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Figure 1: The Geometry. The surface is mapped onto to
q = 0 and y = 0 is mapped onto r = 0.

Introduction

We consider elastic wave propagation on complex do-
mains simulated by centered finite difference discretiza-
tion of the elastic wave equation on second order form.
Such discretizations are highly efficient but their use has
been limited due to two major difficulties: Stable dis-
cretization of the free surface boundary condition and the
handling of complex geometries needed for topography.
A remedy to the first problem was recently presented in
[1] were a stable discretization of the free surface bound-
ary conditions on a Cartesian grid were derived. Here we
generalize the results in [1] to curvilinear grids, providing
a solution to the second difficulty.

In curvilinear coordinates equations the elastic wave
equation is (on conservative form)

Jpi = {qu [ 2u+ X)) Du+ /\Dyv} + Jay [,u(Drv + Dyu)]}

(1
+ [er [ (2u+ ) D*u+ ADYv| + Jry [u(D%v + Dyu)ﬂ ,

Jpi = [Jau [1(D™0 + D'u)] + Jgy [ 2+ X) D' + AD™]|

2
- [er (21 + X)DY0 + AD"u] + Jry [u(Dv + Dyu)ﬂ :

Here D*w = (q,wq + rwy), z € {z,y}. We are inter-

ested in a domain (see Figure 1) with free surface bound-
ary condition on I';

4o [(20+ \)DPu + XDVe] + gyu(D*0 + DVu) =0, (3)
qy (21 + X)Dv + ADYu] + g u(D*v + DYu) =0, (4)

periodic on I's and I'y and homogeneous Dirichlet on I's.

Spatial Discretization
Let the mapping from the unit square to the physical
domain be given by

z(¢,),y(q,7), (a.7) € [0,1)%,
and let the grid in (g, r) space be defined by

qi = (i —1)hg,i=0,...,Ng,hq =1/(Ny — 1),
ri =G —Dhy,j=0,...,Np hy =1/(N, — 1).

Denote the grid functions [u; j,v; ;]. The standard second
order accurate difference operators are

T T T
he Dyt 5 = Wi g1 — ijy DZuij = Dy j1,

q _ q _ q
heD{wij = wip1,j — wij, DZuij = Dy,

r _ r r q _ q q
2D0’U,Z’J = D+’U/i7j + D_’U,Z'J, 2D0ui7]’ = D+’U/i7j + D_’U,Z'J.

We will also use the one sided operator and averaging
operators

—~ q S
Dgu o { DE}_’U,Z'J, 1 = 1,
%, — .

Doui,j, 7> 2,

2B 1y (0i5) = 0is1j + 0ij, 2B )5(045) = 0311 + 03,
to discretize (1) and (2). The spatial approximation is

Jpiv = DY B ) (Ja2qa (21 + X)) DY u + D (Jawrs (20 + \) Dgu
+ DzEg/z(ququ)Div + Bg(quryA)DSv + D1 Ef/Q(quqmu)Div
+ D§(Jayram)Djv + DL EY  (Jayaym) D u+ D§(Jayryu) Du
+ Dy (Jreqs (2u + N)Ddu + DT BY 5 (Jrare (2u + A)) D u
+ Dy (JreayN)Ddv + DT B ;5 (Jrary\) D v + D (Jryqe ) Div
+ DCE{/2(J’I‘:UT‘;E,LL)D:>’U + Dg(erqy;L)Bgu + DCE{/z(J'ryryp‘)Diu

=1, v). )

Ipo = DLEY ,(Jarae i) DY v+ DY (Jazrap) Dyv+ DL EBY o (Jawaym) D u
+ D§(Jazrym)Diju + DLEY,,(JayazA)Du + DE(Jayrz\)Dju
+DLEY,(Jayay (2u+X) DL v+ DE(Jayry 2+ ) Do+ D§ (Jraqen) Dgo
+ DCE;/2(J’I‘;ET;E,LL)D1’U + Dg(Jrzqy;L)Bgu + DCE{/z(J'rmryp‘)D:u
+ DS(JqumA)Egu + D" EI/2(errz)\)D1u
+ D (Jryay (24 + N)Dgv + DT EY 5 (Jryry (20 + \) DY v

=L (u,v). ©



The discrete boundary conditions on I's and I'y, 'y are

qu,j = UNQ7j = 07 (7)
Ui 1 = Ui N, Ui0 = Ui N,—1 )
Vi1 = Vi N,,Vi,0 = Uj,N,—1- )

Finally, in order to obtain a stable method we approximate
the boundary conditions (3), (4) by

! q,1 q,1
5 ((qu%(?u +A)sy2,; Dl ul ; + (Jaogqa (21 + A))1/2,jD+uo,j)

r1o 1 q,1 a1
+(JQme(2M+A)>1,_7'Dgulyj+5 ((JQzQyA)g/z,jD+U1y_j + (JquyA)l/zij+vo’j)

r 1 1 q 1 q 1
+ (JazryA)1,;Dgvy ; + > ((Jt}szM)3/2,_jD+”1,j + (Jq;;thM)1/2,_jD+Uo,j)
ro1 1
+ (Jayren)1,;Dovi j + (Jayrym)1,; Dout

Lea DIt 4+ (J DIul ) =0 10
+2 (QyQyH)3/2,] +“1,J+(' QyQyﬂ)l/Q,] 1+ U0,j , o 310)

1 r
3 ((quqzu)g/z,jDivij + (quqmu)l/Q,jDivé,j)+((qurmu)1,jD6vij)
1 1 1 1
+5 ((JIZzQyM)3/2,jD3,U1,]‘ + (JIZzQth/z,jDiugyj)+((qu7"yllf)1,ngu1yj)
! q .1 q,1
+ 5 ((JQyQy(QP' +A)z/2,; Dl vy ; + (Jayay(2p + A))1/2,]‘174_”0,]-)
+ ((J‘hﬂ'y@“ + )‘))Lng”},j) + ((J‘Zy"z)‘)lijg“%,j)

L q,1 q,1 —
+ 5 ((JayaeNzy2,3D3u1 5 + (JaygeN)1y2, jDlug ;) = 0. (D

Introducing the discrete scalar products

Ny—1 Ng—1
T hth q
(w,u)p =) —g Wijui; + > hghew; juij,
7j=1 =2
N,—1Ng—1
(w, u)hr = E E hthwmui,j,
j=1 =2

where v and v are real valued functions, with correspond-
ing norms [[wl|? = (w, )y, [w|2, = (w, w)y. we can
prove the following

Lemma 1 (self adjoint spatial discretization). For all
real-valued grid functions (1, v%), (u!, v!) satisfying the
discrete boundary conditions (7), (8), (9), (10), (11), the
spatial operator (L"), L(")) is self-adjoint, i.e.
(UO, L(U) (ulv Ul))h + (Uov L(U) (u1> Ul))h =
(ule(u)(uO>UO))h + (vl>L(v)(u07v0))h' (12)
From lemma 1 it follows that.

Corollary 1 (conservation of energy). All real-valued
solutions (u,v) to the equations (5), (6) with boundary
conditions (7), (8), (9), (10) and (11), satisfy

IV Tpuclls + IV Tl

—(u, L™ (u,0))p — (0, L (u,0))p = C. (13)

Here C' is a constant depending only on the initial data.

We can also use the following lemma to establish that
the conserved quantity (13) is a norm.

Lemma 2 (ellipticity). For all real-valued grid functions
(u, v) satisfying the discrete boundary conditions (7), (8),
(9), (10), (11), the spatial operator the spatial operators
LW (u,v), LW (u, v) satisfy the following equality

—(”U,, L(U)(u7v))h - (U, L(U) (’U,,U))h =
P1+ P2+ P3 + Py, (14)
PIZ()) P?Z()a 733207 P4ZO

Where

~a —a 2 ~a 2
P = H\/J)\(qugu + rzDgu + qug'u + Tyng)Hh, + [V JQM(qEDgu + rzDgu)Hh

na 2 na "a 2
=+l Vv JQ#(QyDg'U + TyDg'U)”h + I Vv J#(QyDg“ + T;;DS“ + thng + TzDg'U)”h»

R? 2 2
P2 = == (IV/72ure DY DT ullf, + v/ 72ury DY DT v][})

h2
2 2
+= (I1v/ 729z DY DL ully, + I/ T2psay DY DL wII,.)

h2 . ” hZ
+=FIVIX(ra DY DL + 1y DY DI o) [ + —L VI (@2 DY DL + gy DY DL ),

h2 > b 2
f\\VJH(TmDiD:v +ry DY DT}, + TqH\/JH(‘ZzDiDEU +ay D} DL W)l

Np—1
h T

Pz = ?T > ((JA)NQ,]‘((Qz)Nq,jqu—l,j + (0 Ng.jVNg—1.5)°
=

+(IINg,i ((4z)Ng,jVNg—1,5 + (Qy)Nq,j“Nq—l,j)Q)v

hahy Nez? )

Pa=—— > ((JA)S/Q,j((Qz)S/Q,jDiul,j + (ay)z/2,; D4 v1,5)
=

+(Im)3y2,5 (@) /2, DEv1 5 + (ay)a)2,; DLur, ;)°

+(I2)3 /2,5 (((@2)3/2,; DL u1,)* + ((ay)a /2,5 DL 01,)7)).

Temporal Discretization
In time we discretize using standard Leap-Frog, i.e. the

fully discrete equations are
L ) P U + uv L = (pJ)_1k2L(u) (un’ vn)’
P R, W + O (pJ)—1k2L(v) (un7 ,Un)‘

For this time discretization it can be proved that the dis-
crete quantity

Celtnr1) = | Dyu"|[7 + | DY 0" 5~
(" (p )T L (W "))
_(,Un—i-l’ (pJ)—lL(v) (un’ Un))pj,

is conserved. That is, Ce(tn+1) = Ce(tn). Here
(fy9/(pJ))ps = (f,g)n is a weighted scalar product.

Computations

To verify the order of accuracy we determined forcing
functions in the equations and boundary conditions such



N | maxerru | maxerr v | e;/ej41, u | €;/€i+1, v

80 | 0.16533 | 0.15609

160 | 0.04245 | 0.03912 3.89 3.99

320 | 0.01071 | 0.00971 3.96 4.03

640 | 0.00269 | 0.00240 3.98 4.04
Table 1: Order of accuracy with method of manufactured

solution.

that the solution is given by

u = sin(6.2(x — 1.3t)) sin(6.2y),
v =sin(6.2(z — 1.2t)) sin(6.2y).

We computed the solution on the grid defined by

r=12"+0.05sin(y’), y = ¥ + 0.05sin(a’),
(«',y)) € [-m,7]2.
We choose A = p = 1 and advanced the solution up
to time 7/5 with a time step k = 0.1h, h = 7/N,N =
80, 160, 320, 640 and computed the maximum error in the
final solution. The results, showing the second order con-
vergence, are displayed in Table 1.

Computations on a single grid

In Figure 2 we present a computation with initial data
consisting of a pure pressure pulse centered in (z,y) =
(0.1, 1) which we advance up to time 0.2. The computa-
tion is performed for a material withp =1, u = 1, A = 7.
As the pulse hits the free surface the P-wave transforms
into reflected P and S-waves and surface waves traveling
along the surface, see Figure 2. For this computation we

curl at t=0.1157 curl at t=0.2
. o . \ 7 o
\\\if j/
1
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Figure 2: Divergence and Curl at two times. The initial
data consisted of a pure pressure wave, thus there is no
S-wave corresponding to the lowermost P-wave. The
free surface boundary condition converts the P-wave into
S-waves and surface waves.

monitored the quantity C¢(t,,41) — Ce(t,) and as can be
seen in Figure 3 it is conserved to machine precision.

£,.)EC)

Figure 3: Left: Difference in the discrete energy,
Ce(tns1) — Ce(ty), for subsequent time steps. Right:
An overset grid.

Computations on an overset grid
Finally we present a computation on an overset grid
of the type displayed in Figure 3. On the Cartesian grid
we use the discretization from [1] and on the curvilinear
grid we use the proposed discretization. To suppress weak
instabilities triggered by the interpolation we add a small
dissipative term, ach® (D D_)?, to both equations in both
directions on both grids. Here we chose A = 0.005, u =
0.001 and force the solution in (z,y) = (—0.7,0) with
a Gaussian pressure pulse with support up to time 1.6.
Again, the reflection of the free surface generates a S-
wave and a P-wave while the primary P-wave traveling to
the right in the interior remains solitary, see Figure 4.
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Figure 4: P and S-wave at three different times.
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