth model employed and on the nature
of the interfaces between the layers. The reader is referred to [9] and
[13] for more insight on this point. The parameters

1
i=——, (i=1,...,M) (4.26)
St

are the relazation times of the Earth model.

According to (4.25) and to the points above, the LDC have the following
multi—exponential form (1.93) in the time domain:

hy ho) " M hi )"
ll (t) = ll (5(t) + Z €slit lli . (427)
K Ky i=1 Ky

The readers are referred to [12] and references therein for more detailed
discussion about the expansion (4.27).
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4.3 Viscoelastic response formulas for AX
loads

Here we provide the explicit expression for the Earth response to AX loads.
Three forms of the response are given. The first is Laplace-transformed and
written in the LRF, while the second is the time domain version of the first.
The third form, written in the GRF, includes the second as a particular case.

4.3.1 Response to AX loads in the LRF

The introduction of the LDC by (4.21) allows to rephrase the response of
the Earth to an AX load when the LRF coincides with the GRF. We can
summarize the main results as follows.

Proposition 48 The Laplace—transformed response of SVISG FEarth model
to an AX load in the LRF is:

AX

UR 3 o hy gAx |1
uo ¢ (s,a0,0)=—=>_ b (s)f(s) 2ll . Jo ¢ Py(cos©),
2 Peizo | 1+ k R !
(4.28)
where
3m.
De = 4.29
pe= 13 (4.29)

s the average density of the Farth.

Proof. From the first of (4.17):

un™ (s, a,O) Zu (s,a)P(cosO)

cl(s)af‘Xf(s)Pl(cos O)

= (4.18) =

()8 L[V]s

= (420) =

T
o
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i md o
= (421,356 = » a———F———hi(s)f(s)P,(cosO)
= m€m5<2l+1>

dma?
00 AX
Z Ul P(cos ©)
Mme 155 +1
3 [e's) O.AX
= (429) = — Z 2l Pl(cos 0), (4.30)
Pe 1=0

The second and the third of (4.28) can be obtained from the second and the
fourth of (4.17) in a similar way e

Proposition 49 The time—domain response of a SVISG Earth model to an
AX load in the LRF is:

AX

UR 3 @l O'lAX 1
(3 w22 gt

Yo

3me

where p. = ;25 1is the average density of the Farth, and

h(t)
Lt

) ® f(t). (4.31)
o(t) + k()

Proof. It is sufficient to take the inverse Laplace transform of (4.28) and to
recall (1.100). The time convolutions (4.31) will be made explicit in §7.2 for
the time-histories of §7.1 e

4.3.2 Response to AX loads in the GRF

When the axis of symmetry of the AX load does not coincide with the z—axis
of the GRF, the response can be computed taking advantage of the load
symmetry. The time-domain response is first computed in the LRF using
(4.31), then it is projected along the unit vectors of the GRF. We use the
following notation:

1. (0,\) = colatitude and longitude of a point P on the Earth surface in
the GRF.
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2. (&, €9, €5) = unit vectors at P along the directions of increasing radius,
colatitude and longitude in the GRF.

3. (0., Ac) = colatitude and the longitude of the pole of the load in the
GRF (we recall that the pole of the load is the point in which the axis
of symmetry of the AX load pierces the Earth surface).

4. © = colatitude of P with respect to the pole of the load (i.e., colatitude
of P in the LRF).

5. (ér,€e) = unit vectors at P along the directions of increasing radius
and colatitude. Notice that é, = ég, but éy # éo.

6. X = angle between © and 6.

Proposition 50 The time—domain response of SVISG Earth to an AX load
in the GRF is:

ax AX
Uy UR
Ul apn=q X Ly g 4.32
Uy (t,a,0,7) = sin Xug (t,a,0), (4.32)
R i
Yo Yo

where uy™, udX, and ®*X are the components of displacements vector

and the potential perturbation computed in the LRF by means of (4.31). To
evaluate explicitely (4.32) we need to write cos X, sin X and cos © in terms
of the known quantities (0, \, 0., A\.). This can be done with the aid of:

cos® = cosfcosb, + sinfsinb.cos(A — )

cos B, — cos ) cos ©

X p—y
cos sinfv/'1 — cos? © (4.33)
dn X = sin(A — A.) sin 6,

V1 —cos?2©

where we notice that for . = 0 (i.e., when the LRF coincides with the
GRF), from above we obtain cos X = 1, sinX = 0, and cos® = cos¥,
respectively, so that (4.32) reduce to (4.31).



4.4 Viscoelastic response formulas for NAX loads 79

Proof. The proof is in three steps.

1. We first observe that since the potential perturbation is a scalar quan-
tity, its value at a given point P on the Earth surface is the same in

the LFR and in the GRF. This proves the fourth of (4.32).

2. The displacement vector at P can be equivalently expressed into two
different ways:

érur + égU@ + éAU)\ = éRuR + é@U@, (434)

where we have used an abbreviated notation for the sake of simplicity.
Dotting both sides of (4.34) by égy, €y, and é, we obtain:

Ug = U o€y =ug cos(ég,Ey) = ug cos X
Uy = Uep é@ . é)\ = Up COS(é@, é)\) = Up sin X (435)
Ur = UR ER " €r = UR,

which demonstrate the first three lines of (4.32).

3. The relationships (4.33) can be obtained recalling the basic formulas
of the spherical trigonometry. In particular, the first and the second
follow from the cosines theorem applied to the spherical triangle of sides
O, 6, and 6., observing that the angle opposite to © is A — A\, and that
sin©® = ++/1 — cos?2 ©. The third is a consequence of the sines theorem
applied to the same triangle as above e

4.4 Viscoelastic response formulas for NAX
loads

The objective of this section is to the provide the time-domain response
formulas for a generic NAX load, which were introduced by (4.15) in the
Laplace domain without the aid of the LDC. This will be done in two steps.
First, we will derive the expansions in CSH form, then this will be converted
into a RSH form which is more convenient for computational purposes.
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4.4.1 Response to NAX loads in complex form

Proposition 51 The time—domain response of a SVISG Farth to a generic
NAX load can be expressed as follows in the CSH basis:

nax

Uy hy 1
Ug 3 l, Olm Oy

= — - Y 4.
Uy, (t> a, 97 >‘) Do % él (t) 20 + 1 s?ﬁ lm(97 )\) ( 36)
< k; 1

Yo

where p, = 3723 is the average density of the Earth (4.29), oy, is the CSH
coefficient of the load function (3.14), and the convolutions hy(t), l(t), and
ki(t) are given by (4.31).

Proof.
ur®(s,a,0,\) = (415 = Zulm(s,a)Y}m
= @)=Y a(s)f(s)oumYim
Ilm
5
up(s,a
= (420) = Z l( 5 )f(s)o-lmylm
im 9
5
= (421,356) = %azma%%hz@)ﬂsmm
m
4ma?
Ulm
= (4.20) = —Z ) f(5)Yim, (4.37)
Pe 1m
which can be easily converted to the time domain:
w60 = a0 = > ,Z 271”1 £) @ f()] Vi
Ulm
— = Y R0, (4.38)
Pe “im

The remaining three rows of (4.36) can be demonstrated by the same rea-
soning as above e
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4.4.2 Response to NAX loads in real form

Proposition 52 The time-domain response of a SVISG FEarth to a generic
NAX load can be expressed in the following RSH forms:

nax

Uy }_ll
U 3 ’ l_l 1
= 2y 7 S 4.
Uy (ta a, 97 )\) p_e im ll (t) 21 + 1 ( 39)
@ A

Yo

cfy, COSMA + 87 sinmA

cfy, COSMA + 87 sinmA
g g 3

87, COSMA — ¢f sinmA\

iy, COSMA + 87 sinmA
1

?ne Pyn(cos @),

sin 0

1

where ¢, and s7,, are the cosine and sine coefficients of the RSH expansion
of the load function (3.15), and p, = 3:;3 is the average density of the Farth.

4
Proof.
3 Olm +
naz (y 0.\ _ ' _ 9 o (t Ym
Uy (,CL, ) ) (4.38) p_61m2l+1 l()l
= X, (Cim cOSMA + 5y, SinmA) Py, (cos 9), (4.40)
where:
Cim 3hy(t) Re(o,)
{ Sim } (69 ( 50m)mmp_e(2l—|— | — Im(om)
3Bl(t) cf
= (16 = —5 . 4.41
wo= 20 (1.41)
Hence we obtain:
3 h(t
u, " (t,a,0,\) = EEEm 57 (+)1 (¢f,, cosmA + s7 sinm\) Py, (cos ),

(4.42)

which coincides with the first of (4.39). The demonstration is similar for the
other components of the displacement and for the potential perturbation e
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4.4.3 AX response as a particular NAX response

Here the general NAX formulas (4.39) are used to compute the response to
an AX load in the GRF. This problem has been already solved before by
means of a direct approach (see 4.32), but we will see here that when the AX
load is viewed as a particular NAX load, it is possible to access directly to
the the RSH coefficients of the response, which otherwise are not available.

Proposition 53 The time—domain RSH response of a SVISG Farth model
to an AX load in the GRF is:

axr

Uy Bl(t)
Ug 3 / l_l<t) 1
t,a,0 = —3 = — 44
t (0.0 = 5%\ h (251 (4.43)
o ki(t)
(L —m)
(2 — 50m) (l n m)‘ O'IAXle(COS 00)
cosm(A — \.)
cosm(A — A.)
— sinm(A — A.)
cosm(A — A.)
1
(?,f Py (cos ),
sin 0
1

where 0. and \. are the coordinates of the pole of the AX load in the GRF,

3Me

pe = 55 is the average Earth density, and o™ are the LEG coefficients of
the AX load function (3.35).

Proof. We recall from (3.44) that the CSH coefficients of an AX load in the
GRF are

47}/2:;1(907 )‘C) AX
Tm =Ty O

ar __

(4.44)

where (0., A\.) are the spherical coordinates of the pole of the load in the
GRF, and ¢{'¥ is the LEG coefficient of the load in the LRF (3.35). Thus, in
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the particular case of an AX load, the RSH coefficients to be used in (4.39)

are:
0 Re(of)
{ Sifm } = (3.16) = (2 50m),ulm { . Im(Uﬁi)

AroiX cos M\,
= (44) = (2 - 50m)ﬂlmﬁ/ﬁlmﬂm(cos ‘96) { sinm\
_ _ (=m)! 4x COS M A,
= (1.23) = (2 — 50m>m01 .le(COS 96) <in m)\c s
(4.45)

which substituted into (4.39) provides the result (4.43) e

4.5 (QOcean corrections

In this section we discuss the effect of a uniform ocean load on the components
of the displacement vector and on the potential perturbation. The ocean
correction is done introducing an ad—hoc NAX secondary load such that at
any time ¢ the total static mass of the system (primary + secondary load) is
zero (see §3.1.3). The secondary load has the form:

L(t,0,)\) = f(t)a® (6, \), (4.46)

with load function

Mg

o —
o (0,\) = i

O, ), (4.47)

where my and f(t) are the static mass of the primary load and its time—
history, respectively, A, is the area of the oceans, and O(f, \) is the ocean
function (1.80).

According to (4.39), the secondary load so introduced produces the re-
sponse:

oc

Uy ]le

Ug 3 (ms> ; l; 1
ta,0,\) = —> S S T S

Uy ( ,a, U, ) p—e Aoc Ilm ll ( >2l +1

Yo
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O
lm
O
lm
(@]
ilm
O

Im
1
Do
m

sin 6

1

cosmA + 59 sinm
cosmA + 59 sinm
cosmA — ¢ sinmA
cosmA + 59 sinm\

C
C
S
C

P (cosb), (4.48)

where ¢ and s¥ are the cosine and sine coefficients of the RSH expansion

of the ocean function (1.84), respectively.

The ratio (ms/A,) in (4.48) can be transformed in a more meaningful
form. In fact, the area of the surface of the oceans can be written as A,. =
4ra’cl) (see 1.85), and the static mass of NAX loads is my = 4ra®cg, (3.18).
Hence:

ms @

A, © (NAX loads). (4.49)

In the case of AX loads, from Table (1.7) we have cf,= 0¥, where o§'X is

the degree 0 LEG coefficient of the primary load function expansion, so that:

AX
Me ~ %0 (AX loads). (4.50)
Ape Coo

The above results are summarized in the two following propositions, for
NAX and AX loads, respectively.

Proposition 54 The time—domain response of a SVISG Earth model to a
NAX load balanced by means of a secondary ocean load is:

nax-+oc nax oc
U’T u’r UT
Ug o Up Ug
w (Ba BN =3 " (a8 N+ 1T (a6, (4.51)
® @ @
Yo Yo Yo

where the first term on the righthand side is given by (4.39), while the second
is given by (4.48) with (4.49).
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Proposition 55 The time—domain response of a SVISG FEarth model to an
AX load balanced by means of a secondary ocean load is:

ax—+oc ar oc
Uy Uy Uy
Uy o Ug Ug
s (t,a,0,\) = s (t,a,0,\) + s (t,a,0, ), (4.52)
® 2 @
Yo Yo Yo

where the first term on the righthand side is given by (4.32) or by (4.43),
and the second is given (4.48) with (4.50).
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Chapter 5

Response to surface loads:
Stokes coeflicients and inertia
variations

In this Chapter we provide the expressions for the variations of the Stokes
coefficients and of the inertia tensor in response to surface loads.

5.1 Stokes coefficients variations

Proposition 56 The variations of the Stokes coefficients due to the action
of a NAX load on a SVISG FEarth model are:

0cim | Ama® k() | o
— RS m 1
{ 0Sim }<t> me 20+1 | 85, |’ (5.1)

where m,, is the mass of the Earth, a is the reference Earth radius, and ki(t)
is given by the third of (4.31). Based on the arguments presented in §2.2.7,
the result above is valid for | > 2. Its fully normalized form can be obtained
from (1.71).

Proof. From (2.89), the RSH expansion of the geoid height is:
N(t,0,)) = a 3, (0c1,(t) cosmA + 08y, (t) sinmA) Py, (cos 6), (5.2)

where a is the radius of the Earth in the reference state (see §2.2.6), dc, (t)
and 08y, (t) (I > 2) are the variations of the Stokes coefficients in response
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to generic perturbing forces (see 2.90). If these forces are associated with a
general NAX load acting at the Earth surface, using the fourth of (4.39) and
recalling (2.83) we can also write:

3 l%l@)

N(t,e,)\) - _—E

PR (¢, cosmA + s7sinmA) P, (cosd),  (5.3)

which can be compared with (5.2) term by term to provide the result (5.1)

Proposition 57 The variations of the Stokes coefficients due to the action
of a NAX load balanced on a secondary ocean load with realistic shape on a
SVISG FEarth model are:

5Clm na:z:+o_c 5Clm nax 6Clm oc
{aom b ={ gom o+ f 2o Ao, 6.4
where the first term on the righthand side is given by (5.1), and:

{ dCim, }O(ct) _ _47“12 gy ka(t) { i }7 (5.5)

dSim Me %2l+ 1] s,

where (¢, s& ) are the RSH coefficients of the ocean function (1.84).

Proof. From (4.48) and (2.83), the ocean correction to the geoid height is:

N0, 3) == Sogy D)
PeCoo 2L+ 1

(¢ cosmA+so sinm\) Py, (cosf), (5.6)

Im

which can be rewritten as
N(t,0,\) = %, (6¢C (t) cosmA + dspe (t) sinmA) Py, (cos 0) (5.7)
with coefficients given by (5.5), where we have recalled that the average Earth

density is p, = 2;’23

Proposition 58 The variations of the Stokes coefficients due to the action

of an AX load on a SVISG Earth model are:
{ SCim }aw _Ama® ok (t) (Il —m)!

(I 4+m)!

COSMA,
sin mA,

(5.8)

g (1) = T T (2~ o)

P 0
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where m, is the mass of the Earth, a is the reference Farth radius, (0., \.)
are the coordinates of the pole of the load in the GRF, ki(t) is given by the
third of (4.51), and oi*X is the degree | coefficient of the LEG expansion of
the load function in the LRF (3.35). Based on the arguments presented in
§2.2.7, the result above is valid for | > 2. Its fully normalized form can be
obtained from (1.71).

Proof. According to the arguments of §4.4.3, the AX load can be viewed
as a particular NAX load. By substitution of (4.45) into (5.1) we directly
obtain (5.8) e

Proposition 59 The variations of the Stokes coefficients due to the action

of a AX load balanced on a secondary ocean load with realistic shape on a
SVISG FEarth model are:

§Clm ax+oc 5Clm azx §clm oc
{ 0Sim } (t) :{ 0Stm } (t”{ 081m }(t)’ (5.9)

where the first term on the righthand side is given by (5.8), and:
“ amdod™ k() | €
O (t) = ——= %0 ) i b (5.10)
dSim me 5o 20+ 1| S

where (¢, 59 ) are the RSH coefficients of the ocean function (1.84).

Proof. The ocean correction for an AX load has exactly the same form of
that valid for a NAX load, given by (5.5). We only notice that for an AX
load, c§y=04X (see also §4.5), which proves (5.10) e

5.2 Inertia variations
Proposition 60 The change of the (normalized) inertia tensor due to the

action of a NAX load on a SVISG Earth model is:

naxr

5§mm Cgo/?) — 20%2

Oy c50/3 + 2¢5,

Y. dma’ - —2¢5,/3

e ) = Tk 6510/ | (5.11)
Oy 851
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where a is the reference radius of the Earth (§2.2.6), m. is its mass, and
ko(t) is given by the third of (4.31) computed for degree | = 2. Due to
incompressibility, the trace of the inertia tensor is unchanged: Oiy,+0iy,+
8i., = 0 (see 2.104 and [10)).

Proof. The variation of the (normalized) inertia tensor in response to a
generic perturbing force is expressed by (2.105) in terms of the variations
of the degree 2 Stokes coefficients. In the particular case of a NAX surface
load, the latter can be obtained by (5.1) and substituted into (2.105) to
demonstrate (5.11) o

Proposition 61 The change of the (normalized) inertia tensor due to the
action of a NAX load balanced on a secondary ocean load with realistic shape
on a SVISG Earth model is:

naxr-+oc nax oc

5y, 5iyy 5iyy
5i. ] s 5i.
E OISR I (O R Sl 10} (5.12)
3iys 3iys 3iys
Sy Sy Sy

where the first term on the righthand side is given by (5.11), and

5@690 o /3 — 25,

Olyy ; cé%/3j;20§92

01 dma® cf - —2c5,/3

() = — —rko(t 2 5.13
i (0= gk @ (513)
Oty s

Oy —255)

Proof. The ocean correction to the variations of the Stokes coefficients is
given by (5.5). To demonstrate (5.13), it suffices to compute the degree 2
variations and to recall (2.105) e

Proposition 62 The change of the (normalized) inertia tensor due to the
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action of an AX load on a SVISG Earth model is:

YT 2Py (cos 6,) — Pay(cosf.) cos 2\,

iy 2Pyq(cos 0.) + Pay(cosf.) cos 2\,

7., _2ma® iy —4Pyy(cos 0,.)

Sy (t) = 15m. o3 kalt) 2Py (cosB,) cos . ’

Siys 2Py (cos,)sin A\,

Oluy — Pyy(cos 0,.) sin 2.

(5.14)

where a is the reference radius of the Earth, m. is its mass, o5 is the degree
2 LEG coefficient of the load function, ko(t) is given by the third of (4.31)
computed for harmonic degree | = 2, and (0., \.) are the coordinates of the
pole of the load in the GRF. Due to incompressibility, the trace of the inertia
tensor is unchanged: §iy,+0i,,+ 0i,, = 0 (see 2.104 and [10]).

Proof. We recall that an AX load can always be viewed as a special NAX
load. In particular, the ¢, and s3,, coefficients in (5.11) can be replaced by
their equivalent AX expressions given by (4.45) to obtain the result (5.14) in
a straightforward manner e

Proposition 63 The change of the (normalized) inertia tensor due to the
action of an AX load balanced on a secondary ocean load with realistic shape

on a SVISG Earth model is:

where the first term on the righthand side
correction 1S:

5fyy
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is given by (5.14), and the ocean

(5.16)
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Proof. The ocean correction for an AX load has the same form of that
valid for a NAX load, given by (5.13). We only notice that for an AX load,
cgy=05X (see also §4.5), which proves (5.16) e



Chapter 6

Response to surface loads:
baselines variations

This short Chapter is devoted to the study of the response of the Earth to
surface loads in terms of baselines evolutions. Our purpose is to provide a
tool for comparing model predictions with actual GPS or VLBI observations.
As explained in the TABOO user guide, the software is particularly designed
to deal with the NASA GSFC VLBI baselines network!, but it can be also
adapted to study the time evolution of baselines connecting sites belonging
to other geodetic networks, being them real or built ad hoc by the user. The
mathematics employed here is quite straightforward, but as far as I know it
is not reported elsewhere. Any comment is appreciated.

6.1 Baseline unit vectors

We consider two points P; and P, on the Earth surface, with position vectors
7 = (24, Yi, z;) (i = 1,2) in a Cartesian orthogonal reference frame with origin
in the CM of the Earth, and unit vectors é,, é,, and é,. The points P; and
P, correspond to two specific sites (e. g. VLBI stations), connected by a
rectilinear segment called baseline. In the following, we will denote with
(N\i,0;) (i = 1,2) the longitude and colatitude of the two sites, respectively.
Using (1.1), the Cartesian coordinates (x;, s, ;) (i = 1,2) can be re-written

INASA Goddard Space Flight Center VLBI Group, 1999. Data products available
electronically at http://lupus.gsfc.nasa.gov/vlbi.html.



94 Response to surface loads: baselines variations

in terms of the spherical coordinates:

T sin 0; cos \;
Yi | =a | sinf;sin)\; (1=1,2), (6.1)
Z cos 6,

where a is the reference radius of the Earth (see §2.2.6).

In order to describe the motion of the two sites it is conventional to
introduce a new Cartesian orthogonal reference frame with origin in P, and
unit vectors defined as:

e

I = — 6.2
=7l (6.2)

N ’I?QXT_‘i

t = ——— 0.3
T = 7l 6.3

vo= Ixi, (6.4)

which are called length, transverse, and vertical baseline (unit) vectors. They
can be decomposed as follows along the axes of the Oxyz frame:

l= lén + L, + Lé.
U= Vgly + ey + U6,

where:
[ lx 1 1 To — X1
b | =a|ve—n (6.6)
l _
L lz ] Z9 — 21
[ty ] 1 Y221 — Y122
v =D 291 — 2173 (6.7)
L “z TaY1 — T1Y2
RZ lt. —L.t,
Vy = lzt:r - lztz (68)
| V. Loty — lt,
with
C= \/(a:2 —21)? + (Y2 — y1)* + (22 — 21)?, (6.9)
and

D= \/(2’1?/2 —y122)? + (1122 — 2122)? + (221 — T1Y2)*. (6.10)



6.2 Baseline rates 95

6.2 Baseline rates

We denote by ©(i;t) (i = 1,2) the velocity of the two sites connected by the
baseline in the Oxyz reference frame at time ¢. The vector ¢(i;t) (i = 1,2)
can be equivalently decomposed along the axes of the Oxyz frame and the
axes of the baseline reference frame:

U(ist) = 0,65 +vy€y + V.6, (6.11)
= vl +vd+ v, =65 = (6.12)
= v (e + e, + L&) +
+ v (teen + tye, + te.) + (6.13)
+ v, (€, + e, + 1é,) =
= é; (lLbyy + tyvy + wvv,) +
+ & Ly + tyu + yu,) +
6.14
+ & (Lu + tv + ruw), (6.14)
hence, comparing (6.11) with (6.14), we obtain:
Vg U
vy | (4;t) = B(1,2;) | v | (i:t), (i=1,2), (6.15)
(% Uy
where the elements of the array
B(1,2)= |1, t, v, (6.16)
L, t, v,

only depend on the longitude and colatitude of points P; and P,. We can
easily invert (6.15) observing that B(1,2) is orthogonal, since it describes a
rotation from the Oxyz reference frame to the baseline reference frame:

(Y (0
ve | (i5t) = BY(1,2) | v, | (4;1), (i=1,2) (6.17)
Vy %

where B'(1,2) is the transpose of B(1,2).
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[t is now convenient to introduce the spherical components of ¥/(i; t), since
the response formulas of Chapter 4 are all given in spherical form. This can
be done recalling (1.7):

Uy Uy
vy | (5;8) =G@) | vo | (i:t), (i=1,2) (6.18)
Vy U
with
sin@; cos A\; cosf;cos\; —sin\;
G(i) = | sinf;sin)\; cosf;sin); cos)\;, |, (i=1,2) (6.19)

cos 0; —sin \; 0

where #; and \; denote the colatitude and the longitude of the site ¢ in the
GRF. We therefore obtain the final result:

o | (i) = BHL2)GE) | v | @0, (= 1,2) (6.20)

Uy Ux

which allows to convert the spherical components of velocity into the baseline
components.

Proposition 64 We consider a baseline connecting two sites placed at points
Py and P, on the Farth surface. The evolution of the baseline Pi-Py at a given
time t is determined specifying the velocity of the site (2) relative to site (1).
This can be done introducing the three baselines components rates defined as

L u(2;t) — (1)
T P =14 w(2t) — u(l;t) 3, (6.21)
1% u(2it) — w(Lt)

where vy (i;t), v(i;t), and v,(i;t) are computed using (6.20).



Chapter 7

Appendices

7.1 Time—histories and their derivatives

TABOO can deal with AX and NAX loads characterized by various kinds of
time-histories. For load time-history we indicate the function f(¢) which
allows to write

L0\ 1) = f(t)o (0, N), (7.1)

where ¢ is time, and the surface load function o(6, \) has been introduced
in §3.1.1 and made explicit in various forms in the ensuing sections. In the
following we define the set of time-histories available in TABOO, together with
ptheir time—derivatives.

Since the definition of the time-histories is often made easy by the use of
the step function H(t) (1.91), their time-derivatives will contain delta-like
terms (see 1.92). In the formulas that follow and (obviously) in their imple-
mentation in TABOO, these terms are not included. So the reader is warned
that the derivatives given here differ from the true’ ones from functions equal
to zero almost everywhere.

7.1.1 fy(t) : Instantaneous loading

The load is absent for times —oo <t < 0, and constant for time ¢ > 0:

Jo(t) = H(t)
{fé(t) ) (7.2)
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7.1.2  fi(t) : Instantaneous un—loading

The load is constant for —oo <t < 0, and absent for ¢t > 0:

Alt) = 1-H@)
{ﬁw 0. (7:3)

7.1.3 f5(t) : Instantaneous loading and un—loading

The load is absent for —oo <t < —7, constant for —7 < ¢ < 0, and again
absent for t > 0, where 7 > 0:

fot) = H(t+7)—H(t)
Ui <o T

7.1.4  f3(t) : Simple deglaciation

The load is constant for —oo <t < 0, it is turned off at a constant rate for
0 <t < r,and it is absent for ¢ > 7, where 7 > 0:

{ﬁ@ = 1= H(t) + (1~ t/n)[H(t) — H(t —7) -
i) = —/mEe A ) |

7.1.5 f4(t) : Saw-tooth

The load is characterized by a periodic saw-tooth time-history in which
loading and unloading phases occur at constant rates. The length of each
loading phase is 7, and the length of the unloading phase is §. The time-
history includes NN, phases of loading and unloading in addition to the more
recent, so that their total number N, + 1. The end of the last loading phase
(i.e. the beginning of the last unloading phase) occurs at time t=0.

It can be easily realized that the time-history restricted to the n'® phase
is

on(t) = [H(t+n0+71)— H(t+nb)pl () +
[H(t +nb) — H(t +nf — 8]} (t)
(n=0,1,...,N,), —nb—7<t<—nf+9, (7.6)
where

=T+, (7.7)
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and the functions

(7.8)

(7.9)

describe the phases of loading and of unloading, respectively. The time—
history and its time derivative are

falt) = z on(t)

= (7.10)
i) = X en(t),
n=0
where
eL(t) = [H(t+n0+7)— H(t+nd)p](t)+
[H (t +nb) — H(t +nb — )], (t)
(n=0,1,...,N,), —nf—71<t<—nl+0. (7.11)
and
" 1
ou(l) = +- (7.12)
/ 1
plt) = —5. (7.13)
7.1.6 f5(t) : Sinusoidal loading
For —oo <t < 400 the load evolves according to
1 :
fs(t) = 5(1 + sinwt)
(7.14)
w
fit) = 5 co8 wt,
where w = 2% and T is the period of the sinusoid (7" > 0).
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7.1.7 fs(t) : Piecewise linear

The load is characterized by a piecewise continuous, linear time-history. For
0=ty <t <ty (piecewise linear phase), the time-history is linear over the
(non necessarily identical) intervals ¢, < t < t, with k = 1,2,..., N, and
ay is the value taken at time t;. For —oo <t < 0 the time—history has the
constant value ag, whereas for ¢ > 0 it takes the constant value ay.

The time-history and its time-derivative are:

Bt = a0t Yo, + BOH(E 1)

N (7.15)
6ty = D BiH(t —ty),
=0
where
ag = (a1 —ag) —mty
a;j = (a1 —a;) =1ttt (1<j<N-1) (7.16)
any = rytn,
and
50 = nn
B = ma-r (L<j<N-1) (7.17)
ﬁN = —Tn,
with
ro= B0 (1< <N, (7.18)
tj — tj,1

7.1.8 f:(t) : Piecewise constant

For 0 =ty < t < ty (piecewise constant phase), the time-history has the
constant value a; over the identical time intervals ¢, < t < t;, with £ =
1,2,...,N. For —oo <t < 0 the load has the constant value aq. Finally, for
t >ty the load has the constant value ayi; = ay. The time-history and its
time—derivative are:

fr(t) = a0+ I;::O(a/ﬁq — ap)H(t —ty) (7.19)
f(t) = 0.
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7.1.9 fs(t) : Piecewise constant with loading phase

The time-history is identical to the previous for 0 =ty <t <ty and t > ty.
For —oo < t < 0 the constant phase of time-history f7(¢) is replaced by
a linear loading phase of duration 7. At the end of this loading phase the
time-history takes the value ag. The time-history and its time—derivative
are
t
fot) = filt) +ao C[H(E+T) ~ HO+ H(t+7)— 1
(7.20)
1
fi@t) = f(t) +ao_[H(t+7) = H(D)).

7.2 Time convolutions and their derivatives

Here we provide the expressions of the time convolutions between each of
the time-histories listed in §7.1 and the LDCs (§4.2.2). No demonstration is
given, since the results given here may be obtained by simple (but admittedly
tedious) algebra. We use the following notation and conventions:

1. With A(t) we indicate one of the LDCs hy(t), [;(t) or 6(t)+k;(t) (§4.2.2),
and we use the symbol h; to denote the viscous amplitude of h(t). The
dependence on the harmonic degree is implicit to simplify the notation.

2. We indicate with s; (i = 1,..., M) the negative of the inverse of the
relaxation times (4.26). As above, the [-dependence is implicit in s;.

3. According to the conventions above, and to the statements of §4.2.2,
here we assume a multi-exponential form for the LDC:

h(t) = RE6(t) + Z e*i'hy, (7.21)

where h¥ is the elastic part of the LDC (implicitly dependent on the
harmonic degree), and Y; stands for M, where M is the total number
of viscoelastic relaxation modes.

4. We define the fluid LDC as

h;

hF:hE—Z—

i i

(7.22)
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Convolution ¢y(t) and its derivative c{(t)

H(t) (hF +> ];—et>
H(t)Y hie™" o

Convolution ¢ (t) and its derivative ¢/ (t)

— H(t) (hF +> %esit>
—H(t)) hie®" o

Convolution cy(t) and its derivative ¢} (t)

Hi+n {fmz }

Zh 681 (t+7) _

Cg(t) =

Convolution c3(t) and its derivative cj(t)

o

Z hie¥' e

es(t) = h' -
L S |
e r(t 1) - SR
A(t) = —H(t)[}f—;if(i‘ eit)
+H(t—7)[:+;};€&t—ﬂ} ’

(7.23)

(7.24)

(7.25)

(7.26)

(7.27)

(7.28)

(7.29)

(7.30)
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Convolution c4(t) and its derivative c(t)
) = Whe+ Y 20
n=0 1
1 1 1 — si(t+n0)
[(— + —> (t+n9—|— 67>}H(t+n9)
T 0 S;
t 0 1 — $i (t+nb+T1)
—{ il +T+ ‘ H(t+nb+ )
T 8T
t+nd—3 1 —eslttni=9)
— H(t+nb—6 7.31
e =) (7:31)
A = wnn+ 2
n=0 1
1 1 5 (t+nb)
K——l——)(l—el )}H(t—{—n@)
T 0
1 esi(t—l-n@—o—ﬂ-)
—|=-———|H({t+n0+71)
T T
1 esi(t+n076)
— [— — 7} H(t4+nb—06); e (7.32)
J J
Convolution c;(t) and its derivative c;(t)
cs(t) = h¥fs5(t) + A, coswt + B, sinwt 7.33)
A(t) = hFfl(t) — wA, sinwt + wB,, cos wt 7.34)
where
A, = += .
Z P w2 (7.35)
ws;
B, = —= ‘ :
v Zsls 2w (7.36)
Convolution c4(¢) and its derivative c;(t)
ce(t) = aOhF (7.37)
Z hF(a; + Bit) + Z Qm H(t —t;) (7.38)
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= > Rt +Y i@;j(t) H(t —t;), (7.39)
=0 i S
where «; and 3; are given by (7.16) and (7.17), and
Qu(t) = aj+ Bty +(8;/s:)[e "™ — 1] = Bj(t — 1)) 7.40)
Qyt) = BilenW 1] o 7.41)
Convolution ¢;(t) and its derivative ¢ (t)
cr(t) = agh® +Zéak th+Z Lesilt t’“)]H(t—tk) (7.42)
k=0
a(t) = Z day, [Z hies"(t_t’“)l H(t —tg) (7.43)
k=0 i
where
dap = (ag41 —ag) (7.44)
Convolution cs(t) and its derivative c(t)
Cg(t) = C7(t) +ag - { — hF
1 — eSi(t+7)
+hF<1+ ) Z— Y T
_ {hFE oy hils ]H(t) (7.45)
T i S; S; T
40 = a0+ |
1 h si(t+7)
N Lt H(t+7)
T Ss T
1 h; e®it
SRS B (C 4
|: T * i Si T <>} (7 6)

where ¢7(t) and ¢ (t) are given by (7.42) and (7.43), respectively e
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7.3 Glossary

Here we list some keywords and the page where they are defined first.

e CSH = Complex Spherical Harmonics (page 4).
e RSH = Real Spherical Harmonics (10).

e FNSH = Fully Normalized Spherical Harmonics (10).
e LT = Laplace Transform (22).

e EP = EquiPotential surface (28).

e CM = Center of Mass (30).

e AX = AXis-symmetric load (48).

e NAX = Non AXis-symmetric load (48).

e GRF = Geographical Reference Frame (48).

e LRF = Load Reference Frame (48).

e LDC = Load-Deformation Coefficient (67).

e SEISG = Spherically symmetric, Elastic, Incompressible, Self-Gravitating
(67).

e SVISG = Sphericall symmetric, Viscoelastic, Incompressible, Self-Gravitating
(68).
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