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software

« The following tutorial is based on minos normal modes program
* A version of minos is available at CIG
* http://geodynamics.org/archive/software/mineos

« The version used in this tutorial is NOT the CIG one but have been
modified in order to compute modes and seismograms for different
planets, and also to compute modes for higher order perturbation

theories software (HOPT package)

* http://www.ipgp.fr/fr/pss/3d-synthetic-seismogram-package

Mineos

Mineos computes synthetic seismograms in a spherically symmetric non-rotating Earth by summing normal modes.

Attenuation, gravity and transversal anisotropy effects may be optionally taken into account. The package
computes mode eigenfrequencies and eigenfunctions, Green's functions and synthetic seismograms for "
sources with a moment tensor defined in time as a step-function. Mlneos

Status Accepting bug reports.

Contact cig-seismo@geodynamics.org
Bug reports Github Issue Tracker
License GNU Public License

Binaries

Linux

= Mineos-Linux32-1_0_2.tgz - binary for Linux 32 bit

= Mineos-Linux64-1_0_2.tgz - binary for Linux 64 bit
Macintosh

= Mineos-Mac10_4-1_0_2.dmg - dmg for Mac OS X 10.4 (Tiger)

= Mineos-Mac10_6-1_0_2.dmg - dmg for Mac OS X 10.6 (Snow Leopard)
Windows

= Mineos-Win-1_0_2.zip - .zip for Windows (contains .exe in package)

Source Code

mineos-1.0.2.tgz
Latest release.

Documentation

Annuaire Accés Contacts Infranet Webmail En ‘ fr R N
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g?\\ INSTITUT DE PHYSIQUE DU GLOBE DE PARIS ...

Terre - Planétes - Environnement - Risques naturels

INSTITUT | RECHERCHE | OBSERVATION | FORMATION | NOTRE TERRE

EQUIPES DE RECHERCHE

Planétologie et sciences spatiales

3D Synthetic Seismogram Package

Higher Order Perturbation Theory
3D Synthetic Seismogram Package

3D Synthetic Seismogram Package is a set of libraries and programs for the computation of
normal modes and seismograms for a wide variety of 3D Earth models. This code is based on the
higher order perturbation theory in seismology developed by Philippe Lognonné, and requires
only a few parameter settings.

The codes runs successfully on several operating systems. Disk space of af | MB of


http://geodynamics.org/archive/software/mineos
http://www.ipgp.fr/fr/pss/3d-synthetic-seismogram-package

« Setting up your VM

» Start the VM

» create a shared folder CIG_SHARED ( to use results for matlab and other
application)

» put a file “hello” inside

 launch the CIG CIDER _1

« if green, then put folders inputfortutorialO and inputfortutorial1

* make outputtutorial0 and outputtutorial1




clg@ct
VirtealSox
Virtealsox

cigicig
clg@ctyg

Virtealsox
VirtealSox

clgiciyg
clgicig
node leAR
nodeleCRU clom
cigcig Virtealsox
cig@cig VirtealSox
weber2610

clg@cig Virtealbox:
9 Virtealsox:

clggct
ANTPEM
cig VirtealBox

g Virtsallox:
Installation
I«/tutorial
t~/tutortial

madeleCRUSY

[tutoria
notice

i=~/tutoria
r~/tutoria
node
1 nede

i~/tutorial
t«/tutorial

«/tutoria

1~ /tutortial

«/tutorial

#0: Normal modes for different Mars models

L/ lognanae is
doc 1Int )
[lognonae$ cd Iater
flognonae fIntertor_

flognomae /Iintert
L/ lognomae /Interio
leM10  madeleM2
leMila medoloM)
[lognonae /Interior_
[ Lognonae /Intertior

mod

mod

L/lognanae fIntertior
flognonae /interior_

flognonae /Intertior

or_m

tor_models

nodelss s

odelsS cd Mars
nodels/MarsS s
cleMd modeleMY
cleMsé: modelemh
nodels/MarsS cod
odels /MoonS s

. JMaon

nodels Moons ¢cd
wdels/Earths 1=

nodels/Earths fj

cg@dgVirtweBox: ~NAutorlellognoane Moermal_modeserample

cig WirtwalBox:
/tu

;1!?.: Rox:

19 -Virtwallox

Al 4l

cLoNcyg

O
Virtwa 1 Box
prem
prem o
cx hi
Virtwallox:
Virtwal
Virtwa iBox

cx

cx

clgictg
ctohetg
Lot g

clofcig

VirtualBon: -

gnonec /Normal

fteterial/Llognanae /Nornal
teterial/lognanae /Nornal |

tetort

aljL
fteterial/l /
[tetorial/Lognanse /Nornal

{teterial/Llognanae /Nornal

nodeleMd
node LeMot

nodeleMOta
node LeMo2

. JRarth

odes fenamples pwd

sfexamplos ¢

o5 /examples

nodos fesample

nodes /enampie

nodes fexamples .

mnodeleMOs
modeleMmOs

shared/4np

shared/

shared /A np

gtfortutoriald/cx ar

fortutoriald/cx a

iITrortutorial ﬂf.'l_'.rhl

en test _all

vi

prepare pe
prepare_sohl

We will compute the modes for model AR
for model M1
for model SOHL




ce #0: Normal modes for different Mars models

— Principle:
PSSP e - pease el [\VI0des catalogue is put in a folder
< *cnde Modes are computed in a frequency bandwidth

Y Y | Ls/Mars /mode LeAR . .
=2 ! in a angular order bandwidth
narsAhe

* 1.c-18 10e. and up to n overtones are computed

3
2 1000 .3 20. 100 0O

*cnde

Modes are either spheroidal, radial or toroidal

S#8% prepare the output etlgenfrequencies for matlab
grep s grep 'vr | sed e 1,5 5/5//" » ARfreq
[tutorial/lognonne /Normal _nodes /examplesS cat cx ml

_ Command file
odets mar/r go in directory and execute minos_new
Tic 10 166. input parameters:
catalogue directory name

grep v | sed e a5 s/a/]" x Mt output file name

sonl Bl catalogue file generic name

error gravity-cutoff (sec-1)
type of mode (3forS,1forR,2forT)

Lmin Lmax fmin fmax O

BEES prepare the output etgenftrequencies for matlab
grep s marssohl | grep ‘v r | sed e 4 %)
cig@cig-VirtualBox:~/tutorial/lognonne /Normal_nodes /examples I

narsMi

‘‘‘‘‘‘‘

fmode LeSOHL

last command is to prepare the output for
figures




e #0: Frequencies with gnu plot

Gnuplot (window id : 0)
clacla-VirtualBox:./tutarial/locanonne /Normal modes /modesS pwd
,@Gnuplot (window id : 0)
E cig@cig -VirtualBox:~/tutorial/lognonne/Normal_modes /modesS pwd
(

thrnmanlrdmitutrnrtal Ilansnanmnilarmsl madne (mandae

Gnuplot (window id : 0)
clg@cig VirtualBox:~/tutarial/lognonne/Nornal modes /modess pw
/home/cig/tutorial /Llognonne /Normal_modes /modes
cig g-VirtualBox:-/tutorial/lognonne/Nornal_modes /mod

-
-

Clg@cig VirtualBox:~/tutorial/lognonne/Nornal _modes /modes LS mars*/*freq
narsar/ARfreq marsmi/Mifreq marssohl/sohlfreg
cig@cig -VirtualBox:~/tutorial/lognonne/Normnal _modes/modesS head S marsar/ARfreg
e .2670744E-02  0.4250622 " 2352.597 426685 37
LS200023F 02 0.94R806020 1084, 7.30853% 302,
-9255110€ .62 1.472997 678.8882 5.6619 644.
.1437285¢€ .01 2.287518 . 156 9.881943 534.6
AGGSH23E - 01 2 .649966 377.3633 | 572
Lg-VirtualBox:~/tutortial/lognonne/Nornal modes/mo
VirtualBox:-/tutortial/lognonne/Nornal_modes/mo

CGNUPLOT
Verston 4.6 patchlevel 4 l : ! 813.10 “marssohl/sohitreg”
Bulld System: Linux xB86_64

Copyright (C) 1986-1993, 1998, 2004, 2007
Thomas Nilltans, Colin Kelley and many others

gruplot home: http://www.gnuplot.info
faq, buge, ete: type “help FAQ
itmnediate help: type “help (plot

Terminal type set to 'wxt

gruplot [ - narsar/ARfreq using 2:
b t "marsmi/Mifreq” using 2:
gnupl t "marssohl/sohlfreq™ ust

grupl

order in *freq files

L omega (Hz) f (mHz)
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« Both frequencies and group velocities shows large sensitivity

XEercice

to the model used...

Mars models: Group velocities

Mars models: frequencies

Sohl model

AR model
* Gudkova M1 model

*

*

|
100

60
Angular order

s/wy Ayoojan dnotg
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80 100 120

60
Angular order
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lal exercice #1

- WHAT ARE THE AMPLITUDE OF 15 sec SEISMIC WAVES
GENERATED BY A SHALLOW MOONQUAKE ON THE
MOON ?

* Choose a Lunar Model
« Compute Normal modes: Why ?
« Define a seismic source, i.e. moonquake with
* position (including depth)
* Magnitude
« Compute seismograms at different stations...
« Estimate the amplitude



 Why computing normal modes....?
 Reason is mathematical...

* Normal modes are a complete basis of ALL solutions of the
seismic equation with given boundary limits, which practically
means that ANY solution of the seismic equation (such as our
solution for a deep moonquake) can be expressed in this basis

3D Basis ( our 3D space)

Constant Position and 3D coordinates

\

Time dependent Position and 3D coordinates

\ﬁt}g(tﬁ +y()] +2(0)k
Coordinates depends on time \

i=Xi +y] +zk

unit vector does not depend on time

10



al exercice #1: background

* Why computing normal modes...."?
« Reason is mathematical...

 Normal modes are a complete basis of ALL solutions of the
seismic equation with given boundary limits, which practically
means that ANY solution of the seismic equation (such as our
solution for a deep moonquake) can be expressed in this basis

Normal mode Basis ( the space of seismic waves)

3D field of position, including surface displacement
s i(t,1,0,¢) = ».c(DU,(1,0,9)
k

Time dependent Position and 3D coordinates

— k=(€ m n)

Coordinates depends on time \
unit vector does not depend on time

"



The response of the Earth to an impulsive equivalent body
force is obtained from the summation over all positive and
negative indices, i.e., positive frequencies as well as negative
frequencies. This finally allows recovery of a real amplitude
for the Green tensor, equal to

() = HO) 3 %e( -l ) ) @)

k=0

TABLE 4 Amplitude of the ground displacement as described by a summation of normal
modes for a local double couple. The index s denotes the position of the source

Source Function Displacement Expression
Seismic tensor with general source function wfl [ . ox(t—r)
|f(’)) - —M(!)Vb(r . r‘) |u( )) - ; ‘Re(H‘A d’ M(/) “ VVk(r,)e‘ ||.lk)

Seismic tensor with Heaviside source function

1 oyt
110) = ~MoHOV5( — 1) () = H() 3= e 25 Mo ¥ (5)(1 - &) )

12



Jrial exercice #1

go and update the command file for normal modes
computations

cx_prem (Prem model for Earth)
cx_sohl ( Sohl model for Mars)
cx_weber ( Weber model for Moon)

13



| exercice #1 : update in VM

« update the cx_weber into two tutorial for S modes between
0.1 and 67 mHz ( cx_weber _tutorial1a) and radial modes
(cx_weber _tutorial1b) both are in inputfortutorial1

folder where the modes will be stored and file describing the model

output file

Generic name for model
error and angular
frequency above which
gravity is neglected

Spheroidal (3), Toroidal (Z)
Radial(1)

Lmin, Lmax, fmin, fmax, N O

Lmin: minimum angular number
Lmax: maximum angular number
fmin : minimum frequency

fmax: maximum frequency
Number of overtones computed

for 50 mHz, Lmax = 500
for 100 mHz, Lmax =1000

SERYEE

14



| exercice #1 : update through shared folder

Termina' File Edit Vview Search Terminal Help LI B <) T7:53AM 3

~

cig@cig-VirtualBox: ~/tutorial/lognonne/Normal_modes/fexample

cig@cig-VirtualBox:~/tutorial/lognonne/Normal_modes/exampleS pwd

/home /cig/tutorial/lognonne/Normal_modes/example
clg@cig-virtualBox:~/tutorial/lognonne/Normal_modes/exampleS cp /home/cig/shared
/inputfortutoriall/cx weber*
clg@cig-virtualBox:~/tutorial/lognonne/Normal_modes/exampleS 1s

CX_prem cx _sohl out cx_weber_tutorialia prepare_weber
cx_prem_out cx_sohl_out_test cx_weber_tutorialib test_all
cx_prem_out_test c¢x_weber makefile vi

cx_sohl cx_weber_out prepare_prenm

cx_sohlf cx_weber_out_test prepare_sohl
cig@cig-VirtualBox:~/tutorial/lognonne/Normal modes/example$ I




lal exercice #1 : compute normal modes

» execute the script by typing
« ./cx_weber tutorial1a
 ./cx_weber tutorial1b

« Normal modes can be computed to higher frequencies
« This will however need a vertical model with a thinner mesh

* The key in the computation is to check the error, which must
never be larger than 1e-3 ( which is already large, precise
computation must have errors of at least 1e-6 )

16



| exercice #1

Results are in Normal _modes/modes/moonweber

These are files for all n orders, in which the normal modes functions and
frequencies are stored

create a frequency file with the two runs
The results can be exported in the shared outputtutorial1

Uy @ig Vittweltox ~Mutorisllognonme MNormel_modes/medes/moonweber
.-L:,,‘_‘,ri.] VirtualRox: “?‘1‘3‘1.31";r‘]r'r'.r'vv.‘.'-.\:_ odes /nodes )
/home Jcig/tutorial/lognonne /Normal_modes /modes
clgfcilg -VirtualBox: e 3
.{_-Ac'.r?r'! 27_t_mex whero 64_=_mos obe &1 = _moon er® _79_t_mocawmobord
ocrwebero 28 0 wberod 5 = ™o cbe 62 5 Moo berd 7_5_moorweber®
ocmvweberd
wowebero
-‘.'-ll‘hf'V.'
ocrweberd
ootwebered
>eeoweher®
ocrweberd

oomweberd

a
S_noonwcberd
S nocomcberod
s _nocoscbord
S _noonwcbere
S_noonwcberd

comeoborod
S_noonwcberd
“mocoweberd

ocomecberd

ocnweberod

rwebere

a1
8
87
8
f’
a

B
87
na
/9
8
0

4
5

comebere
1]
oonwebero

oonmeberd

AU N Bl bl

S Cat wederfreqfi weberfreqf2 » wederfreg
clgicig VirtualBox: - /tute at/l ! L_modes /nodes ) $ <p weberfreq [home/cig/shared/outputtutortiall

cligicig VirtualRox: «/tutorial) al ode s /node s /nocomeborsS .




| exercice #1 : plotting results with gnu plot

N L omega (Hz) f (mHz) T(sec) vg (km/s) Q error

File Edit View Search Terminal Help 13 = @) 7.02AM %
cig@cig-virtualBox:~/tutorial/lognonne/Normal_modes/modes/moonweber$ cat weberfreqfl weberfreqf2 > weberfreq

cig@cig-virtualBox:~/tutorial/lognonne/Normal_modes/modes /moonweber$ head -5 weberfreg

0 2 0.6432081E-02 1.023698 976.8510 7.024298 439.3773 0.1079950E-09

1 2 0.1162581E-01 1.850305 540.4515 7.309614 882.7184 -0.6574929E-11

N 2 2 0.1500311E-01 2.387820 418 ' »

= 3 2 0.2019824E-01 3.214650 311 g
3 2 ©.25122256-01  3.998330 ] TEea@Q 37

ﬁ cig@cig-VirtualBox:~/tutorial/lognonne /Normal _mod e J - pype—

Gnuplot (window id : 0)

T T T
*weberfreq” using 2:4

GNUPLOT
Version 4.6 patchlevel 4 last modified |
Builld System: Linux x86_64

1

gnuplot hone: http://www.gnuplot.info group velocity is the slope
faq, bugs, etc: type ':help. FAQ" b vg = dw/dk = r0 * dw/dl
immediate help: type "help (plot windo where 0 is the planetary radius

Terminal type set to 'wxt'
gnuplot> plot "weberfreq” using 2:4 with dots 10 §
gnuplot> plot "weberfreq” using 2:6 with dots
gnuplot> set logscale y

7> gnuplot> ilot "weberfreq"” using 2:7 with dots

0 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Angular order

gnuplot>

18



 matlab alternative

Frequency mHz

Group velocity (km/s)

30

orial exercice #1 : plotting results with matlab

Moon Weber model: frequencies

L L L L L L L L
0 50 100 150 200 250 300 350 400 450
Angular order
Moon Weber model: Group velocity
T T T T
L L L L L
50 100 150 200 250 300 350 400 450

Angular order

Quality coefficient

Error

plot weber.m in inputfortutorial1 folder

Moon Weber model: Quality coefficient

o,
T

o

50 100 150 200 250 300 350 400 450
Angular order

Moon Weber model: computing error

50 100 150 200 250 300 350 400 450
Angular order

19



#1 : plotting mode amplitudes with matlab

* Transfert modes amplitudes (m10,m20... files) in shared folder

cig@cig-VirtualBox: ~/tutorial/lognonne/Normal_modes/modes/moonweber 1 = @ 835AM &%

@ clg@cig-virtualBox:~/tutorial/lognonne/Normal_modes /modes /moonweberS pwd

/home /cig/tutorial/lognonne /Normal_modes /modes /moonweber

clg@cig-VirtualBox:~/tutorial/lognonne /Nornal_modes /modes /moonweberS 1s

_0_s_moonweber®
_10_s_moonweber®
11_s_moonweber®
_12_s_moonweber®
_13_s_moonwebero
_14_s_moonweberod
_15_s_moonweber®
_16_s_moonweber®
17_s_moonweber®
_18_s_moonweber®
_19_s_moonwebero
_1_s_moonwebero®
_20_s_moonweber®
_21_s_moonweber®
22_s_moonweber®
_23_s_moonwebero
_24_s_moonwebero
_25_s_moonwebero
6_s_moonweber®

_27_s_moonweber®
_28_s_moonweber®
29_s_moonweber®
_2_s_moonweber®
_30_s_moonweberd
_31_s_moonwebero0
32_
3*

_ _moonweber0
_33_s_moonweber®
34_s_moonweber®
_35_s_moonwebero
_36_s_moonwebero
_37_s_moonwebero0
_38_s_moonweber®
39 _s_moonweber®
3_s_noonweber®
_40_s_moonwebero
_41_s_moonwebero
_42_s_moonwebero0
_43 s _moonweber®

_44_s_noonweber?®
_45_ s _noonweber®
46_s_noonweber®
_47_s_nmoonweber®
_48_s_moonweberod
_49_s_noonweber?d
_4_ s _moonweber?®
_50_s _mnoonweber®
51_s_noonweber®
_52_s_moonweber®
_53_s_moonweberod
_54_s_noonweber?d
_55_s_moonweber?®
_56_s_mnoonweber®
57_s_noonweber®
_58_s_moonweberod
_59_s_moonweberod
_S5_s_moonweberd
_60_s_moonweber®

_61_s_moonweber®
_62_s_moonweber®

63_s_moonweber®
_64_s_moonwebero®
_65_s_moonweberod
_66_s_moonweberod
_67_s_moonwebero
_68_s_moonwebero

69_s_moonweber®

_73_s_moonweber®
74_s_moonweber®
_75_s_moonwebero
_76_s_moonwebero
77_s_moonweber®
78_s_moonweber®

_79_s_moonweber0
_7_5_moonweber®
80_s_noonweber®
_B1_s_moonweber®
_82_s_moonweber®
_83 s _moonweber0
84_s_moonweber0
_85_s_moonweber®
86_s_mnoonweber®
_B7_s_moonweber®
_8B_s_moonweberod
89_s_moonweber0d
_8_s_nmoonwebero®
_90_s_moonweber®
91_s_moonweber®
_92_s_moonweber®
_93_s_moonweberd
9_s_moonweberod

mio

n100
n20
m30
™40
m50
oo
n70
m80
mn90

m_moonwebero

moonweber
moonweberfl
moonweberf2
toto
weberfreq
weberfreqfil
weberfreqf2

;tqeciq Vtrtunlﬂox:~/tutor\ol/loqnonno/Nornnlurodrﬂ/noaon/roonwrhors cp m*0 /home/cig/shared/outputtutoriall
cligecig-virtualBox:~/tutorial/lognonne/Normal_modes/modes/moonwebers$S




ice #1 : plotting mode amplitudes with gnu plot

Gnuplot (window id : 0)
9 Conuplot (window id : 0)

180406 T
"using 2-1

1.0e+00

140406

12¢+00

2
'y A AN NnNn

1ev06

2

oonwebert)

ywebert2

webherfreg
weberfregfi
weberfreqf2

s 2
CR N
oroor

-
or

Il Il

-0.00 0.05 Q.04 003 002

(C) 1986 1993, 1998, 2 20072013
s Nilltams, Coltim Kelley




Xercice #1 : plotting mode amplitudes with matlab

e plotmode_weber.m

Moon: Vertical displacement Horizontal displacement Gravitational Potential
T T T i T
1600 - f 1600 - 1600 f
1400 - f 1400 - 1400 *
1200 - f 1200 - 1200 B
1000 B 1000 1000 f
£ £ £
X X X
(2] (2] (2]
3 2 2
3 3 3
x 800 f « 800 = 800 f
600~ f 600 f 600~ f
400 B 400 B 400 B
200 B 200 B 200 B
0 0 ‘ 0
-0.15 -0.1 -0.05 0 0.05 -0.05 0 0.05 0.1 0.15 -5 0 5 10
Amplitude Amplitude Amplitude x107

22



al exercice #1

- WHAT ARE THE AMPLITUDE OF 10 sec CORE PHASE, 20
sec SURFACE WAVES AND NORMAL MODES

GENERATED BY A SHALLOW MOONQUAKE ON THE
MOON ?

* Choose a Lunar Model

« Compute Normal modes: Why ?

* Define a seismic source, i.e. moonquake with
 position (including depth)
 Magnitude

« Compute seismograms at different stations...

« Estimate the amplitude

23



torial exercice #1 : Seismic moment for Moonquake

 Largest deep Moonquake ~5 10" Nm
 Largest Shallow Moonquake 3 10’ Nm-1.6 10'* Nm
« Tohoku Earthquake ~5.3 1022 Nm
« Moon DMQ moments are 10° smaller than the largest Earth
quakes...

« We take a 10" Nm quake ( 10%" dyne cm)

1w r—r—r—r—rrrr o
10°
10*
10°
10°
10’
10°
107"
107
1073
1074

o

Venus

Dogth (km)
3 3

E2538338 8
o T T Y-

s Earth

Moon Variance Longtude ()

N(M>=My)

!

Mars

M B BRALL BRAALL BRAALL BRALL BRALL ERAAL ERALLinan.
sl sonmd asmnl ssamd ssiend sl assenl o sianl sl ssamd

L 1 L L 1 L L
10'°10"10%10"%10" 10"°10"10"7 10"*10'""10%° 10°' 10%
Seismic moment M, (Nm)

24



cigPcig-VirtualBox: -tutorisl/leg
clgctig Virtualhox:

/home Jcig/tutortial i
cigicig-VirtualBox:

cx sismo dataz.ah

- alBox:

jalBox:~

b

-~

!
E

-

umwaom@

xercice #1 : preparing the input files (1/2

nonne/Sismospherd fexample_moon

«Jtutortial/logneane /Stanospherd/oxanple_moons pwd

I ':I - @

«Jtutorial /lognoane /SA

ognonne /Stsmospherd /example_moon

-/tutorial/lognonne/Sisnospherd/exanple_moonS Ls

data.ah datal.asc README results.ma sphericd
ospherd/exanple_moon§ cp

/tutorial/lognoane /Stismospherd/exanple_moons l

7.07104010F - 0% N.535%533%4r 0% |
yoar _moath, hour, minute, second for
2011 3 1 5 a7 32
position of the scurce ( geegraphic):
year .moath, hour, minute, second for
1994 7 0 ] 0 0.00000000
Llength of the (ia hours), zampling:
0.99972222222 1.9000000400000000
pole & zero: 3.000400600
32.7999992
number of polints
nunber of points
stat: WuUSchan: »
1727.6999999999%99 1734.0900000095367
11 2011
11 3 2011
calendar jullea(event): 70
caleadar juliea(zeimo): 70
2011 3 11 47
2011 3 11 5 a7 32.79999%¢
position of the seurce ( geecentric) 8.006
Tine Detween the brg\rn\ng or the 16{15)9 an
delta ¢t at the Begianing
dtec
nunber of
nunber of

the event:

7999992
the setsmo

selzmogran
222718
16.5600000

0.00000080
for the output
for the irput

16200
100

sanples in the record
sanples to skip at the beg
nunber of samples to compute
power of 2 10384
the telzmogram Lt computed for a duration of
position of the station ( grocentric)
lat: 0. Ocof]u’<0=000603 Lon
position of the station ( graphic)
Lart: U.UCUGJO:OD:UOUCOO Lon
channe o
reacquizsition: 1
naximum amplitude modeled ia 7:
record length:
cilgcig -VirtualBox:-
< slamo cx
tutorialia
VirtualBox:
VirtualBeo

'fh'ﬂa

9.66219773E -9
3668
Jrutortial/l
slame ¢t
dataz,ah
«Jtutori
xI«/tutorial

data.
ﬂ:?:?.:

dl rialid
cx _slemo
cligicig
cigictg

0.0000206000000090 8.
gran:

s
3grornc"t'%o ;n¢ d‘c-a-;lc meons s
uto

al/lognonne/Sismospherd/exanple_
[ lognonne /Sismospherd/exanple nS

ISTI0 sphericDISTI00 sphericDIST2

sphericDISTSO
/heme Jcig/shared/inputtortutoriall jex_s

1smo_tutortalle

404406191 0%

9650000004006500

90000002 0.08000

060600400600
he begimning of the sour

ce: 0. 0000002000000000
1.0003000000000300
1 0AIGEANO00NIND

<11

6Ed1

4.55083333333233332

160.00306000000090

100.00200000000020

7

READMNE
&¢ rozultes.m

ricpIsticor
»p>-r~rrr:71<r

sphericDIsTIO sphe
:phc-tcb?i?:no
nS cp spherice

ap
tp

smam 3

hericD w
horicDISTSOF




A

-k
”
2
al
4

/../bin/sismospherdd << *cnd*
noonweber®

« o/« /NOrmal_modes /nodes/moonweber
00606 -11. 66.
1

2001
sphericDIST10F
20
dataz.
-1 -1
3
cmd*
sed -¢ "1,5 s/0IST/20./9" < dataZ.asc | ../
««f../binfahmodhead -e¢ 6. ©. 10.
«of .. /bin/sismospherdd << *cnd*

ah

../binfasc2ah »d
2011 3 11 05 47 32.8 -m 45

noonwebero
./« . /Normal_modes /nodes /moonweber
0 00 -11. 66.
|
2001
sphericDIST20F
20
data2.ah
-1 -1
3
*cmd*
sed -e "1,5 s/DIST/S50./9" < dataZ.asc | ../../binfasc2ah >d
«of../binfahmodhead -e 6. 6. 10. 2011 3 11 65 47 32.8 -m 45
of . /bin/sismospherdd << *cnd*

noonweber®
./ .. /Normnal_modes /nodes /moonweber
00 -11. 66.

6001
sphericDISTSOF
0
ta

N W '\JHQ‘

a

ataz.ah
= |

(=

3

"cx_sismo_tutorialia™ 56 lines, 1314 characters

exercice #1 : preparing the input files (2/2)

Ale Edt Vwew Search Termena 11 m ) € 10:29 AM
aed - "1,5 s/DIST/10./9" < dataZ.asc | ../../binfasc2ah >data.ah
J/../binjahmodhead -e 0. 0. 10. 2011 3 11 65 47 32.8 -m 45, 45, 45, 1e-6 1. 1. -\ data.ah > data2.ah # reference

Folder with the mode

generic name

NSmin NSmax NTmin NTmax fmin fmax
Number of seismograms (here 1)

ivit igrav isec ioutput (ivit 0,1,2 for displacement,
velocity, acceleration; igrav=0,1 for gravity or not, ised
=1,0 for static term or not, output =1,0 for output or not)

input output (input 0 (hand input), 1 through ah, 2
change duration, output 0 (only synthetics), 1 data and
synthetics)

output file
depth altitude (if-1 -1, those of the input file)
time of seismogram in hr
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torial exercice #1 : compute seismograms

* type
« ./cx_sismo_tutorialla ( for fundamental only)
o ./cx_sismo_tutorial1b ( for all modes )
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reice #1 : plotting the seismograms on gnuplot

GCauplot (window id : 0)
number of points for the output 16800 cnuplot (window id : 0)
number of patnts for the
stat: WUSchan: 7
19939999

leralion 30 degrees

calendar juliealovent):

calendar jultien(seciszmo)

2011 1 § |

2011 il
position of he source ( geoc

time between the beginning o

delta t at the beginning

dtec i i

nunber the record

nunber : L 4 skip at the seginaning

compute :
10584
e duration of
tion of the s )
0.6900:90 o ni 100.0000004

100. 000000

anpliitude modeled in

length: 1650
VirtwalBox:«/tutorial/
VirtealBox: -

tputtutoria

patchleovel 4

Linux xB86_064
Copyright (C) 1986-1993, 1998, 2007-2013
Thomas Williams, Colin Kelley and many others

gnuplot home: http://wwi.gnuplot.info
faq, bugs, ete¢: type “help FAQ

imnecdtiate help: type “help (plot window: hit

Terminal
gnuplots p
gruplot»




exercice #1 : plotting the seismograms on matlab

e plot_sismo.m

-10 Lunar synthetics 10" Nm 15sec
6 \

LA H Rkl U‘Hm IR T e W U PPRTIY W N R A O Y R PO YTTY (N PPN WO M BN RY ORI T WO T YN R st et e A Attty e
Ul H\ JeVINN ‘\‘\‘r“\‘v” A A A ‘w“\\“'\““”‘““ \‘m.m““ww-. e A AR AR A A T A R e i I i i

o

body wave amplitudes ~ < 0.5 10-10 ms-2
a _

/ surface wave amplitudes ~ 101" ms-2

Judl] ol ot i ) A e S ettt ot

I V“ Wi R 1 N O A L VTR

(l | ol | P | | |
‘\ h ‘ \H‘\ il i i ‘\ ‘\ b P tht ‘\s““\‘{ ““\‘\“\‘u‘ v el ““““ Kb st A e

Acceleration m/s?

iAol il il R \“" ‘ ‘
LR ‘\H A 1” u‘mh I

bl \ ‘ \\”\\ ‘\‘\ 0|
““w‘x”‘w““ | N AL il \ ek bl H ‘ I T ARt L i H i “‘ ‘\‘\“‘\ il

Ll ‘\‘H‘H\mu i Lk i Ui ““ kil 1 T TR

-2 —

Tlme hr
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xercice #1 : did Apollo got this signal ?

 Apollo noise at 20 sec ( 0.05 Hz) : ASD=4 x 10-10 ms-2/Hz"?2

« Equivalent noise in the 0.01 Hz-0.06 Hz (15sec-100sec):

. ASD*VDf =0.9 10"°ms2 rms

« Apollo was not able to detect these long period waves... and
practically, no waves below ~5 sec are detected...

. Mars seismometers: resolution . Moon seismometers: resolution . Apollo(Moon) and Earth noise
10” Ty Ty 107y ey 107 py—r e
— | £ £ ~——— Earth Low Noise [{
R ———APHLP i
- —— AP ZLPPG |
——APZLPPC |
- - -APZSP
J ——APZLPF H
\ B
]
1
1
g
N 1
I
N\
£
g q g
210 g1 [
o
c c
o H S
B kS g
) o B
[ 8 10 o
Q o
< < H

elerat
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Seismic noise estimations

Amplitude (DU)

Absolute amplitude

Apollo resolut

A continuous source of noise on the Moon can be related to the continuous

impacts of micro-meteorites (Lognonné et al., 2009)
We find a seismic background continuous noise in the range of 10-2-10-"
Apollo DU at 0.5 Hz, corresponding to amplitudes of 5 x 10-1 to 5x10-12 ms-2

on

50

100

Time hour

150

200



exercice #1 : source depth

 Home work... re compute a seismograms for 10 km depth and

get much larger amplitudes Surface waves

12

ARE concentrated
at the surface

Lunar synthetics 10" Nm 15sec

10

body wave amplitudes ~ 109 ms-2

&g

100 degrees |

surface wave amplitudes ~ 108 ms=2

50 degrees

=Y

N

87
6
20 degrees

Acceleration m/s?

wwww degrees
0
2
-4
|

Moon: Vertical displacement

o

0.5

1 15 2
Time hr




* type
« ./cx_sismo_tutoriallc
« ./cx_sismo_tutorial1d

Displacement m

12%

o

-2

exercice #1 : Displacement seismograms

( for fundamental only)
( for all modes )

Lunar synthetics 10" Nm 15sec

1(Q e \"“‘m.m [Ul“ |

nm amplitudes...

WW'*WWWW rw ‘M‘W‘WM i \ f“/‘ V

i “

15 2 2.5 3
Time hr



