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GENERAL COMVENTS

This paper presents a discontinuous Galerkin (DG finite element method for 3D
seisnc wave nodeling in regional scale nodels. Such nethod is suitable when
nmodel s with conplex geonetries are considered. In the franework of seisnmic
nmodelling, finite elenments allows to deal wth topographies and/or sharp
geol ogi cal structures. In this respect, the work-fl ow presented by the authors,
allows to build tetrahedral neshes that are adequate for regional nodels. This
is related to the flexibility offered by the conbination of the DG nethod with
tetrahedral elenments. As stated by the authors, this method is an interesting
alternative to the nore popular spectral element (SE) nethod, which relies on
hexahedral el ements.

The paper is structured as follows: after an introduction that explains clearly
the purpose of the paper, the authors briefly present the principles of the
di scontinuous Glerkin nethod wth the ADER tine integration and its
implementation within the code SeisSol. The work-flow for the generation of
tetrahedral neshes with the tool Cubit is also presented with a focus on the
Eur opean nodel. This original nodel has been created fromthe assenbling of the
EPcrust and ak135 nodels. Section 3 is devoted to benchmark tests, where the
simul ati ons of seismic waves with DG in the PREM nodel are conpared with the SE
met hod. Finally, the authors present the result of a simulation of the |I'Aquila
earthquake (ltaly) with the DG nethod in the European nodel. Some concl usions
and prospectives concl ude the study.

To my know edge, this is the first publication concerning the application of the
DG nmethod to the sinulation of seisnmic wave in 3D regional nodels. Hence, this
study presents interesting and new results. To ny opinion, taking into account
the potentials of the nmethod, | believe that the contribution of the authors
fully deserves a publication in an international journal such as Solid Earth.

Nevert hel ess, the paper suffers of the follow ng points

1 - The text needs a correction from an English reviewer. Sone sentences
sound awkward, sonetinmes they are mnisleading and they finally disturb the
readi ng. Al so, the punctuation needs a severe checking since lot of commas are
m ssing in the text.

2 — Interesting results are presented but their analysis should be
i mproved.
3 — 1 have found a general |ack of technical information

Al sections are balanced but they can be inproved by adding some inportant

informati on and explanations. Hence, my comments will minly focus on sone
weaknesses regarding inportant information that are nissing for a conprehensive
reading. In this objective, | suggest the authors to add

1 — A new figure showi ng the mesh for the PREM nodel .

2 — Atable with the statistics concerning the mesh of the European nodel .

3 — Atable that conpares the neshes used by DG and SE for the benchnark.

4 — A table with some netrics concerning the conputation with DG and SE
for the benchmark.



In the following, you will find ny detailed coments in order to inprove the

quality of the paper. The Ilist of items is quite long but since these
corrections do not represent a significant additional work, | request a noderate
revision.

Once again, it was a pleasure to review this paper and | hope the authors will
find my comments useful

Dr. Vincent ETI ENNE

DETAI LED COMVENTS FOR EACH SECTI ON

* ABSTRACT

No comment

* 1 - | NTRODUCTI ON

Page 1130, l[ines 18-19 (definition) : “...on regional seismic wave
propagation...”. Since this is the main concern of your article, please define
at the beginning what you nmean by “regional”. For instance, you can give sone

i ndi cations on the nodel dinmensions, in terns of kns, degrees, etc..

Page 1131, line 5 (term nology): “Besides sem -analytical algorithnms, nunerica
direct solvers evolved such as the Finite-Difference...”. The term “direct
sol vers” is somehow m sl eading since in the applied mathenmatical community, this
termis related to an algorithm that are solving linear system with nunerical
techniques such as LU factorization. Therefore, | would nention instead
“explicit time marching schemes”

Page 1131, line 23 (explain): “...and explicit synplectic time extrapolation
schenmes”. You are referring to the time integration used in SE nmethods.
Concerning the standard SE nethod (Komatitsch 1997), | believe that the tine

integration is perfornmed via a second-order operator based on a predictor /
corrector schene. Maybe, other nodelers using SE are using different schenes.
Hence, | do not understand your point. Please clarify why you specify that SE is
linked to a synplectic time interpolation ? Is it really specific to SE
met hods ?

Page 1132, line 3 (be nore precise): “...the elenents can locally be adapted (h-
adaptivity) w thout overhead”. Please explain why there is no overhead ?

Page 1132, [ine 18 (sounds awkward): *“...technical properties of the
implementation...” Are you referring to “conputing strategies for the
i mpl ementation of the DG nethod” or “numerical properties of the DG schene” ?

* 2 — WAVE PROPAGATION I N 3-D MEDI A

** 2.1 — THE ADER- DG APPROACH

Page 1133, line 9 (correct english): “Like every Finite-El enent nmethod” instead
of “As every Finite-El ement method” ?

Page 1133, lines 11-12 (sounds awkward): “In the scheme (add a comm) the
compl ete 3-D conputational donmain...” Do you mean: “ln our inplementation of the
DG schene, the conplete 3-D conputational domain...” ?

Page 1133, lines 17-18 (add information): “W use an orthogonal basis suggested
by Dubiner (1991)”. | would reconmmend to indicate that you are using nodal basis



functions. This is an inmportant characteristic of your approach.

Page 1133, lines 24-25 (wong statenent): “Note, that differently from FV only
adj acent el enents communi cate, and a reconstruction process is not required”.
First : in FV nmethods, the comunication do actually concerns only adjacent
elements. At least, this is the case for the PO FV nethod where the solution is
approxi mated as pi ece-w se constant per elenent. Second : what do you nean wth
a reconstruction process ? Do you refer to the assenbling usually encountered in
standard FE nethods ? Pl ease clarify.

Page 1134, line 3 (add information and explain): “...many occurring integrals
can be preconputed in the reference space”. You should give nore information
concerning the integrals. For the reader not famliar with the DG nmethod, it is
useful to mention the name of whose matrices : mass, stiffness and flux
mat ri ces. Then, when you are saying that nany natrices can be preconputed, is it
related to the fact that you are using honbgeneous properties within the
elements ? | think this is a really inportant assunption in your formalism and
since you nentioned in the introduction that you wll focus on the nodel
di scretization, | am surprised that this assunption is not even nentioned here

Pl ease, add a sentence concerning the approxi mation of the physical properties
within the elenents (it is piece-wise constant ?) and explain why you have
chosen this specific approximtion

** 2.2 — LOCAL ADAPTI VITY AND LOAD BALANCI NG

Page 1134, line 26 (english): “Until now, this is handled by zoning...”. Replace
“Until now with a less abrupt expression (like “This issue can be handl ed by

zoning...) or renove these words which are not really informative

** 2.3 — MESH GENERATI ON | N GEOVETRI CALLY COWPLEX 3-D MEDI A

Page 1135, line 10 (english): *“...which have trenmendous influence on the
propagation...”. Here, “trenmendous” seens too excessive, use instead a nore

neutral adjective.

*** 2.3.1 — STRUCTURED MESHI NG

Page 1135, lines 24-26 (nobve statenment or explain): “In contrast, Komatitsch
(1997) assign the material properties directly to single integration nodes in
the SE schene, at least, if interfaces cannot be respected within the

conputational nesh.” Actually, this corresponds to the sinplest strategy you
mentioned at the beginning of section 2.3.1. (line 15 “material properties are
sinmply assigned to nodes...) Please explain why you nention here the SE as a
contrast of the approach of Kristek et al. ? This statenment should be noved
around the line 15.

*** 2.3.2 — UNSTRUCTURED MESHI NG

Page 1136, lines 25-26 (english): “Furthernore, assenbling a scheme that is...”
The term “assenbling” may be associated to finite-element nethods and therefore
I would recommend to replace it with another word.

Page 1137, lines 9-10 (english): “...but are wusually only in |oworder
formulations efficiently inplenmentable that are very dispersive.” Please
reformul ate this sentence which sounds awkwar d.

Page 1137, line 14 (english): “...tetrahedral grids are much nore flexible to
align”. The term*“align” is msleading. Please replace this word with another.

Page 1137, line 14-15 (explain): “This tremendously reduce the meshing effort
potentially at the expense of longer sinulation tinme”. Please explain your point
concerning the simulation time. If the nesh allows for a better discretization
of the nodel, one nmay expect a nore precise solution with a reduced nunerical
cost. Here, you should explain how and why the simulation tinme can be affected.



** 2.4 — WORKFLOW OF TETRAHEDRAL MESH GENERATI ON USI NG CUBI T

***x 2.4.1 — GEOVETRY CENERATI ON — EUROPEAN MODEL

Page 1138, line 1 (punctuation): “Recent studies investigated, whether interna
material...”. Renove the commma after “investigated”

Page 1138, lines 1-4 (add information) : you are referring to studies
(Komatitsch, Lee, Casarotti, Stupazzini and Cupillard) but you are not saying

anyt hi ng about the conclusions of these studies. Please add sone infornmation.
What are the conclusions of the authors ? Do we need absolutely to respect the
interfaces within the nesh ?

Page 1138, lines 5-6 (explain): “Not respecting material interfaces of strong
contrasts requires a high resolution for ADER DG schenes”. Do you nean here that
you need a very fine discretization ? | guess that this is linked to the

constant properties per elenent. If so, you should indicate it clearly since at
the beginning of the section 2.4.1 you refer to the SE nethod which is not based
on this assunption

Page 1138, lines 17-18 (useless statenent): “A Matlab parser can read the file
to a Matlab structure which contains the material information and |ocations of
the 3 D interfaces”. The fact that you are using a Mtlab program is not
informative for the reader. Renove this statenent.

Page 1138, lines 18-20 (explain): “The upper-nantle discontinuities of the akl135
nmodel are nmanual |y projected on spherical shells using the sane | ateral sanpling
poi nts”. What do you nean by “manually projected” ? Does this task can be done
automatically which sone kind of interpolation ?

Page 1138, lines 24-25 (explain): “In Cubit a surface reconstruction directly
from these pointsets failed”. Include a coma after “Cubit”. If you want to
enter into such details when using Cubit, you should indicate why the process
failed. Does Cubit give information about the failure ?

Page 1138, lines 25-26 (explain): “Therefore, parallel spline curves along a row
or colum of the structured pointsets had to be created using the vertices as
spatial support”. Does it that after this procedure, the surface has been

snoot hed ?

Page 1138, lines 26-27 (punctuation): Add a conma after “From the generated
|'ineset”.
Page 1139, lines 4-6 (explain): “Furthernore, so-called inprinting surfaces have

to be defined to generate conform ng meshes at each |ayer boundary”. Wat are
the inprinting surfaces ? Does the mesh built in several pieces ? Wy the need
to define surface in order to generate conform ng nesh. Please explain better

**¥* 2.4.2 — TETRAHEDRAL MESH GENERATI ON — EUROPEAN MODEL

Page 1139, line 20 (add information): “Cubit provides geonetry adaptive sizing
functions to control the elenent size...”. Wuat is the parameter for measuring
the el enent size ? Edge |ength, insphere radius, volune ? Be nore precise.

Page 1140, line 6 (add information): “lIn case of distorted elenents in the
mesh...” Again, indicate how you detect a distorted element ? What is the
criterion you adopt with Cubit ? Also can you provide nore informtion about the
algorithm inmplemented in Cubit ? How the nmesh is actually built ? Does the
process rely on a Delaunay triangulation ?

Page 1140, line 13 (punctuation): Add a commma after “despite the nentioned
difficulties”.



Page 1140, lines 13-14 “...the generation of a high-quality tetrahedral nmnesh

took one day...”. An inportant part of your article is devoted to the
construction of tetrahedral neshes. Here, you should give sonme statistics about
the mesh you built for the European nodel. | would suggest to add a table with
at least the total nb of elenents, mn/nmax quality factors, mn/nmax edge |engths
and sone other useful information. This table will help the reader to understand
the conplexity of the mesh while illustrating the flexibility offered by

tetrahedral el enents.

* 3 — BENCHVARKS
Page 1140, line 24 (punctuation): Add a comma after “In the first experinment”.

Page 1141, line 5 (punctuation): Add a conma after “Wth respect to the results
of the SE nethod”.

** 3.1 — EXPLOSI VE SOURCE
*** 3.1.1 — SETUP
Page 1141, line 12 (punctuation): Add a conma after “In this test”.

Page 1141, line 18 (be nore precise): “with a main period of Tpeak = 20s”. Here,
| guess you refer to the dominant period of the Ricker wavelet ? In this case,
you may indicate that the mininum period of the source function is 8 s (i.e.
20 / 2.5).

Page 1141, lines 19-20 (add figure and explain): “The physical domain of the
SeisSol simulation, is a cuboid of Orega = [-1000 km 1000kni x [-500 km
3500km x [2400 km 6400km...”". | would suggest to add a figure that shows the
geonetry of the nesh and possibly a view of its interior. It is particularly
illustrative to show how the mesh honors the Earth discontinuities and how you
adapt the size of the elenment with depth.

Page 1141, lines 25-26 (explain): “This keeps a constant nunber of nmn = 3
tetrahedral elenents per shortest wavelength in each subdomain to nodel a
shortest wave period of Tmin = 20s”. First point : Please justify why you adopt
an average spatial discretization of 3 elenents per shortest wavel ength. | guess
that with O=5, the recomended discretization with the SE nmethod is only one
el ement per shortest wavel ength. Explain, why your discretization rules with DG
ADER are nore severe than with SE. This is an inportant point, taken into
account that for the same discretization length, the nb of tetrahedra is nore
important than with hexahedra. Second point: here you nmention a shortest period
of 20 s. This is not consistent with ny precedent comment (see above).

Page 1142, lines 1-2 (add nore information): “This high spatial discretization
of the nmesh is also suited to nodel wavefields over |ong propagation distances”
Can you be nore precise and indicate a typical range of propagation distances in
terms of nb of wavelength ?

Page 1142, lines 3-8 (add a table): to conclude the descriptions of the neshes
used by the SeisSol and SpecFEM codes, | woul d suggest to add a conparison table
with sonme basic information : the volune of the nodelling domain, the total nb
of elenents, mn/max quality factors, mn/nmax edge | engths and sone other usefu

informati on for both SeisSol and SpecFEM

Page 1142, Ilines 9-10 (add information): Can you indicate the range of
propagati on distances in terns on nb wavel ength between the source and the
receivers ?

*** 3.1.2 - RESULTS

Page 1142, line 14 (punctuation): Add a conma after “For each station”



** 3.2 — SHEAR DI SLOCATI ON SOURCE
*** 3.2.1 — SETUP

Page 1143, lines 12 (explain): “For the SeisSol sinmulation (add a comm) we
reduced the block nodel of...”. Please explain why the nodel has been reduced in
this case.

At the end of this paragraph, you should indicate the position of the receivers
since they probably are not |ocated at the same positions than in the precedent
test. Again, specify the range of propagation distances in terms of nb of
wavel engt h.

*** 3.2.2 — RESULTS
Page 1143, line 20 (punctuation): Add a comma after “As expected’.
** 3.2 — DI SCUSSI ON

Page 1144, lines 8-9 (add information): “In SeisCol (add a comma) a constant
val ue for each paraneter is interpolated in one single tetrahedral elenent...” |
believe that this assunption should have been introduced in section 2.1 (see ny
precedent comment). Can you also indicate how the properties are interpolated
per elenent ? Do you performa kind of averaging ? Is it based on the barycenter
of the elenent ?

Page 1144, lines 13-15 (english and explain): “But, (renpbve the comm) tests
have shown that the spatial discretization already is deternmined by an accurate
approxi mati on of the wavel ength due to the CFL-condition”. | do not understand

your point, please refornulate this sentence.

Page 1144, lines 15-16 (shortcoming): “Therefore, the sanpling of the relatively

low material gradient in PREMis sufficient”. Can you justify your statenent ?
For instance you can rely on the theoretical variation of properties within the
elements, i.e. what is the typical percentage of velocity variation at the scale

of the elenments ?
Page 1144, line 18 (punctuation): Add a conma after “At near offset stations”

Page 1144, lines 21-22 (punctuation): Add comma after “Kaser and |gel (2001)
clainmed that” and after “an isotropic elastic mediuni.

Page 1144, lines 26-27 (comment): “the effect is purely nunerical and can be
dimnished by refining the nesh around the source”. | guess you inplenent the
source on a single elenment. Wat happens if the source coincide with one corner
of the element ? Also, have you tried to spread the source over several elenents
? You may discuss a little bit about the inplenmentation of the source since it
seens that it is nesh-dependent.

** 3.4 — COVPARI SON OF CCDE PERFORVANCE

Page 1145, lines 8-10 (add information): “Since the sinulations of this study
provides a different level of accuracy on different neshes and physical domains
(add a conmm) a quantitative conparison is not possible (, renove the comm) in
fair terms”. | believe you have a valuable information to provide here. It is
true that the nodeling with DG ADER and SE have been performed on conpletely
different nmeshes but there are sone interesting paraneters to | ook at. Therefore
and again, | would suggest to add a conparison table. In this table you should
i ndicate, for both SE and DG ADER: the nb of unknowns, the dimension of the
nmodel I ing domain, the nb of tinme steps and also the neasured conputation tine
with the nb of MPI process. Then, fromthis values, you can estinmate the average
conputation tine per unknown, per MPl process and per tine step. In Etienne et
al . 2010, we found out at this conputation tinme is conparable between SE and DG



Is it also the case with your specific DG ADER formulation ? Let ne say that
this is just an interesting paraneter and the objective is not to indicate that
a code is better than another and vice-versa. But since you decided to include a
paragraph entitled “Conparison of code performance”, | think you should give
sone statistics for the reader.

Page 1145, line 11 (punctuation): Add a conm after *“
codes”.

...efficiency of nunerica

* 4 — APPLICATION OF THE ADER-DG METHOD TO REAL DATA: THE 2009 L' AQU LA
EARTHQUAKE

Page 1145, line 20 (punctuation): Add a coma after “lIn the previous test”.
Renove comma after “...it could be denonstrated”

Page 1145, line 21 (punctuation): Add a conma after “In this section”
** 4,1 — MODEL SETUP

Page 1146, line 11 (punctuation): Add a comma after “of the Earth (and renove
's) crust”

** 4.2 — GEOVETRI CAL REPRESENTATI ON

Page 1147, line 14 (punctuation): Add a coma after “To generate a nesh inside
the vol une”

Page 1147, lines 19-20 (justify): “a spatial sanpling of 2 tetrahedral elenents
per snallest wavelength, if an O = 5 schenme is applied”. Here you adopt a
different discretization fromthe validation test of section 3 where you deci ded
to use 3 elenents per snallest wavelength (with also O = 5). Please, explain why
you are changi ng your discretization criteria. Actually, one would have expected
that the validation tests allow to estinmate the required discretization to be
used later in the real application

Page 1147, line 21 (punctuation and shortcoming): “As already nentioned, in
SeisSol (add comma ,) the materials values of tetrahedral elenents are averaged
over all vertex values”. Wll, it has not been “already nentioned”. Please refer

to my precedent comments.

Page 1147, line 23 (punctuation): Add a comma after “...nmesh generation”

Page 1147, line 24-26 (shortconing): “Assuming a seismc source signal at a peak
frequency of 0.03 Hz (add a conma ,) the snallest wavelength of 36 km can be
sampled correctly”. If | understand well, the average size of the elenent is 18

km (line 22). Then you have indicated that in the EPcrust nodel the S-wave
velocity varies fromO0.4 to 4.1 kmis. Then this leads to a wavelength of 0.4 /
0.03 = 13.3 km You can see here that the elenments are larger than the
wavel ength and therefore the near subsurface (where the surface waves propagate)
is not well sanpled. But due to the interpolation of the physical properties,
the minimum Vs is 1.1 km and this changes a lot the physical nodel. Please

comment the effect of the interpolation that produced higher Vs at the surface
than in the real Earth.

Page 1148, line 1 (punctuation): Add a comm after “In the mantle”.

Page 1148, Iline 3 (typo): “3.7Melenments” should be witten “3.7 mllion
el ements”. Do not use the point for the thousand separator in “1.164 M degrees”
since it has been used before as the decinmal separator. This makes around 315
degrees of freedom per elenent. Is is correct ?

** 4.3 — DATA PROCESSI NG

Page 1148, line 8 (punctuation): Add a commma after “For the |'Aquila



eart hquake”.
Page 1148, line 10 (punctuation): Add a conma after “Fromthese networks”.
Page 1148, line 15 (punctuation): Add a comma after “For the sinulation”

Page 1148, line 17 (punctuation and acronym : Define “STF’. Add a comma after
“To obtain the STF".

Page 1148, line 19 (punctuation): Add a conma after “Subsequently”.
** 4.4 — RESULTS AND DI SCUSSI ONS

Page 1148, line 22 (punctuation): Add a comma after “For real and synthetic
data”.

Page 1148, line 23 (punctuation): Add a comma after “Here”.

Page 1149, lines 1-2 (explain): “The misfit between data and synthetics can be
attributed mainly to the approximation of the material values inside the Earth
by the applied velocity nodels”. You could probably inmprove your analysis. Is
seems that the S and the surface waves arrive earlier in the nunerica
simulation with SeisSol than in the observed data. This can be due to higher
velocities in the near sub-surface of the nodelling mesh. Is it related to the
approxi mati on that changes for instances S-wave velocity from0.4 to 1.1 km/ s
at the surface ? Also, you did not indicate if an attenuation | aw was applied in
your nodelling. Please clarify.

Page 1149, line 3 (punctuation): Add a coma after “Concluding”

Page 1149, line 4 (english): Use “For instance” instead of “Exenplary”

Page 1149, lines 4-6 (be nore precise): “...this can be seen, at the near offset
station MATE where boundary reflections only occur after the surface wave has
passed”. To help the reader, indicate at what tine these reflections can be

observed in the seisnograns.

* 5 - CONCLUSI ONS

Page 1149, line 17 (punctuation): Add a conmmma after “Due to the use of
unstructured tetrahedral neshes”

Page 1149, line 19 (punctuation): Add a comma after “In the second part”.

Page 1149, line 25 (punctuation): Add a comma after “As described in Sec 2.2".

page 1149, line 27 (english): “...this study can focus the conputational effort
usi ng the ADER-DG net hod”. Instead of “focus” do you mean “justify” ?

Page 1150, line 3 (punctuation): Add a comm after “In a future study”.

* TABLES

No commrent

* FlI GURES

Figure 2 : Could you explain why the seisnmograns are not conplete for each

recei ver ?

Figure 3 : Sane coment than above.



Figure 4 : This is an interesting figure but it is really two small. | suggest
to enlarge it (over two colums). Indicate the scale for the dinension of the
mesh (left). In the zoom (bottom right), we have the inpression than the
properties are represented with gradient within the elenents while it should be
pi ece-wi se constant per elenment. Please clarify.

* REFERENCES

No commrent
*** END OF REVI EW ***



