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S U M M A R Y 

Atmospheric and oceanic pressure perturbations deform the ground surface and the seafloor, 
respecti vel y. This mechanical deformation, where the fluid perturbations propagate as plane 
waves, occurs not only on Earth but also on other planets/bodies with atmospheres, such as 
Mars, Titan and Venus. Studying this type of deformation improves our understanding of the 
mechanical interaction between the fluid layer (atmosphere/ocean) and the underlying solid 

planet/body, and aids investigation of subsurface structures. In this study, we utilize eigenfunc- 
tion theory to unify existing theories for modelling this deformation and to comprehensi vel y 

demonstrate possible scenarios of this deformation in homogeneous and 1-D elastic media, 
including static loading, air-coupled Rayleigh waves and leaky-mode surface waves. Our com- 
putations quantitati vel y re veal that the deformation amplitude generally decays with depth and 

that reducing seismic noise due to Martian atmosphere requires deploying seismometers at 
least 1 m beneath Martian surface. We also apply our theory to illustrate how this deforma- 
tion and the corresponding air-to-solid energy conversion vary on different planetary bodies. 
Finally, we discuss how medium anelasticity and other factors affect this deformation. 

Key words: Planetary seismology; Surface waves and free oscillations; Theoretical seismol- 
ogy; Wave propagation; Seismoacoustics. 
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 I N T RO D U C T I O N  

 fluid layer (e.g. atmosphere or ocean) loads on and interacts with
he underlying solid Earth/planet. This interaction can be physi-
al, chemical, or biological. Understanding these diverse types of
nteractions is one of the ultimate goals of Earth and planetary
cience. In the physical interaction regime, on which this paper
oncentrates, fluid pressure perturbations can move and form a lo-
al plane wave str ucture, thus defor ming the solid medium surface,
uch as the ground surface or seafloor. For more complexly struc-
ured perturbations, the time-dependent pressure field can al wa ys
e decomposed as a superposition of plane waves. Therefore, the
lane wave approach can also be extended based on such spectral
ecomposition. 

This mechanical deformation has been observed on Earth and was
escribed in the pioneering work of Sorrells ( 1971 ). This deforma-
ion has also been predicted as a major source of environmental
eismic noise on Mars (Lognonn é & Mosser 1993 ), before being
bserved by the InSight mission (Banerdt et al. 2020 ; Lognonn é
t al. 2020 ). On these two planets, the fluid pressure perturbations
an be generated by atmospheric vortices and infrasound. Seismic
ignatures of these atmospheric phenomena have been documented
e.g. Langston 2004 ; Lorenz et al. 2015 ; Lognonn é et al. 2020 ;
arcia et al. 2022 ; Onodera et al. 2023 ). Besides of these atmo-

pheric pressure perturbations, oceanic pressure perturbations (i.e.
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
cean wave) on Earth also cause deformation of the seafloor (e.g.
onguet-Higgins 1950 ; Hasselmann 1963 ). 
This mechanical deformation, along with other seismic phenom-

na lik e quak es, can be recorded by seismometers on the solid
edium surface (i.e. the ground surface or seafloor). The signature

f this deformation in the seismic recordings can be modelled and
itigated, based on understanding of this mechanical interaction

e.g. Webb & Crawford 2010 ; Garcia et al. 2020 , respecti vel y for
arth’s seafloor and Martian surface). This deformation signature
an also be utilized to investigate the subsurface structure of terres-
rial and extraterrestrial environments (e.g. Crawford et al. 1991 ;
animoto & Wang 2019 ; Lognonn é et al. 2020 , respectively, for
ar th’s seafloor, Ear th’s g round surface and Martian surface). In
tudying this deformation, one commonly uses the ratio between
he surface deformation (i.e. recorded by seismometers) and the
ressure perturbation (e.g. from meteorological or ocean-bottom
bservations). This ratio is referred to as compliance . In ocean
ottom seismic studies, compliance is sometimes called transfer
unction (e.g. Crawford et al. 1991 ). 

There are mainly two types of analytical theories for computing
ompliance: one for acoustic-wave incidence (e.g. Ben-Menahem
 Singh 2012 ) and the other for fluid moving along the fluid–solid

nterface (e.g. Yamamoto & Torii 1986 ; Tanimoto & Wang 2019 ).
n the latter case, when the fluid perturbation moving speed is sig-
ificantly lower than the seismic-wave velocities of the underlying
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
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Figure 1. Illustration of the fluid pressure perturbation interacting with the 
underlying solid medium. The blue arrows represent a moving horizontal 
pressure field, which can be generated by either acoustic waves (Section 2 ) 
or horizontal-moving fluid waves, such as winds or ocean waves (Sections 3 
and 4 ). For the subsurface, a homogeneous medium implies that n = 0 (Sec- 
tion 2 ), while a 1-D medium implies that n is a positive integer (Sections 3 
and 4 ). The red triangle represents a seismometer on the medium surface. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/236/3/1499/7512211 by guest on 16 January 2024
solid medium, another theory has been developed (i.e. Sorrells’s the- 
ory, Sorrells 1971 ) to approximate this solid deformation, referred 
to as static loading. In this study, we demonstrate that utilization 
of eigenfunction theory is applicable for modelling deformations 
caused by all these types of fluid perturbations. We also present that 
our theory can be simplified to Sorrells’s theory in case of low- 
speed perturbations. For acoustic waves, our computation results 
(i.e. compliance values) are consistent with using the acoustic-wave 
incidence theory. Note that our theory is similar to existing compli- 
ance computation theories (e.g. Crawford et al. 1991 ; Tanimoto & 

Wang 2019 ). Ho wever , based on our kno wledge, it is the first time 
that one theory is utilized to comprehensi vel y present the deforma- 
tion scenarios of laterally homogeneous (i.e. 1-D) isotropic elastic 
media (Section 3 ). 

The existing compliance computations typically focus on the 
solid medium surface deformation. Indeed, during deformation, the 
subsurface is also deformed and this deformation amplitude gener- 
ally decreases with increasing depth. Thus, to reduce this deforma- 
tion/noise caused by fluid pressure perturbations, seismometers are 
often buried in land (e.g. Withers et al. 1996 ; Farrell et al. 2018 ) 
or on the seafloor (e.g. Webb 1998 ). Ho wever , variation of this de- 
formation with depth has rarely been studied theoretically (Sorrells 
et al. 1971 ; Arai & Tokimatsu 2004 ). Therefore, in this study, we 
present computation of compliance at depth using our theory (Sec- 
tion 4 ). We compute the compliance varying with depth at InSight 
landing site (Section 5.1 ). We also apply our theory to various plan- 
etary bodies to illustrate compliance variation (Section 5.2 ). Finally, 
we discuss how the attenuation of solid media affects compliance 
and application of compliance to practice (Section 6 ). 

2  C O M P L I A N C E  O F  H O M O G E N E O U S  

E L A S T I C  M E D I A  

In this section, we illustrate our computation of compliance of elastic 
homogeneous media, basis of our 1-D medium compliance com- 
putation (Fig. 1 and Section 3 ). We assume an acoustic-wave or a 
pressure field which generates surface pressure and displacement 
fields proportional to exp 
[
iω( t − x 

c ) 
]
, where i denotes the imagi- 

nary unit, ω is the angular frequency, t is the propagation time, c is 
the horizontal apparent velocity and x and z represent the horizon- 
tal and vertical axes, respecti vel y. We adopt the zero-shear-stress 
boundary condition for the medium surface, with continuity of both 
vertical displacement and vertical stresses/pressure. 

2.1 Theory 

We define an eigenfunction vector ( � f ) to describe the particle mo- 
tion and stress at a depth ( z ) in a homogeneous medium following 
Aki & Richards ( 2002 ): 

� f ( ω, z) = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

U x 

U z 

T zx 

T zz 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

, (1) 

where U x and U z represent the horizontal and vertical particle 
displacement amplitudes, respecti vel y; T zx and T zz are the shear 
and normal stress amplitudes, respecti vel y. For example, we can 
write full expressions for the horizontal and vertical particle dis- 
placements as the real parts of iU x ( ω, z) exp 

[
iω( t − x 

c ) 
]

and 
U z ( ω, z) exp 

[
iω( t − x 

c ) 
]
, respecti vel y. 

To solve the particle motions generated by the surface pressure 
field, we utilize two eigenfunction vectors of homogeneous media: 
one for downgoing compression ( P ) waves, 

P � f = 

exp ( −γ z) 

ω 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

αω/c 

αγ

−2 αμωγ/c 

−αμ( ω 

2 /c 2 + ν2 ) 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

, (2) 

and the other for downgoing shear ( S ) waves, 

S � f = 

exp ( −νz) 

ω 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

βν

βω/c 

−βμ( ω 

2 /c 2 + ν2 ) 

−2 βμων/c 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

, (3) 

where α and β represent the P - and S -wave velocities of the 
medium, respecti vel y; γ = ω 

√ 

1 /c 2 − 1 /α2 = iω cos θP /α and 
ν = ω 

√ 

1 /c 2 − 1 /β2 = iω cos θS /β (Aki & Richards 2002 , Chap- 
ter 7.2). Note that if γ ( P waves) or ν ( S waves) is imaginary-valued, 
this indicates a homogeneous wave propagating to infinity depth 
(e.g. scenario a, Section 2.2 ). For real-valued γ and ν, these body 
waves become inhomogeneous (evanescent) waves, with amplitudes 
concentrated near the medium surface (e.g. scenario c, Section 2.2 ). 

The total wavefield, a combination of these P and S waves, needs 
to meet the zero-shear-stress condition on the medium surface ( z 0 ). 
Therefore: 

� f ( z 0 ) = P � f ( z 0 ) − P T zx ( z 0 ) 

S T zx ( z 0 ) 
S � f ( z 0 ) 

= 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

αω (2 ω 

2 /c 2 − ω 

2 /β2 − 2 γ ν) /c 

−αω 

2 γ /β2 

0 

−αμω 

4 
[
(2 /c 2 − 1 /β2 ) 2 − 4 γ ν/ω 

2 /c 2 
]

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

. (4) 

In this study, we define compliance as the ratio of the horizontal 
and ver tical par ticle v elocities ov er the atmospheric pressure on 
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Figure 2. The vertical (black) and horizontal (red) compliance at a solid medium surface due to acoustic-wave incidence under different incident angles ( θ in 
Fig. A1 ). We convert each incident angle to the corresponding horizontal apparent velocity ( c , top x -axis). The solid curves are from our theory, eqs ( 5 ) and ( 6 ), 
at a frequency of 1 Hz. The dashed curves between 10 ◦ and 25 ◦ are from Sorrells’s theory (Sorrells 1971 ). The circles are from the P –Sv-wave reflection and 
transmission on the air–solid interface (R/T, Appendix A ); we stop plotting circles when the incident angle exceeds the critical angle. The elastic properties of 
this solid medium are following: α = 5400 m s −1 , β = 3120 m s −1 and ρ = 2600 kg m 

−3 . V R denotes Ra yleigh-wa ve phase velocity, which is 2868 m s −1 in 
this medium. The acoustic-wave velocity ( V a ) is 340 m s −1 , typical for Earth atmosphere. 

t  

o  

s  

e

C

C

N  

q  

T  

a  

h  

f  

h  

e  

N  

i  

1

2

W  

p  

v  

V  

d  

a  

i  

a
 

P  

v  

w  

(  

w  

i  

r  

O  

v  

d  

l
 

m  

h  

c  

p  

t  

h  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/236/3/1499/7512211 by guest on 16 January 2024
he medium surface, −T zz ( z 0 ). The ne gativ e sign accounts for the
pposite directions defined as positive for atmosphere pressure and
olid normal stress (e.g. Xu et al. 2022 ). Thus, the compliance
quations are written as: 

 Z ( z 0 ) = 

iωU z ( z 0 ) 

−T zz ( z 0 ) 
= 

−iγ

μωβ2 
[
(2 /c 2 − 1 /β2 ) 2 − 4 γ ν/ω 

2 /c 2 
] , (5) 

 H ( z 0 ) = 

−ωU x ( z 0 ) 

−T zz ( z 0 ) 
= 

−(2 ω 

2 /c 2 − ω 

2 /β2 − 2 γ ν) /c 

μω 

2 
[
(2 /c 2 − 1 /β2 ) 2 − 4 γ ν/ω 

2 /c 2 
] . (6) 

ote that these two compliance equations are independent of fre-
uency, since ω is cancelled based on the definitions of γ and ν.
his frequency independence only exists for homogeneous media
nd is no long valid for 1-D media (Section 3 ). Fur ther more, even in
omogeneous media, the particle velocities at depth still vary with
requency, as indicated by exp ( − γ z ) and exp ( − νz ) (eq. S1). Both
orizontal and vertical compliance depend on the horizontal appar-
nt velocity ( c ), which we demonstrate in the following example.
ote that in practice, horizontal components also record tilt which

s usually dominant at very low frequency ( < 0.1 Hz, e.g. Sorrells
971 ; Tanimoto & Wang 2019 ; Garcia et al. 2020 ). 

.2 A Numerical example 

e illustrate variation of compliance with different horizontal ap-
arent velocities (Fig. 2 ). For acoustic waves with velocity V a , this
ariation is related to the acoustic wave incidence, because c =
 a /sin θ , where θ is the angle between the incidence and vertical
irection (Fig. A1 ). Note that for an acoustic wave propagating in
n advecting fluid (like in wind), the horizontal apparent velocity
s the sum of V a /sin θ and the advection speed (e.g. Assink 2012 ),
lso called ef fecti v e v elocity. 

(a) When the horizontal apparent velocity ( c ) is larger than the
 -wav e v elocity of the solid medium (i.e. c > α), the compliance
alues from eqs ( 5 ) and ( 6 ) align with those from using the body-
ave reflection and transmission coefficient on the medium surface

Appendix A ). Such conditions are valid, for example on Mars,
here the sound speed in the atmosphere ( ∼240 m s −1 ) is signif-

cantly higher than the P -wave velocity in the upper layers of the
egolith ( ∼120 m s −1 , Lognonn é et al. 2020 ; Brinkman et al. 2022 ).
n Earth, in marine seismic surv e ys, small incident angle (nearly
ertical) acoustic waves propagate to the ocean bottom (e.g. Hyn-
man & Spence 1992 ), where this horizontal apparent velocity is
arger than the seismic wave velocities in marine sediments. 

In these examples ( c > α), the incident acoustic wave is trans-
itted into P and Sv waves in the solid medium. The drop in the

orizontal compliance (at ∼4.1 ◦ in Fig. 2 ) is due to the amplitude
ancellation between the P and Sv waves. When c = α, the P wave
ropagates horizontally along the solid medium surface. This leads
o predominantly horizontal ground motion, therefore a peak in the
orizontal compliance values and a trough in the vertical compli-
nce values ( c = α in Fig. 2 ). 

art/ggae005_f2.eps
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(b) When the horizontal apparent velocity is lower than the P - 
wav e v elocity (i.e. c < α), the transmitted P waves become inho- 
mo geneous w aves. Inhomo geneous w aves propagate along the solid 
medium surface, and their amplitude decays with depth (e.g. Aki 
& Richards 2002 , Chapter 5.3). Fur ther more, if c > β, a common 
condition for ocean-bottom seismometers installed on water-rich 
sediments (e.g. Schumann et al. 2014 ), the transmitted S waves are 
still homo geneous w aves. In contrast, if c < β, typicall y the case for 
seismometers deployed on bedrocks on Earth with respect to infra- 
sound, the S waves also become inhomogeneous waves. Therefore, 
we observe a dramatic change in the compliance value trends at c 
= β (Fig. 2 ). 

Note that, when c is equal to the Ra yleigh-wa ve phase velocity 
( V R ) of the solid medium, both the vertical and horizontal compli- 
ance values reach their maxima (Fig. 2 ), because based on Aki & 

Richards ( 2002 ), (
2 

c 2 
− 1 

β2 

)2 

− 4 
γ ν

ω 

2 c 2 
(7) 

= 

(
1 

β2 
− 2 p 2 

)2 

+ 4 p 2 
cos ( θP ) cos ( θS ) 

αβ
, (8) 

= 0 , (9) 

where p = 1/ c and is called ray parameter, and thus the denominators 
of eqs ( 5 ) and ( 6 ) become zeros. Therefore, a Rayleigh wave is 
acti v ated b y this incidence, and both the vertical and horizontal 
compliance peak values occur ( c = V R in Fig. 2 ). This Rayleigh 
wave is normally referred to as air-coupled Rayleigh wave (e.g. 
Ewing et al. 1957 ). 

(c) When the horizontal apparent velocity is significantly lower 
than the S -wave velocity (i.e. c � β), both the transmitted P and 
S w aves become inhomo geneous w aves. This scenario occurs in 
cases of deformations generated by winds on Earth and Mars, or 
b y ocean w aves loading on Earth’s ocean bottom. The compliance 
equations (eqs 5 and 6 ) can be theoretically simplified to Sorrells’s 
theory (Sorrells 1971 ) after the elimination of the ( c / β) 2 terms 
(Appendix B ). The compliance values from Sorrells’s theory agree 
well with our theory when c is lower than 1000 m s −1 , approximately 
1 
3 β (Fig. 2 ). This scenario is referred to as static loading. 

We note that compliance computations similar to ours have previ- 
ously been conducted using the P –Sv -wave reflection and transmis- 
sion at the fluid-solid interface (e.g. Edwards et al. 2008 ; Stutzmann 
et al. 2021 ). This reflection and transmission method is referred to 
as R/T method in the following. R/T method is theoretically equiv- 
alent to ours (e.g. Aki & Richards 2002 , Chapter 7). Therefore, 
these two methods generate identical compliance values (Fig. 2 ). 
Note that our method can deal with not only atmospheric/oceanic 
acoustic waves but also winds and ocean waves, while R/T method 
is primaril y de veloped for acoustic w aves. R/T method also requires 
determining incidence/reflection angles and consequently particle 
motion rotation, which are not needed in our computations. Fur- 
thermore, our method in this section is the basis for computing 
compliance of a 1-D solid medium in the next section. 

3  C O M P L I A N C E  O F  1 - D  E L A S T I C  

M E D I A  

3.1 Theory 

We calculate the compliance of a 1-D medium (Fig. 1 ) utilizing the 
eigenfunction vector in Section 2 . We adopt the propagation matrix 
method (e.g. Aki & Richards 2002 , Chapter 7.2.2) to solve for the 
vector at different depths. For example, if we have � f at one depth 
( z ) in a layer and the propagation matrix of this layer ( P ), we can 
compute � f at any depth ( z ′ ) within this layer as: 

� f ( z ′ ) = P ( z ′ − z ) � f ( z ) , (10) 

where the formula for each element in P is in Aki & Richards ( 2002 ). 
At the interface between two solid layers, � f should be continuous 
from the lower to the upper layers; otherwise these two layers would 
be split during elastic deformation. Therefore, we write � f at the 
solid medium surface as 

� f ( z 0 ) = 

n ∏ 

m = 1 
P m 

( z m −1 − z m 

) � f ( z n ) , (11) 

where � f ( z n ) is the eigenfunction vector on the top of the half-space 
(Fig. 1 ). Note that there is another way to compute the eigenfunction 
at the medium surface, numerical integration (e.g. Aki & Richards 
2002 , Chapter 7.2.1), adopted by Tanimoto & Wang ( 2019 ). 

By applying the propagation matrix method to the P - and S -wave 
eigenfunction vectors ( P � f and S � f ) of the homogeneous media (i.e. 
the half-space, eqs 2 and 3 ), we determine the eigenfunction vectors 
at the solid medium surface ( z 0 ) as: 

P � f ( z 0 ) = 

n ∏ 

m = 1 
P m 

( z m −1 − z m 

) P � f ( z n ) , (12) 

S � f ( z 0 ) = 

n ∏ 

m = 1 
P m 

( z m −1 − z m 

) S � f ( z n ) . (13) 

To satisfy the zero-shear-stress boundary condition, following the 
same logic in Section 2 , we eliminate the shear-stress term in � f ( z 0 ) : 
� f ( z 0 ) = P � f ( z 0 ) − P T zx ( z 0 ) 

S T zx ( z 0 ) 
S � f ( z 0 ) . (14) 

We then compute the compliance at the medium surface using 
eqs ( 5 ) and ( 6 ). Xu et al. ( 2022 ) benchmarked our computation 
against a numerical simulation software, SPECFEM2D-DG (Bris- 
saud et al. 2017 ; Martire et al. 2022 ). We also utilize this software 
later to benchmark our computation of compliance variation with 
depth (Appendix C ). 

3.2 Different compliance scenarios 

We comprehensi vel y illustrate deformation scenarios for a fluid 
pressure perturbation propagating at different horizontal apparent 
velocities ( c ) along the surface of a two-layer solid medium (Ta- 
ble 1 ). This perturbation could be an acoustic-wave incidence (like 
in Section 2.2 ) or plane-wave wind/ocean waves (e.g. Sorrells et al. 
1971 ; Crawford et al. 1991 ; T animoto & W ang 2019 ). For each hori- 
zontal apparent velocity, we compute the compliance in a frequency 
band (from 0.1 to 5 Hz) and visualize the vertical/horizontal com- 
pliance varying with frequency (Figs 3 and S1 ). Note that different 
from homogeneous media, the compliance of 1-D media varies with 
frequency, because different wavelengths sample the medium lay- 
ers dif ferentl y (Section 4 ). We also convert the compliance v alues 
from the frequency domain to the time domain. This transformation 
result can be interpreted as the ground-motion waveform caused by 
a fluid-pressure-perturbation impulse from 0.1 to 5 Hz (Figs 3 and 
S1 ). We present how both the frequency-domain compliance values 
and the time-domain waveforms vary with respect to four different 
horizontal apparent velocities in the following: 

(a) When the horizontal apparent velocity is higher than the P - 
wav e v elocity of the half-space (i.e. c > α2 ), both the P and Sv waves 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae005#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae005#supplementary-data
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Figure 3. Illustration of the solid medium deformation due to a fluid pressure perturbation with four horizontal apparent velocities (1500, 660, 340 and 
20 m s −1 ), corresponding to the four scenarios in Section 3 . For each horizontal apparent velocity, we compute the frequency-domain vertical compliance at the 
surface (central column). The real and imaginary parts of the compliance are plotted in dashed and solid curv es, respectiv ely. We then convert the compliance 
to the time domain to represent the g round-motion wavefor m (right-hand column). The elastic parameters of this solid medium are in Table 1 . From these 
parameters, we compute the phase velocities of the Rayleigh wave and the leaky-mode surface wave (a). The same figure for the horizontal compliance is 
Fig. S1 . 
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rom the pressure perturbation propagate as homogeneous waves
ithin the solid medium. These body waves mainly propagate to

nfinite depth. Thus, the ground motions are transient (Figs 3 c and
1c ). 
This scenario occurs in cases of oblique (nearly vertical) acoustic

ave incidence on the surface of an onshore/offshore sedimentary
tructure. The transmitted body waves are sometime called seismic
recursors in air-ground coupling (e.g. Sorrells et al. 2002 ; Edwards
t al. 2008 ). In marine seismic surv e ys, these body wav es are utilized
o investigate marine geological structures (e.g. Hyndman & Spence
992 ). 

(b1) When the horizontal apparent velocity is lower than the
alf-space P -wav e v elocity but higher than the half-space S -wave
elocity (i.e. β2 < c < α2 ), the P waves in the half-space prop-
gate as inhomogeneous waves. Consequently, the P waves are
rapped in the first lay er. Meanw hile, Sv waves still propagate as
omo geneous w aves in the whole solid medium. Therefore, the
v waves propagating to infinite depth leads to Sv -wave energy
eakage. Fur ther more, if c is equal to the leaky-mode surface-
ave phase velocity ( V L , e.g. Aki & Richards 2002 ), we ob-

erve a pulse occurring in both the vertical and horizontal com-
liance (Figs 4 d and S1d), thus acti v ating a leaky-mode surface
av e. This leak y-mode surface-wav e amplitude decays over time

Fig. 4 e) due to the Sv -wave leakage in the half-space. Note
hat this leaky-mode surface-w ave acti v ation has been reported by
angston ( 2004 ), but the author did not explicitly link this acti v ation

o V L . 
This type of scenarios commonly occurs in shallow water seis-
ic surv e ys where the airguns e xcite acoustic wav es in water (e.g.
itzwoller & Levshin 2002 ; Boiero et al. 2013 ). Detailed discussion
bout leaky-mode surface waves can be found in Gilbert ( 1964 ) and
ki & Richards ( 2002 ). 
(b2) When the horizontal apparent velocity becomes even lower

han the half-space S -wave velocity (i.e. c < β2 ), both the P and Sv
aves propagate as inhomogeneous waves in the half-space, lead-

ng to no energy leakage an ymore. Similarl y to the homogeneous
edium scenario b, an air-coupled Rayleigh wave is acti v ated at the

requency where c = V R . At this specific frequency, the compliance
 alues are approximatel y two orders of magnitude larger (a factor of
00) than at other frequencies (Fig. 4 f and S1f). In the time domain,
his acti v ated Rayleigh w ave keeps resonating due to the absence of
nergy leakage. This waveform resembles those observed in field
tudies, where a monochromatic wave lasts from a few seconds
o over 10 s (e.g. Langston 2004 ; Edwards et al. 2007 ). Note that
n our synthetic waveform (Fig. 3 g), the Rayleigh wave existing
rior to the time zero is due to the periodic nature of the Discrete
ourier Transform. We discuss removing this acausal waveform and
amping the waveform in Section 6.1 . 

These scenarios have been observed through seismometers de-
loyed on sediments overlying bedrocks in response to acoustic
ources such as meteors (e.g. Edwards et al. 2008 ), lighting (e.g.
in & Langston 2007 ), and airborne human activities (e.g. Edwards
t al. 2007 ; No voselo v et al. 2020 ). Note that natural sources (like
torms) and artificial acoustic sources (like airguns) in marine seis-
ic surv e ys acti v ate Rayleigh and Scholte waves, possessing energy

n both solid and fluid media (e.g. Ruan et al. 2014 ). Thus, we do
ot list this acti v ation in Table 2 . 

(c) When c � β1 < β2 , the compliance values vary smoothly in
he frequency domain without any pulse. In the time domain, the
round motion primarily exhibits one main wiggle, while the other
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Figure 4. The compliance at (a,e) and beneath (b–d, f–h) the solid medium surface (Table 1 ). The compliance at depth is computed for frequencies of 0.2 (b, 
f), 2.09 (c, g) and 5 Hz (d, h). The 2.09 Hz frequency corresponds to the air-coupled Ra yleigh-wa ve acti v ation (inset in a). The black and red curves represent 
the vertical and horizontal compliance v alues, respecti vel y. The solid curves are for the elastic medium (Table 1 ), while the dotted curves are for the same 
medium with an attenuation factor of Q μ = 300. The compliance computation of anelastic media is detailed in Section 6.1 . The horizontal grey dashed line in 
each subplot (b–d, f–h) marks the depth equal to one wavelength. 
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small wiggles are numerical noise. This scenario—static loading—
has been observed on Earth’s ground surface due to horizontally 
propagating infrasound and winds (e.g. Sorrells et al. 1971 ; Ichihara 
et al. 2012 ; Lorenz et al. 2015 ; Tanimoto & Wang 2019 ), on Earth’s 
seafloor due to ocean waves (e.g. Yamamoto & Torii 1986 ; Crawford 
et al. 1991 ) and on Martian surface due to dust de vils (e.g. Lo gnonn é 
et al. 2020 ; Kenda et al. 2020 ; Garcia et al. 2020 ) and guided 
infrasound (Garcia et al. 2022 ; Xu et al. 2022 ). 
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Table 1. The two-layer subsurface model parameters used in Sections 3 
and 4 . 

Layer number V P (m s −1 ) V S (m s −1 ) Density (kg m 

−3 ) Thickness (m) 

1 596 300 1531 70 
2 1191 600 1821 ∞ 
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 C O M P L I A N C E  VA RY I N G  W I T H  

E P T H  

n the sections above, we focus on the compliance at the solid
edium surface (e.g. the surface of Earth or Mars). Using the

ame theory in Section 3 , we compute the compliance beneath this
urface. We define the compliance at a given depth ( z ) as the ratio of
he ground motion at this depth over the fluid-perturbation pressure
n the surface ( z 0 ): 

 Z ( z ) = 

iωU z ( z ) 

−T zz ( z 0 ) 
, (15) 

 H ( z ) = 

−ωU x ( z ) 

−T zz ( z 0 ) 
, (16) 

here T zz ( z 0 ) is from 

� f ( z 0 ) in Section 3 . U z ( z ) and U x ( z ) are from
he eigenfunction vector at the depth, � f ( z) , similar to eq. ( 14 ): 

� f ( z) = P � f ( z) − P T zx ( z 0 ) 

S T zx ( z 0 ) 
S � f ( z) . (17) 

e benchmark our computation using eqs ( 15 ) and ( 16 ) in Ap-
endix C . Our computation is applicable to both homogeneous and
-D media. 

Utilizing the theory above, we compute the compliance at various
epths within the same 1-D solid medium as used in the previous
ection (Table 1 ). We focus on the compliance scenarios where no
ody waves leak to infinite depth (i.e. c < β2 ), because these scenar-
os (b2 and c) acti v ated b y natural sources are commonly observed.
t a given frequency ( f ), the compliance amplitude generally decays
ith increasing depth (Figs 4 and S2 ). We note that the signs of the
ertical and horizontal compliance at the surface can be either the
ame (Fig. 4 b) or opposite ( Fig. S2d). This indicates that the phase
hift between these two components can be either π /2 or 3 π /2,
etermined by the frequency and the model of the solid medium. 

Compared to at the surface, the compliance value approaches
uch close to zero when the depth exceeds one wavelength ( c/f,
igs 4 and S2 ). Fur ther more, because the half-space in our medium

s more rigid than the first layer, the compliance amplitude in the
alf-space decays faster with depth compared to in the first layer
Figs 4 c and d). This observation supports that burying a seis-
ometer reduces the seismic noise due to fluid pressure pertur-

ations (e.g. Webb 1998 ; Withers et al. 1996 ). We discuss this
f fect quantitati vel y in the context of NASA’s InSight mission in
ection 5.1 . 

 A P P L I C AT I O N  O F  C O M P L I A N C E  T O  

L A N E TA RY  S E I S M O L O G Y  

ompliance has been utilized in investigating Ear th’s/Mar tian sub-
urface and in modelling seismic signatures of ocean waves and
artian winds, as stated in Section 1. In this section, we explore

wo new applications of compliance computation in planetary seis-
ology. 
.1 Noise reduction through burying InSight 
eismometers 

ASA’s InSight seismometer module records abundant atmo-
pheric noises, especially during daytime (e.g. Lognonn é et al.
020 ; Banerdt et al. 2020 ). These noises lead to significantly fewer
arsquakes detected in the daytime compared to the nighttime (e.g.
iardini et al. 2020 ; Lognonn é et al. 2023 ). To reduce these noises,
urying seismometers has been demonstrated to be an ef fecti ve so-
ution on Earth (Withers et al. 1996 ; Farrell et al. 2018 ). Here we
ocus on the noise caused by the atmospheric pressure perturbations
e.g. Garcia et al. 2020 ) and investigate the theoretical depth for the
nSight seismometer module in order to reach a 90 per cent noise
eduction compared to on Martian surface. 

We apply our computation (Section 4 ) to a subsurface velocity
odel of InSight landing site under winds at three different speeds

5, 10 and 20 m s −1 ). This model, from studying Martian infrasound
Xu et al. 2022 ), consists of a 0.6-m-thick fine-sand regolith layer,
 40-m-thick coarse regolith layer, and a fractured basalt half-space
 Table S1 ). For a given frequency, we compute both vertical and hor-
zontal compliance values at various depths to determine a burying
epth where the compliance values are reduced to 10 per cent of
he compliance at the surface ( Fig. S3 ). This burying depth in-
reases with decreasing frequency (Fig. 5 ). At high frequencies
 > 1 Hz), burying the InSight seismometers beneath the fine-sand
egolith is ef fecti ve for winds at 5 m s −1 . Ho wever , at higher wind
peeds, this burying depth becomes less ef fecti ve for the noise re-
uction. At low frequencies ( < 1 Hz), important for Marsquake data
nalysis (e.g. Knapmey er -Endrun et al. 2021 ; Khan et al. 2021 ;
t ähler et al. 2021 ), the required burying depth is at least 1 m
nd can exceed 10 m for even lo wer frequencies. Ho wever , access-
ng such depths ( > 1 m) on Mars is challenging for space-mission
ngineering. 

.2 Air -gr ound coupling on different planetary bodies 

ir-ground coupling occurs on a solid body with an atmosphere.
ere we compare compliance on Earth, Venus, Mars and Titan. For

omparison, we adopt a homogeneous model of the upper crust of
ach body (Table 3 ), and thus the compliance values here represent
he lower limit. We note that all the compliance values of these bod-
es are around 10 −7 (Fig. 6 ), except when c = α (the drops) or an
ir-coupled Rayleigh wave is acti v ated (the peaks). This indicates
hat a similar pressure perturbation would generate deformations of
omparable amplitudes on these bodies, if we do not consider the
eterogeneity of the upper crusts. Ho wever , due to different atmo-
pheric parameters (e.g. air density) among these bodies, a same
tmospheric phenomenon can lead to varying magnitude of pres-
ure on different bodies (e.g. dust devil, Lorenz 2021 ). Therefore,
e instead focus on comparing mechanical energy conversions on

hese bodies. 
We present the energy ratio of acoustic waves converting to seis-
ic waves (Section A ), representing energy conversion from air

o solid (e.g. Lognonn é & Johnson 2007 ). This conversion is most
fficient on Venus, where ∼10 −2 of the acoustic-wave energy is
onverted to the solid. In contrast, on Mars, the conversion ratio is
nly ∼10 −6 . These two end-member observations agree well with
Lognonn é et al. 2016 ). Meanwhile, our computation suggests that
eismic observation of infrasound on Titan ground surface is theo-
etically possible. The conversion rate on Titan, ∼10 −3 , is an order
f magnitude (a factor of 10) higher than on Earth, while on Earth,
his air-to-solid conversion has already been commonly observed

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae005#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae005#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae005#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae005#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae005#supplementary-data
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Table 2. Summary of the four coupling scenarios in a two-layer elastic medium (Table 1 ). α2 and β2 are the P - and S -wave velocities of the half-space, 
respecti vel y. β1 is the first-layer S -wave velocity. Further details and corresponding references can be found in Section 3 . 

Velocity relationship Seismic-wave types in the half-space Pressure field examples Observation sites or environments 

c > α2 Homogeneous P and Sv waves Oblique (nearly vertical) acoustic wave 
incidence generated by meteors or airguns 

Onshore seismic stations, marine 
seismic surv e ys 

β2 < c < α2 Inhomogeneous P waves Acoustic waves generated by airguns Shallow water seismic surv e ys 
Homogeneous Sv waves 

( c = V L ) (leaky-mode surface waves) 

c < β2 Inhomogeneous P and Sv waves Infrasound generated by meteors, lighting, Sedimentar y str uctures 
( c = V R ) (air-coupled Rayleigh waves) airborne human activities 

c � β1 Inhomogeneous P and Sv waves in 
the both layers 

horizontal-propagating infrasound and 
winds, dust devils, ocean waves 

Earth’s seafloor, Martian and Earth’s 
surfaces 

1 2 3 4 5
Frequency (Hz)

100

101

D
ep

th
 (

m
)

H
Z 5 m/s
   10 m/s
   20 m/s

Figure 5. Burying depth of InSight seismometer module under three wind- 
speed conditions. The red and black curves represent the required burying 
depths where the horizontal and vertical compliance v alues, respecti vel y, 
are reduced to 10 per cent of the ones at the ground surface. Compliance 
varying with depth at InSight landing site is illustrated in Fig. S3 . The dotted 
grey line indicates the thickness of the surface fine-sand regolith, 0.6 m. 
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(Table 2 ). Given that NASA’s Dragonfly mission will bring geo- 
phones to Titan, it is reasonable that Titan infrasound, if exists, 
might be observed in seismic data from Dragonfly. 

In this section, we focus on the energy conversion from air to 
solid ground. Ho wever , in reality, fully coupled acoustic-Rayleigh 
wav es e xist, in volving energy con version both from air to solid and 
from solid to air. To physically model these wa ves, w e need to adopt 
other computation tools like in Lognonn é et al. ( 1998 ). 

6  D I S C U S S I O N  

Our compliance computations above are for elastic media with flat 
surfaces. Ho wever , seismic attenuation and other factors (such as 
topography and turbulence) may affect computation and utilization 
of compliance. Thus, we discuss these factors in this section. 

6.1 Damping the synthetic air-couple Rayleigh wave 

Our synthetic air-couple Rayleigh wave does not attenuate with 
propagation time (Fig. 3 g), where this type of signal in field ob- 
servation does possess limited duration. To improve our synthetic 
wa veform, w e incorporate attenuation into our solid medium model 
as 

μ∗ = μ + i 
μ

Q μ

, (18) 

where μ is the shear modulus and Q μ is the quality factor (e.g. 
Kramer 2002 ). By utilizing this complex-valued shear modulus in 
our compliance computation (Section 3 ), the compliance around 
air-coupled Ra yleigh-wa ve acti v ation in the frequency domain be- 
comes smoother compared to the elastic case (Fig. 4 a). After trans- 
forming this new compliance into the time domain, we observe 
that the resulting waveform attenuates with time (Figs 7 a and b). 
This new waveform also presents a phase shift compared to the 
waveform in the elastic case due to the complex-valued shear mod- 
ulus (Fig. 7 a). Meanwhile, we also observe that incorporating this 
damping does not notably alter the compliance values where no air- 
coupled Rayleigh wave is acti v ated (Figs 4 and 7 ). This agrees with 
our intuition that the attenuation damps the dynamic part of the elas- 
todynamic (i.e. seismic waves), rather than the static part like static 
loading. This observation is also consistent with fluid mechanics 
studies (e.g. Benschop et al. 2019 ). Therefore, it is necessary to 
incorporate attenuation into modelling air-coupled Rayleigh waves, 
especially at high frequencies. 

6.2 Futur e wor k and limitation 

Our compliance computation is currently based on a flat surface. 
Ho wever , both the ground surfaces and seafloors can have topogra- 
ph y. This topograph y can af fect acoustic-w ave incidence or ocean- 
wave horizontal apparent velocity (e.g. Hasselmann 1963 ; Ardhuin 
et al. 2015 ; Bishop et al. 2021 ). Thus, in the future, we need to incor- 
porate this topography into our compliance computation. Through 
incorporating this factor, we can, for example, apply our compliance 
computation to estimate ground motion on topographic seafloors 
under ocean waves. Such estimations will aid mitigation of the 
ocean-w ave ef fects from the ocean-bottom seismic data recorded 
by seismometers or distributed acoustic sensing systems. 

The fundamental assumption of our study is that the fluid pres- 
sure perturbations propagate as plane wa ves. How ever, in reality, 
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Table 3. Near surface air properties and upper-crust velocity models of different bodies. The acoustic-wave velocities 
and air densities are from (Lognonn é & Johnson 2007 ) and (Petculescu & Achi 2012 ). The velocity model parameters 
of Mars and Titan are from (St ähler et al. 2021 ) and (Marusiak et al. 2022 ), respecti vel y. We adopt the velocity model 
of Earth to describe Venus upper crust, since accurate estimation of Venus upper crust is not available. 

Body V P (m s −1 ) V S (m s −1 ) Density (kg m 

−3 ) V a (m) Air density (kg m 

−3 ) 

Earth 5400 3120 2600 340 1.225 
Venus 5400 3120 2600 426 65 
Mars 3800 1850 2300 214 0.0175 
Titan 4100 2100 960 190 5.34 
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Figure 6. The vertical compliance on different planetary bodies due to acoustic-wave incidence (top panel) and the corresponding air-to-solid energy ratio 
(bottom panel). The corresponding horizontal compliance is in Fig. S4 . The compliance curves of Earth are identical to the ones in Fig. 2 . This energy 
conversion become almost zero when both P and Sv waves become inhomogeneous waves in the solid medium. 

fl  

f  

i  

t  

w  

v  

m  

e  

2  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/236/3/1499/7512211 by guest on 16 January 2024
uid can exhibit turbulence and still deform the solid medium sur-
ace (e.g. Yu et al. 2011 ). To model this deformation, one solution
s decomposing the turbulent pressure field into plane waves and
hen applying compliance computation to these decomposed plane
 aves (e.g. K enda et al. 2017 ). Note that this approach still requires
alidation in practice. Meanwhile, wind gust can generate the seis-
ic/mechanical noise by shaking seismometers (e.g. Mucciarelli

t al. 2005 ), or the nearby objects such as a tree (e.g. Johnson et al.
019 ) or a space-mission lander (e.g. Anderson et al. 1976 ; Mur-
och et al. 2017 ; Stott et al. 2021 ). Fur ther more, a special type of
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air-ground interaction, gas leakage from depth, can also generate 
seismic w aves, potentiall y contaminating field seismic recordings 
(e.g. Umlauft & Korn 2019 ; Xu et al. 2020 ). At this point, theoret- 
ical tools for modelling these types of shaking or deformation are 
either missing or still in developing. 

To fully model and mitigate all these effects from seismic record- 
ings, we need not onl y anal ytical compliance computation, but also 
the numerical simulations (e.g. Zhang et al. 2022 ) and both the 
lab and field experiments (e.g. Nishikawa et al. 2014 ; Farrell et al. 
2018 ). 

7  C O N C LU S I O N  

We utilize eigenfunction theory to compute compliance in both ho- 
mogeneous and laterally homogeneous isotropic elastic media. Our 
computation provides compliance values at and beneath the medium 

surface. For homogeneous media, we benchmark our computation 
against the acoustic-wave reflection and transmission coefficient 
method and SPECFEM2D-DG. We also demonstrate that our the- 
ory is theoretically equivalent to Sorrells’s theory when the hori- 
zontal apparent velocity is significantly lower than the shear-wave 
velocity. 

Based on our computation, we comprehensi vel y present medium 

deformation scenarios (e.g. body-wave conversion, leaky-mode sur- 
face wa ve, air-coupled Ra yleigh wa ve, and static loading) gener- 
ated by fluid pressure perturbations propagating as plane waves. We 
also quantitati vel y demonstrate that these medium deformations are 
mainly concentrated within the one-wavelength depth range. Appli- 
cation of our theory to a subsurface model of InSight landing site 
suggests that a reduction of 90 per cent of Martian atmospheric 
noise in seismic recording requires burying InSight seismometers 
at least 1 m beneath Martian surface. Through comparing compli- 
ance on different planetary bodies, we emphasize the potential for 
seismic observation of infrasound on Titan. Our research will aid 
understanding and modelling the mechanical interaction between 
the solid Earth/planets and the overlying fluid (atmosphere/ocean). 
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Figure A1. Illustration of acoustic wave interacting with the underlying 
solid medium. The blue arrows represent incident and reflected acoustic 
waves. The red and black arrows are the transmitted P and S waves in the 
solid, respecti vel y. 
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A P P E N D I X  A :  A C O U S T I C - WAV E  

I N C I D E N C E  A N D  

H O M O G E N E O U S - M E D I U M  

C O M P L I A N C E  

We consider a special case of compliance, an acoustic wave 
propagating towards the flat free surface of a homogeneous 
elastic medium. We write this incident acoustic wave as p = 

P 0 exp 
[ 
iω( t − sin θ

V a 
x − cos θ

V a 
z) 

] 
, where V a is the acoustic-wave 

speed and θ is the incident angle (Fig. A1 ). This incidence wave is 
reflected on the solid medium surface, and we write the reflected 

acoustic wave as p 1 = P 1 exp 
[ 
iω( t − sin θ

V a 
x + 

cos θ
V a 

z) 
] 
. The atmo- 

spheric pressure on the surface ( z = 0) due to the incident and 

reflected acoustic waves is ( P 0 + P 1 ) exp 
[ 
i ω( t − sin θ

V a 
x ) 

] 
. Here we 

ignore the atmospheric winds. 
For this incident acoustic wave, the particle velocities on the 

surface are written as 

v z ( z = 0) = 

−∂ z p 

iωρ0 
= 

cos θ P 0 

ρ0 V a 
, (A1) 

v x ( z = 0) = 

−∂ x p 

iωρ0 
= 

sin θ P 0 

ρ0 V a 
, (A2) 

where ρ0 is the air density, and we omit exp 
[ 
i ω( t − sin θ

V a 
x ) 

] 
for 

brevity. Note that the particle motion above is identical to a P -wave 
incidence with the velocity amplitude P 0 

ρ0 V a 
. We refer to this P wave 

as the equi v alent P wave in the following. 
This incident acoustic wave generates the transmitted P and Sv 

waves in the medium. Combing the P –Sv -wave reflection and trans- 
mission (e.g. Aki & Richards 2002 ) with the equi v alent P w a ve, w e 
compute the transmission coefficients ( T PP and T PS ) of the transmit- 
ted P and S w aves, respecti vel y. The angles for these two waves are 
θP and θ S . We also compute the P -wave reflection coefficient, which 
is equal to the amplitude ratio between the incident and reflected 
acoustic waves, P 1 / P 0 . 

Finally, the compliance due to this acoustic-wave incidence is 
written as as: 

C Z ( z 0 ) = 

P 0 ( T P P cos θP − T P S sin θS ) 

ρ0 V a ( P 0 + P 1 ) 
, (A3) 

C H ( z 0 ) = 

P 0 ( T P P sin θP + T P S cos θS ) 

ρ0 V a ( P 0 + P 1 ) 
. (A4) 

The compliance values from these two formulas match well with 
the values from our theory, eqs ( 5 ) and ( 6 ) (Fig. 2 ). 

The energy ratio between the reflected and the incident acoustic 
waves is R 

2 
P P = ( P 1 /P 0 ) 2 (e.g. Aki & Richards 2002 ; Lognonn é & 

Johnson 2007 ). Consequently, the energy ratio of the transmitted 
body waves, that is the percentage of the energy converted into the 
solid, is 1 − R 

2 
P P . 
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P P E N D I X  B :  
O M O G E N E O U S - M E D I U M  

O M P L I A N C E  A N D  S O R R E L L S ’ S  

H E O RY  

or a low-speed horizontal-propagating fluid pressure perturbation
ike winds, we assume c � β and thus rewrite γ and ν (Section 2 )
s: 

= 

ω 

c 

√ 

1 − c 2 

α2 
≈ ω 

c 

(
1 − 1 

2 

c 2 

α2 

)
, (B1) 

= 

ω 

c 

√ 

1 − c 2 

β2 
≈ ω 

c 

(
1 − 1 

2 

c 2 

β2 

)
. (B2) 

y plugging these two formulas into the compliance equations (eqs
 and 6 ) and neglecting the second-order term like ( c / β) 2 , we rec-
gnize that the compliance equations become: 

 Z ( z 0 ) = − icα2 (1 − c 2 /α2 ) 

2 μ( α2 − β2 ) 
≈ − ic( λ + 2 μ) 

2 μ( λ + μ) 
, (B3) 

 H ( z 0 ) = − cβ2 

2 μ( α2 − β2 ) 
= − c 

2( λ + μ) 
, (B4) 

here the third part of each equation above is identical to Sorrells
 1971 ). 

P P E N D I X  C :  B E N C H M A R K  O F  

O M P U T I N G  C O M P L I A N C E  AT  D E P T H  

e benchmark our computation against SPECFEM2D-DG (Bris-
aud et al. 2017 ; Martire et al. 2022 ), a numerical simulation soft-
are designed for modelling wave propagation in a mechanically

oupled solid–fluid system. In our utilizing this software, the over-
ying fluid is a homogeneous atmosphere with an acoustic-wave
elocity of 340 m s −1 . We set the underlying solid medium to be
omogeneous, where α = 2003 m s −1 , β = 1200 m s −1 and ρ =
074 kg m 

−3 . We impose an atmospheric pressure source at 5 m
bove the solid medium surface, where 5 m is the grid spacing. This
ource emits a Gaussian wavelet with a centre frequency of 15 Hz.
e position receivers vertically, and place them 500 m horizontally

way from the source. One of the receivers, located in the atmo-
phere 5 m above the surface, records the atmospheric pressure.
ll other receivers are in the solid medium and record both hori-

ontal and ver tical par ticle velocities at different depths, from the
urface to 50 m depth. From these recordings, we extract the data
ollowing the seismic arri v als generated b y the source to compute
he compliance values (Fig. C1 ). 

In this simulation setting, the acoustic wave from the source
ropagates almost horizontally along the solid medium surface. The
ompliance values from our theoretical computation agrees well
ith the ones from SPECFEM2D-DG, especially when the receiver
epth is less than 10 m (Fig. C1 ). Ho wever , when the receiver
epth is larger than 10 m, the theoretical and SPECFEM2D-DG
ompliance values start to diverge at certain frequencies (such as
5 Hz at 20 m depth and 6 Hz at 50 m depth). This divergence occurs
ecause with increasing depth, the compliance amplitude decreases
Section 4 ) and thus particle motions at a given frequency become
ore influenced by other factors in the simulation like numerical

oise. Fur ther more, the frequency where this divergence occurs
ecreases with increasing depth. This is due to that compliance
mplitudes at lower frequencies decay slower with depth, leading to
t a given depth, the compliance results from SPECFEM2D-DG at
ower frequencies are less affected by numerical noise compared to
t higher frequencies (Figs 4 and S2). 
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Figure C1. Comparison of the vertical and horizontal compliance values at different depth from our theory (Section 4 ) and SPECFEM2D-DG. 
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