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Abstract surface displacement and self-attraction and loading (SAL) elevation induced by ocean
tides are known to be affected by material properties of the solid Earth. Recent studies have shown that,
in addition to elasticity, anelasticity considerably impacts surface displacements due to ocean tide loading
(OTL). We employ consistent 3D seismic elastic and attenuation tomography models to construct 3D
elastic and anelastic earth models, and derive corresponding averaged 1D elastic/anelastic models. We
apply these models to systematically study the impact of anelasticity and lateral heterogeneity on M2 OTL
displacements and SAL elevation. We find that neglecting lateral heterogeneities highly underestimates
displacements and SAL elevation in mid-ocean-ridge regions and in some coastal areas of North and
Central America. In comparison to PREM, 3D anelastic models can increase the predicted amplitudes

of the vertical displacement and SAL elevation by up to 1.5 mm. The increased amplitudes reduce the
discrepancy between GPS-observed OTL displacements and their predictions based on PREM in places
like Cornwall (England), Brittany (France), and the Ryukyu Islands (Japan). Applying our results to ocean
tides, we discover that the impact on ocean tide dynamics exceeds the predicted SAL elevation correction
with an RMS of about 1 mm, reaching an RMS of more than 5 mm in areas like North Atlantic or East
Pacific. Due to the fact that such a value reaches the accuracy of modern data-constrained tidal models,
we regard the impact of anelastic shear relaxation as significant in tidal modeling.

Plain Language Summary How are the vertical displacement, sea level fluctuation with
respect to the vertical displacement (hereafter SAL elevation) and ocean tide on Earth's surface affected

by material properties of the Earth's interior? We study this problem using the ocean tide model TIME

and two sets of 3-Dimensional (3D) seismic elastic and attenuation models, one from the University of
California, Berkeley and another from the Ecole Normale Supérieure (ENS) de Lyon. Both the Berkeley
and Lyon models confirm that strong lateral variations in elastic parameters and attenuation exist in
places such as mid-ocean-ridge regions and some coastal areas of North and Central America. They
cannot be neglected in modeling displacements and SAL elevation in these places. In addition, 1D
attenuation has a strong impact on ocean tides in regions like North Atlantic or East Pacific. This impact is
at the same level as the accuracy of modern data-constrained tidal models.

1. Introduction

Ocean tide loading refers to the periodic redistribution of water masses due to tidal forcing, which causes
deformations of the solid Earth and perturbations of the gravity field. The resulting elastic and gravitational
responses of the solid Earth are termed “load tides” (e.g., Farrell, 1972). Load tides at the Earth's surface can
be described as vertical displacement, horizontal displacement and the gravitational potential increment. In
ocean areas, the geoid undulation relative to the vertical displacement is specified by the “self-attraction and
loading” (SAL: e.g., Ray, 1998) elevation. Load tides are as important as body tides (e.g., Takeuchi, 1950) in
making up the total tide of the solid Earth induced by the astronomical forces. On the other hand, the SAL
potential (SAL elevation times surface gravity) induces secondary barotropic accelerations that influence
ocean tide dynamics, and, as a result, their consideration is a necessity for generating an accurate ocean
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tide model (Ray, 1998). This study discusses load tides and self-attraction and loading elevations for the
semi-diurnal M2 tide, the primary component of ocean tides with respect to structural variations in the
Earth's mantle.

Previous studies on load tides are mainly based on 1D elastic Earth models (e.g., Francis & Mazzega, 1990;
Hendershott, 1972; Longman, 1962, 1963; Ray, 1998). With increasing accuracy of space geodetic techniques
such as GNSS and VLBI and emerging integrated interpretations of Earth system processes, the need for
improved load-tide predictions is rising. The consideration of lateral heterogeneities of the Earth is an im-
portant aspect to fulfill this need (e.g., Dill et al., 2015; Wang et al., 2012). Nevertheless, in these studies 1D
Earth models are applied with averaged elastic and density structures in a specific region of interest and, so,
neglecting the direct impact of lateral structural contrasts. In addition, anelasticity which can be accounted
for by a perturbation of elastic moduli (e.g., Dahlen & Tromp, 1998; Wahr & Bergen, 1986) has also been
found to modify surface displacements by a considerable amount (e.g., Bos et al., 2015; Wang et al., 2020).
However, only 1D anelasticity associated with the classical a-law (e.g., Anderson & Minster, 1979) and a
frequency-independent Q model have been considered in these studies.

Martens et al. (2016) systematically explored the sensitivity of load tides to perturbations in the density
and elastic structures of the solid Earth. They found that surface displacements only weakly depend on
perturbations in the density, but strongly on perturbations in the elastic moduli down to depth 500 km. Fur-
thermore, they stated that perturbations in the density and elastic moduli of the crust mainly affect surface
displacements in the vicinity of the load. Based on these findings, this study will focus on perturbations
in elasticity of the upper mantle (down to depth 650 km) by considering lateral heterogeneities associated
with 3D elastic Earth models. We will employ advanced 3D seismic elastic tomography models published
recently by Karaoglu and Romanowicz (2018) and Debayle et al. (2020) to derive the shear and bulk moduli
of the mantle.

It is well known that attenuation, or the inverse seismic quality faction Q, causes the dispersion of seismic
velocities and, correspondingly the reduction of elastic moduli from high frequencies to low frequencies.
As pointed out by Karaoglu and Romanowicz (2018), early studies on body wave, surface wave, and normal
model measurements (e.g., Anderson et al., 1965; Resovsky et al., 2005; Sailor & Dziewonski, 1978; Widmer
et al., 1991) have identified a number of robust attenuation features of the Earth. Bulk attenuation is much
weaker than shear-wave attenuation in the mantle. Shear-wave attenuation is low in the lithosphere and
lower mantle, but high in a zone approximately coinciding with the low-velocity channel of upper mantle,
and decreases sharply across the transition zone. These features lead us to consider anelasticity in a similar
depth range to that of 3D elasticity, that is, the depth range of the upper mantle from 80 to 650 km.

The classical formulation for Q based on seismic and laboratory measurements is the so-called a-law (Equa-
tion 10 later in text), which says that Q has a dependence on frequency with power a (# 0) or is a con-
stant (« = 0). Anelasticity associated with this a-law (Equation 7 later in text) can be constructed by a
superposition of the standard linear solid models in a specific absorption band (Anderson & Minster, 1979;
Zener, 1948). However, based on mineral physics and laboratory experiments of rocks under mantle tem-
perature and pressure conditions, Sundberg and Cooper (2010) argued that Q and anelasticity could also
be considered through the adoption of the Andrade model, while Lau and Faul (2019) as well as Ivins
et al. (2020) favored the Extended Burgers Model (EBM). Lau and Holtzman (2019) argued that regardless
of the viscoelastic model adopted, the frequency dependence of Q can be a significant effect for loading
process acting on timescales longer than seismic timescales.

Applying the classical a-law over the seismic to tide frequency band, Benjamin et al. (2006), Kang et al. (2015),
and Ray and Egbert (2012) showed that anelasticity has an impact on the geoid (body tide), and a value of
a in the range of 0.15-0.30 can fit geodetic observations reasonably well. Different from the traditional
normal mode (TNM) theory used to study body tides, Benjamin et al. (2006), Lau et al. (2015), and Wahr
and Bergen (1986) developed an extended normal mode (ENM) approach, which predicts a more accurate
perturbation of body tides due to anelasticity (Lau et al., 2016). Bos et al. (2015) and Wang et al. (2020)
found that anelasticity based on the constant Q model can help bridging the gap between observations and
predictions of surface displacements induced by the M2 tide loading. We will follow studies applying the
classical a-law and adopt both constant and frequency-dependent Q models to consider anelasticity. How-
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ever, to account for lateral heterogeneities in Q, which are neglected in previous studies, we will adopt 3D Q
models (Adenis et al., 2017; Karaoglu & Romanowicz, 2018) that are jointly developed with the 3D seismic
elastic tomography models. The alternative use of EBM or Andrade model is hindered by the fact that, so
far, in those parameterizations lateral variations are not considered.

The study of load tides began in 1960s (e.g., Longman, 1962, 1963), following the approach used in the study
of Earth's free oscillation (Pekeris & Jarosch, 1958). Similar to the response to tidal forcing, the response
of the Earth to surface loading is expressed by load Love numbers (LLNs). In a first approach, the LLNs as
characteristics of a specific Earth model are used to derive the corresponding Green's function, allowing the
convolution with OTL forcing in the spatial domain. In a second approach, the convolution of OTL forcing
and response function is performed in the spectral domain of spherical harmonics, meaning a direct mul-
tiplication of the OTL with the LLN spectrum. In both approaches, a 1D Earth structure is assumed, as the
Love numbers, by definition, are only dependent on the Legendre degree, meaning the Green's functions
depend exclusively on the distance between the observation and the loading point. Recently, the spectral—fi-
nite element method (Martinec, 2000) has been modified by Tanaka et al. (2019) to calculate the responses
of a 3D elastic Earth. Martinec (2000) formulated the surface loading problem of a viscoelastic gravitating
sphere with an initial-value approach allowing for lateral variations in viscosity in the spectral domain. This
formulation has been extended to include the effects of compressibility (Tanaka et al., 2011), and further to
include the effects of lateral variability in elastic parameters (Tanaka et al., 2019). In this study, we extend
the code to fully account for 3D variations and apply it to a global loading process like ocean tides.

In Section 2, we describe the numerical methods, the Earth models, and the ocean tide models in detail. In
Section 3, we discuss the deviations in surface displacements and SAL elevation. In Section 4, we estimate
the impact of the described effect on measurable quantities by comparing the GPS-data to modeled solid
Earth motion (Section 4.1) and explore the impact on ocean tidal dynamics observable via altimetry (Sec-
tion 4.2). The conclusions are presented in Section 5.

2. Methodology and Model Set Up
2.1. Methodology

We adopt the spectral-finite element method developed by Martinec (2000). The validity of this method for
calculating the response of an elastic Earth with 3D structure has been demonstrated in Tanaka et al. (2019)
who consider the effects of sphericity, self-gravitation, compressibility, and advection of pre-stress and lat-
eral heterogeneity in elasticity. The authors applied the method in a sensitivity study considering rotational
symmetry of the model and of the surface load. Here, the numerical code is extended for a fully 3D case
and for anelasticity as a further perturbation of elastic parameters. The solution domain extends from the
core-mantle boundary (CMB) to the surface of the Earth. The cut-off degree for spherical harmonics is 680.
The corresponding resolution of the spatial longitude-latitude Gauss-Legendre grids is 2,048 x 1,022. The
vertical number of layers (finite elements) from the CMB to the surface amounts to 146 with a layering
thickness of 10 km in the upper mantle. The cut-off degrees for the seismic elastic and attenuation tomog-
raphy models are up to 96 and 16, respectively, and the layering thickness used to invert for these models in
the mantle is larger than 10 km. Hence, the settings of the spectral-finite element method are sufficient to
resolve the features of the Earth's structure, as resolved by our chosen seismic elastic and attenuation mod-
els. In addition, as it will be shown in Figure 7a, the LLNs for the constructed Earth models mainly differ
between degree 4 and 400; therefore, the chosen truncation degree 680 allows us to compute sufficiently ac-
curate solutions presented in Section 4. Last but not least, to accelerate calculations, parallel programming
with OpenMP has been implemented.

2.2. The Elastic and Anelastic Models

To consider the lateral heterogeneity and anelasticity in the upper mantle, we constructed four types of
models in terms of elastic moduli: 1D elastic model (1D-¢e), 3D elastic model (3D-e), 3D anelastic model
(3D-ae), and 1D anelastic model (1D-ae). We start with constructing 3D elastic/anelastic models and then
derive the associated 1D models by taking the spatial average of 3D models on a sphere.
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For the 3D elastic model, the shear and bulk moduli (x and K, respectively) are derived from 3D S and P
wave velocities (Vs and Vp, respectively). We adopt two 3D isotropic S wave velocity models, the companion
Vs model of SEMUCB-UMQ (Karaoglu & Romanowicz, 2018) and the DR2020s (Debayle et al., 2020), and
derive perturbations in P wave velocity (8V,) using the scaling factor from Montagner and Anderson (1989),
that is,

olnVp

= 1
oInVs W

which is consistent with French and Romanowicz (2014), Karaoglu and Romanowicz (2018), and Panning
and Romanowicz (2006).

For the 1D elastic model, the shear and bulk modulus, denoted by , and K, respectively, at the seismic
reference frequency w, = 2 rad/s, are derived from the shear and bulk modulus for the 3D elastic models
(4, ,and K, , respectively) by

3D-e’
Ho = tap_e) (2)
Ky = (K3p_.) (3)
where ( ) denotes spatial averaging within a layer. «,, . and K, , can be expressed further as

Hp_e = Ho + Oty 4)

K;p_. = Ko + 6K, (5)
where 81, and 6K denote 3D perturbations with respect to the 1D elastic model.

For the 3D-ae models, we consider isotropic anelasticity, which can be accounted for by frequency-depend-
ent perturbations of the elastic parameters (e.g., Dahlen & Tromp, 1998; Lau et al., 2016; Wahr & Ber-
gen, 1986). As stated in the introduction, bulk attenuation is neglected. Then, the elastic parameters for the
M2 tide frequency (w) are derived from those for the seismic frequency (w,) as

H3p-ge = H3p-¢ T+ 5/”(“’) (6)

K3p_ae = Ksp_ @)

where du(w) is the anelastic perturbation of shear modulus with respect to the 3D-e model. For the 1D-ae
models, the shear and bulk moduli are gained by spatial averaging

Fip-ae = (H3p-ae) = Ho +(Su(w)) (8)

KlD—ae = <K3D—ue> = KO (9)

where Equations 6 and 7 are applied. Equations 8 and 9 imply that the bulk modulus of the 1D-ae model is
equal to that of the 1D-e model while the shear modulus differs by an amount equal to the average of Su(w).

The anelastic reduction of the shear modulus Su(w) is related to Q. We follow previous studies (e.g., Ben-
jamin et al., 2006; Bos et al., 2015; Kang et al., 2015; Ray & Egbert, 2012; Wang et al., 2020) and adopt the
classical a—law (e.g., Anderson & Minster, 1979; Smith & Dahlen, 1981),

o(w) =0, [i} (10)
Wo

where Q, = Q(w,) is Q at the reference frequency w,. Note that « = 0 means a frequency-independent Q

model. Assuming a single absorption band from the seismic frequency to the tidal frequency, it can be

shown that for a Q model like (10) it holds (e.g., Anderson & Minster, 1979; Dahlen & Tromp, 1998; Smith

& Dahlen, 1981)
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Taking the limit o — 0 in Equation 11, the constant-Q model reads as (e.g., Kanamori & Anderson, 1977)
su(w) = &Flni + ,} (12)
Oyl wy

To be consistent with the seismic evidence that Q weakly depends on frequency over the seismic band, Ben-
jamin et al. (2006) assumed Q is a constant across seismic frequencies but varies in the form of Equation 10
below the seismic frequency band. Correspondingly, they obtained

&[Emiﬂ-] -
O\ 7wy

su(w) = « « (13)
]2 m[&}i l(w_j (W_] W,
O |7 Wo a w w

Here, w,, is the frequency above, which Q is a constant. Benjamin et al. (2006) found that when w,, takes
the value of 2 7 X 3.09 x 10~ rad/s (the frequency of the longest-period free oscillation of the Earth) and o
ranges between 0.2 and 0.3, body-tide and Chandler Wobble measurements can be fitted best.

We follow the parameterization of Benjamin et al. (2006) and take a value of @ = 0.25 in Equation 13 to
determine Su. To study the impact of frequency dependence on anelasticity, we compare the value of Sy cal-
culated by Equation 13 with that calculated by Equation 12. Bos et al. (2015) showed that the imaginary part
of Su produces a displacement Green's function, which is much smaller than that produced by the real part;
thus we neglect the imaginary part of u. Also, in contrast to above mentioned studies where Q is assumed
to be constant throughout the mantle or only depends on radial distance, we consider lateral variations of
Q and adopt 3D Q models of the upper mantle.

In fact, there are very few global 3D attenuation models of the upper mantle published (Debayle et al., 2020).
The spectral resolution of such Q models does not exceed 16 in terms of spherical harmonic degree, which
is low compared to 680 used in our Earth models but is able to produce robust Q values with strong lateral
variations (Adenis et al., 2017; Karaoglu & Romanowicz, 2018). Among these models, we adopt two 3D Q
models, SEMUCB-UMQ (Karaoglu & Romanowicz,, 2018) developed at the University of California, Berke-
ley and QsADR17 (Adenis et al., 2017; Debayle et al., 2020) developed at the ENS de Lyon. Both Q models
have a maximum degree of 16 and are jointly inverted with the corresponding 3D Vs models. The Berkeley
model has been developed with a hybrid waveform inversion approach and with datasets consisting of fun-
damental modes as Love and Rayleigh waves in the period range from 60 to 400 s. The Lyon model has been
built with an automated waveform inversion approach and with Rayleigh wave data in periods spanning
from 50 to 250 s. Both Q models consider elastic focusing effects, source, and station terms. Although these
two Q models are based on independent approaches and datasets, they are both well correlated with the
Vs models in the upper part of the upper mantle, and both exhibit strong correlation with surface tectonic
features down to depths from 200 to 250 km with low attenuation beneath continents and high attenuation
beneath oceans.

Figure 1a shows the depth variations of the shear modulus of the 1D-e and 1D-ae models, obtained from
aforementioned seismic elastic and attenuation models. The top panel shows that, in general, u of the 1D-e
Berkeley model is larger than that of the Lyon model (except for depths greater than ~500 km), but the dif-
ference between them is less than ~3% with respect to PREM (Dziewonski & Anderson, 1981). The middle
panel shows the reduction of shear modulus of the 1D-ae model with respect to the corresponding 1D-e
model. We can observe that the two different o models (¢ = 0.0 and 0.25) predict similar reductions of the
shear modulus, with differences less than 1%. In addition, the shear modulus reduction predicted by the
Berkeley and by the Lyon models are similar (both staying at ~ 4%) at depths from ~280 to 650 km, but
differ above 280 km, that is, in the high-attenuation zone, where the Berkeley model predicts a reduction of
u reaching up to ~11% and the Lyon model reaching up to ~5%. The bottom panel shows the variation of u
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Figure 1. Relative perturbations in shear modulus (mu). (a) Radial profiles of respective 1D Berkeley (red) and Lyon (blue) models: top panel, perturbation of
1D-e against PREM; middle panel, 1D-ae against corresponding 1D-e; bottom panel, 1D-ae against PREM. (b) and (c) Lateral variations of the 3D-ae models for
a = 0.25 against PREM at depth 135 km for the Berkeley and Lyon models, respectively. Next to the model name, the peak variations are presented.

of the 1D-ae models with respect to PREM. We can see that the shear modulus of the Lyon model is smaller
than that of the Berkeley model at depths from ~300 to ~500 km and larger in other depths. In Figures 1b
and 1c, we exemplarily show lateral variations in the shear modulus of the 3D-ae models with respect to
PREM at depth 135 km for a = 0.25. Clearly, we see that for both the Berkeley and Lyon models, the shear
modulus is larger than the mean in the continental areas, which is associated with low attenuation, and
smaller than the mean in the ocean areas, which is associated with high attenuation. Over the oceans, the
Berkeley model is characterized by pronounced shear modulus variations along the mid-ocean ridge sys-
tems in the Indian, Pacific, and the Atlantic oceans while the Lyon model shows broad and strong variations
beneath hot spots in Hawaii, the South Pacific, Indian, and Atlantic oceans. The similarities and differences
of these two sets of models allow us to produce both comparable and differentiated results on the effects
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of anelasticity and heterogeneity. Last but not least, since a has a minor impact on the reduction of shear
modulus, we only discuss the case of & = 0.25 in the following sections.

2.3. The Ocean Tide Model

The loading of ocean water mass anomalies induced by the M2 partial-tide is taken from the global
ocean tide model TiME (Sulzbach et al., 2021; Weis et al., 2008) that has been run with an updated ba-
thymetry scheme deduced by conservative interpolation from the RTOPO2-dataset (Schaffer et al., 2016).
This bathymetry includes Antarctic sub-ice-shelf cavities that are important to realistically capture tidal
resonance systems. The barotropic model employs temporal finite differences with a time step of ap-
proximately 180 s (1/240 M2-period) and has a high horizontal resolution of 1/12°. Energy dissipation
is carried out by quadratic bottom friction, parametrized eddy-viscosity, and parametrized generation of
internal waves.

The effect of SAL acceleration induced in response to the redistribution of water masses is included by a
spectral approach employing spherical harmonical functions Y, (Schindelegger et al., 2018). The ocean
surface elevation Z =%, Z, Y, undergoes a spectral decomposition, where individual spectral coefficients
Z,, are multiplied with a combination of load Love numbers 1+k;-h, (Wang et al., 2012) before being reas-
sembled by evaluating

3(1+k —h
Psw clngx om=1 ! !
SAL = p;;‘z]”:’f'\ Zm:_[% ImYIm

(14

Here, p,, = 1,025 kg/m? and p, = 5,510 kg/m® are the mean density of seawater and the solid Earth,
respectively. In contrast to the decomposition of the astronomical lunisolar tidal potential into spheri-
cal harmonics, this sum converges slowly and cannot be truncated at a low degree without introducing
significant errors. Thus, the sum is evaluated up to a maximum degree/order of lmux = 1,024, which is
sufficient to precisely include the effects of SAL potential on ocean tide dynamics even in the most-shal-
low water areas (Schindelegger et al., 2018). Hereby, the barotropic acceleration g V [SAL[static]), which
is self-consistently included by repeated evaluation of Equation 14 at each time-step, directly affects the
flow of water masses. Additionally, it is possible to apply a barotropic acceleration exerted by a static
forcing term SAL[static], which is not influenced by the ad-hoc sea-surface elevation. Recently obtained
M2-solutions have an open ocean (depth > 1,000 m) RMS of 3.39 cm when compared to the data-con-
strained FES14-atlas (Lyard et al., 2006, 2021, updated), which corresponds to approximately 10%-15%
of the expected M2-signal.

After an initially transient model ocean state, the sea-surface modulations converge to a temporal-
ly harmonic oscillation. Analytically, the harmonic M2 partial-tide elevation Z can be written as (e.g.,
Schwiderski, 1980)

Z= §(9,(p)cos 5cos(0't) + cf(@,(p)sin o sin(at) (15)

where Z is the tidal elevation, &, &, and o are the amplitude, phase, and frequency of the tide, respectively, 6
and ¢ are colatitude and longitude, respectively. For the purpose of OTL modeling, it is natural to calculate
the responses of the Earth at two specific epochs ¢, and ¢,:

1. Z = Z(at, = 0) = f(&,gﬂ cos ¢ (in-phase component)
2. 2,=Z(cty =7 /2)=¢

0, ¢7)sin 6 (quadrature component)
To conserve ocean masses, a uniform layer of water mass has been subtracted from Z, (—0.38 mm) and Z,
(—0.34 mm) of Sulzbach et al. (2021). The obtained results are shown in Figure 2. It is notable that large

tides are mainly located along the coasts and in the central Pacific Ocean. The amplitude of the response
field (R) at these two epochs can be expressed as

A=+R2 + R} (16)
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Figure 2. In-phase and quadrature component of M2 Tidal elevation Z, and Z, around the globe.

3. Results
3.1. The Influence of Lateral Heterogeneity on Load Tide: Experimental Studies

Before discussing load tides due to realistic OTL, we perform three experiments to explore how the locations
of lateral heterogeneity affect the elastic response and how large the impact will be. The locations of the wa-
ter load and structural change are indicated by red and yellow circles in the left panels of Figure 3, respec-
tively. Results of surface vertical displacement induced by the tidal loading are shown in the right panels
of Figure 3. The water load disc has a positive height of 1.5 m, which is comparable to the tidal amplitude.
The structural change has values taken from the 1D anelastic Berkeley model. From the figure we see that,
when the lateral heterogeneity is situated right below or in the vicinity of the loading (Experiments 1 and 2),
there is a decrease of vertical displacement below the loading and an increase in the vicinity of the load. The
change is in general up to 0.7 mm and around 1% of the vertical displacement of the 1D elastic model. When
the lateral heterogeneity is far from the loading, for example, 60° in Experiment 3, we see almost no change
of vertical displacement below the loading and its surrounding but some tiny change (less than 0.005 mm)
in the region with lateral heterogeneity.

3.2. The Load Tide and SAL Elevation Due to Ocean Tide Loading
3.2.1. The Impact of Lateral Heterogeneity and Anelasticity on Load Tide and SAL Elevation

We now focus on the perturbations in the load tide, that is, the vertical displacement (U), and SAL elevation,
caused by the perturbations in elastic moduli. We calculate the differences in amplitude of U and SAL eleva-
tion between the 1D-ae Berkeley/Lyon model and PREM and the difference between the 3D-ae and 1D-ae
Berkeley/Lyon model. We found that the results of SAL elevation are rather similar to those of U, an indica-
tion that the geoid undulation in SAL elevation is small compared to the vertical displacement. Therefore,
we only show U results in Figure 4 while SAL elevation results are referenced in Figure S1.

Above all, we concentrate on the deviations of 1D-ae models shown in Figures 4a (Berkeley model) and 4c
(Lyon model). We can observe that the amplitude of U mostly exhibits an increase over oceans, whereas a
decrease over continents adjacent to tide loads, which is consistent with findings from Experiments 1 and
2. Moreover, Figures 4a and 4c show that the large differences in amplitude of U mainly occur in coastal
regions, for example, the western coastal area of France, Colombia, and New Zealand, with the magnitude
of above 0.5 mm. In open ocean areas, the differences are in general below 0.4 mm. The fact that significant
deviations occur in shelf regions, that is, the near field of large tides is due to large local tidal amplitudes
(Figure 2) and a weak shallow structure of the upper mantle caused by high attenuation (Figure 1a, bottom
panel). Furthermore, the Lyon model produces larger deviations in open ocean areas than the Berkeley
model, which is attributed to a larger shear modulus reduction at larger depths from ~300 to ~500 km (bot-
tom panel of Figure 1a) where perturbations in elastic moduli have a big impact on far-field (open ocean
area) solutions.
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Figure 3. Setting of experiments (left panels) to explore the impact of the relative location of lateral heterogeneity with respect to ocean water load on load
tides, and profile of vertical displacements with distance from the load (right panels). The load is indicated as a red circle in the map and the structure change is
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Figure 4. The difference in the amplitude of vertical displacement U (U_amp) between 3D and 1D anelastic models (b) and (d), 1D anelastic models and
PREM (a) and (c), respectively. (a) and (b) are for the Berkeley model. ¢ and d are for the Lyon model.

Figures 4b and 4d show the differences in amplitude of U between 3D-ae and 1D-ae models. It is clear that
if the lateral heterogeneity in elasticity and anelasticity is not considered, both the Berkeley and Lyon 1D-ae
model will underestimate the amplitude of U in mid-ocean ridge areas or beneath hot spots of the Indian,
Pacific, and Atlantic oceans by 0.1-0.2 mm. This amount is quite significant considering that the amplitude
of U for the 1D-ae model in these places is less than 0.4 mm. In addition, evident underestimations also
occur in the coastal areas of New Zealand, North and Central America with a magnitude of ~0.2-0.3 mm.
Moreover, the 3D-ae Berkeley model predicts a notable underestimation (0.3-0.4 mm) by the 1D-ae model
in the coastal area of Iceland. On the other hand, significant overestimations of around 0.4-0.6 mm by both
1D-ae models occur in the northwestern coastal area of Australia, the shelf-region of North Europe, the
Labrador Sea, and the mouth of Hudson Bay. In contrast to the Lyon model, the 3D-ae Berkeley model also
predicts notable overestimations of 0.3-0.4 mm by the 1D-ae model in the Antarctic shelf region.

Table 1 lists the peak (maximum and minimum) amplitude differences of U and SAL elevation between the
1D-ae models and PREM, between the 3D-ae models and 1D-ae models, and between the 3D-ae models and
PREM. There, the Berkeley and Lyon models both predict that the peak amplitude differences in U and SAL

;le\jilnimum and Maximum Amplitude Differences of U and SAL Elevation Between Different Model Pairs
U SAL
1D-ae — PREM 3D-ae - 1D-ae 3D-ae - PREM  1D-ae — PREM 3D-ae - 1D-ae 3D-ae -
Model (mm) (mm) (mm) (mm) (mm) PREM (mm)
Berkeley —0.62/4+1.08 —1.15/4+0.93 —0.49/+1.51 —0.72/4+1.02 —1.09/4+0.90  —0.58/+1.46
Lyon —0.34/4+1.02 —1.16/40.39 —0.37/4+1.09 —0.40/40.98 —1.09/+0.39  —0.37/+1.05
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Figure 5. The RMS of difference in self-attraction and loading elevation between the 1D-ae model and PREM (a) and (c), and between the 3D-ae and 1D-ae
model (b) and (d). (a) and (b) are for the Berkeley model. (c) and (d) are for the Lyon model.

elevation between the 3D-ae and 1D-ae model are of the order of ~1 mm and comparable to those between
1D-ae and PREM. In addition, the maximum amplitude differences of U and SAL elevation between the
3D-ae model and PREM are ~1.5 and ~1.1 mm for the Berkeley and Lyon model, respectively. However, it
should be noted that the Berkeley model predicts the maximum difference occurring between Iceland and
Greenland, while the Lyon model points to the Bay of Biscay.

3.2.2. The Root Mean Square of Difference in U and SAL Elevation Between Different Model
Pairs

In the previous section, we have shown that significant deviations in the amplitude of U and SAL eleva-
tion can occur due to the consideration of anelasticity and lateral heterogeneity. To quantify the impact on
amplitude, as well as phase of U and SAL elevation simultaneously, we calculate the RMS of differences in
U and SAL elevation for the same model pairs as shown in Table 1. Again, the results of SAL elevation are
similar to those of U in the ocean areas. This time we place the results of U in Figure S2 but show the results
of SAL elevation in Figure 5 because the latter can be used as a reference in Section 4.2, where we discuss
the feedback to ocean tide dynamics.

We first look at the RMS between the 1D anelastic model and PREM shown in Figures 5a and 5c. Features
similar to the amplitude differences shown in Figures 4a and 4c can be observed: (1) large RMS values
above 0.3 mm occur in the coastal regions where the tidal amplitude is large, and the SAL elevation is sen-
sitive to the weak shallow structure of the upper mantle; (2) the RMS in the open ocean areas is relatively
small (less than 0.25 mm) due to small local tidal amplitudes and a relatively strong deeper structure of
the upper mantle; (3) the Lyon model predicts larger RMS values in the open ocean areas due to a weaker
deeper structure of the upper mantle (from ~300 to 500 km). For the results between the 3D-ae and 1D-ae
models, that is, Figures 5b and 5d, we see that the RMS in the mid-ocean ridge systems or below the hot
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Table 2
The Maximum RMS of the Differences in U and SAL Elevation Between Different Model Pairs
U SAL
1D-ae — PREM 3D-ae - 1D-ae 3D-ae - PREM 1D-ae — PREM 3D-ae-1D-ae 3D-ae - PREM
Model (mm) (mm) (mm) (mm) (mm) (mm)
Berkeley 0.82 0.89 1.07 0.81 0.87 1.04
Lyon 0.73 0.89 0.78 0.70 0.87 0.74

spots (e.g., in Hawaii) is comparable to the RMS between 1D-ae model and PREM, both ranging from 0.15
to 0.25 mm. Moreover, in the northwestern coastal area of Australia, the coastal area of North Europe, the
Labrador Sea and the Hudson Strait, large RMS values above 0.3 mm can be observed from the Berkeley and
the Lyon models. In addition, the Berkeley model predicts notable RMS values above 0.25 mm in the Ant-
arctic shelf region, between Iceland and Greenland and in the northwestern coastal region of New Zealand,
which is consistent with the features observed in amplitude differences.

Table 2 shows the maximum RMS values. We see that the Berkeley and Lyon models both predict that the
maximum RMS values of U and SAL elevation between the 3D-ae and 1D-ae models are comparable to
those for the 1D-ae model and PREM, both at a range of ~0.7-0.9 mm. The Berkeley model predicts the
maximum RMS for U and SAL elevation between the 3D-ae model and PREM around 1 mm, which is
slightly higher than ~0.7-0.8 mm predicted by the Lyon model.

4. Discussions

4.1. Differences Between GPS-Observed Vertical Displacements and Predicted Values Based on
PREM

Bos et al. (2015) demonstrated that GPS-observed vertical displacements due to ocean tide loading show
a maximum discrepancy of 2-3 mm in comparison with predicted values based on PREM at Newlyn in
Cornwall, Southwest of England and Brest in Brittany, Northwest France. Wang et al. (2020) also noticed a
maximum discrepancy of over 1.5 mm on the Ryukyu Islands even with the best regional ocean tide model
NAO99Jb. In Figure 6, we show the difference in amplitude of vertical displacement between the 3D-ae
model and PREM for both regions. It can be seen that consideration of anelasticity and lateral heterogene-
ity increases the amplitude of vertical displacement by ~0.7-0.8 mm in Newlyn and Brest, 0.12-0.36 mm
on Ryukyu Islands, predicted by both the Berkeley and Lyon model. The sum of uncertainties in predicted
vertical displacements caused by ocean tide models and in GPS observations themselves is ~0.2-0.4 mm in
Newlyn and Brest (Bos et al., 2015) and 0.0-~0.8 mm on Ryukyu Islands (Wang et al., 2020). Obviously, the
effects of anelasticity and lateral heterogeneity in the upper mantle based on global seismic models are not
able to completely reduce the maximum discrepancy in these regions.

4.2. Feedback to Ocean Tide Dynamics

The ocean tide model TiME introduced above is now used to study the feedback of laterally variable elastic-
ity and anelasticity of the Earth's upper mantle structure on the tidal dynamics in the world's ocean.

To estimate the tidal ocean-surface height change induced by SAL potential, individual sets of load Love
numbers for the PREM and the 1D Lyon/Berkley anelastic Earth models have been calculated. The differ-
ences in LLNs (see Figure 7a) are most prominent between degrees | = 4-400 and express different Earth
responses to ocean tide loading. Using different sets as input for the SAL-module, see Equation 14, we
repeat the initial simulation that provided the loading pattern introduced in Section 2 and compare the re-
sulting tidal elevations by calculating their respective RMS. As the SAL-forcing for PREM and 1D-ae models
is self-consistently included to full extent by utilizing the respective sets of LLNSs, the corresponding ocean
response to anelasticity can be directly computed. On the other hand, the effects of lateral heterogeneity
cannot be encoded in LLNs. Therefore, the ocean response patterns arising for the 3D-ae earth models are
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Figure 6. The amplitude difference in vertical displacement between the 3D-ae model and PREM in the English
Channel with Cornwall, Southwest of England, Brittany, Northwest France to the Bay of Biscay (a), (c) and the East
China Sea with the Ryukyu Islands (b), (d). (a) and (b) are for the Berkeley model. (c) and (d) are for the Lyon model.

obtained by repeating the respective 1D-ae simulations while including the relative deviation between the
3D-ae and 1D-ae models as a static forcing. The SAL-term in this simulation thus reads SAL = SAL(ID-
ae[LLN]) + SAL(3D-ae — 1D-ae([static]), where only the first term is calculated from real-time fields by
repeated evaluation of Equation 14.

Even though the SAL-fields of the PREM and Lyon/Berkeley 1D-ae solutions differ only on a scale of 1 mm
RMS (see Table 2), the impact on tidal dynamics is much stronger pronounced and reaches RMS values of
between 5 and 10 mm in some areas (e.g., North Atlantic, East Pacific), also showing relevant magnitudes
in some open ocean regions (see Figures 7b and 7d).

While the spatial patterns of the RMS-deviations are similar for both 1D-ae models, the induced deviations by
the Lyon 1D-ae model are larger. This can be traced back to larger deviations of the respective LLNSs to the PREM-
LLNs for low degrees (see Figure 7a), since those cause the most prominent feedback on ocean tide dynamics.
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Figure 7. The difference between the 1D-ae model and PREM in LLNs (a) for the Lyon (red) and Berkeley (black) models, and the RMS of the tidal solutions
between the Berkeley/Lyon 1D-ae and the PREM solution (b/d). Differences between 3D-ae and 1D-ae are shown in sublots (c) for Berkeley and (e) Lyon earth
models. All Plots are scaled mm.

A consideration of residual 3D-ae effects (see Figures 7c and 7e) causes additional minor deviations with
an RMS that reaches amplitudes of up to 2 mm in some areas but is below 1 mm in most regions. Interest-
ingly, the spatial deviation-patterns differ from the ones discussed above, showing augmented response in
the Pacific region while patterns in the Indian and Atlantic Ocean are strongly diminished. Intercomparing
between the two model families, the response patterns strongly resemble each other while 3D effects in the
Berkeley model are stronger pronounced. This can only be partially attributed to apparently larger 3D-SAL
deviations for the Berkeley model (compare Figure 5) as the ocean does not respond locally but collectively
to periodic forcing patterns. For example, the resulting ocean response to two individual point-excitations
might interfere constructively or destructively depending on several factors including the relative phase
of the two disturbances. Due to this, it is not possible to naively relate the expected ocean response to the
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apparent magnitude of a certain SAL-deviation. To understand the ocean response mechanisms to a certain
differential SAL-forcing one would need to intermediate this effect by decomposing the excitation pattern
into oceanic normal modes (e.g., Miiller, 2008).

Concerning the observed response patterns for 1D-ae and 3D-ae solutions the intermediation of the ocean
tide response by only a few near-resonant normal modes explains both the similarities between the patterns
and the amplification of their magnitude (~5 mm) with respect to the original deviations in the SAL eleva-
tion (~0.5 mm).

5. Conclusion

Applying the jointly inverted 3D seismic tomography model and attenuation models from two research
groups, we constructed four types of Earth models in terms of shear and bulk moduli: the 1D elastic model,
1D anelastic model, 3D elastic model, and 3D anelastic model. In calculating the dispersion of shear mod-
ulus from the seismic to M2 tide frequency, we considered two values of «, that is, 0.00 and 0.25 that are
typically used in literature (e.g., Benjamin et al., 2006; Bos et al., 2015). It turns out that o reduces the shear
modulus by less than 1% when increasing from 0 to 0.25. We adopt 0.25 for after-mentioned calculations,
which could be seen as an estimation of the maximum effect of anelasticity. We found that, compared to
PREM, the 1D anelastic models experience a high reduction of shear modulus in the high-attenuation zone.
For the Berkeley model, this reduction is as large as 12%. Due to strong lateral variations in the seismic
tomography model and attenuation model, the 3D anelastic models compared to the 1D anelastic models
experience a significant decrease of shear modulus (up to ~30% for the Lyon model, 19% for the Berkeley
model) in the mid-ocean ridges or beneath hot spots where the attenuation is high. In addition, we found
that the 1D anelastic models in general underestimate the shear modulus on the continents but overesti-
mates it over the oceans.

For numerical modeling, we applied the spectral-finite element method capable of handling lateral heter-
ogeneities in viscosity of a spherical gravitating and compressible Earth model (Tanaka et al., 2011). This
approach has been modified recently for lateral heterogeneities in elastic moduli (Tanaka et al., 2019) and
further extended here for 3D variations and anelasticity.

To estimate the impact of lateral heterogeneity, we performed a number of synthetic tests for which we
showed a deviation in the response at the level of 1% at maximum mainly associated with regions where
loading and structural changes coincide. In the next step, we considered the 1D and 3D anelastic models for
the ocean tide loading of the M2 astronomical tide. Applying the M2 solution of the global ocean tide model
TiME, we assessed the impact of anelasticity and lateral heterogeneity on the ocean tide loading.

We found that, compared to PREM, the 1D anelastic models experience a significant increase in the am-
plitude of U and SAL elevation in coastal regions due to a large local tide amplitude and the weak shallow
structure of the upper mantle. If lateral heterogeneity is neglected, a considerable underestimation of U
and SAL elevation occurs in places like the mid-ocean ridges or beneath hot spots while a comparable
overestimation occurs in coastal areas of Australia, northern Europe, eastern Canada, etc. These features
are confirmed by both the Berkeley model and Lyon model. In addition, the 3D anelastic Berkeley model
predicts a maximum increase of ~1.5 mm between Iceland and Greenland compared to PREM while the
Lyon model predicts ~1.1 mm in the Bay of Biscay.

The 1D anelastic Lyon model predicts higher RMS values in the open ocean areas due to a weaker structure
at depths from ~300 to 500 km than the Berkeley model. Moreover, the 1D anelastic models predict more
widespread high RMS values than the 3D anelastic models, an indication that 1D anelasticity effect is more
significant at global scale than the effect of lateral heterogeneity. However, both Lyon and Berkeley models
confirm that the maximum RMS values of U and SAL elevation between the 3D and 1D anelastic model
are comparable to those between the 1D anelastic model and PREM, both at the range of ~0.7-0.9 mm. In
addition, the Berkeley model predicts the maximum RMS for U and SAL elevation between 3D anelastic
model and PREM around 1 mm, which is slightly higher than ~0.8 mm for U and 0.7 for SAL elevation of
the Lyon model.
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Our results based on global seismic models can be applied to reduce the discrepancy of GPS-observed verti-
cal displacements with their predictions based on PREM. For example, the 3D anelastic Berkeley and Lyon
models predict that anelasticity and lateral heterogeneity in the upper mantle increase the amplitude of
vertical displacement by ~0.7-0.8 mm in Newlyn and Brest, 0.12-0.36 mm on Ryukyu Islands. The obtained
amplitude increase here is not able to reduce the maximum localized discrepancy in the corresponding re-
gion to the range of the sum of uncertainties in GPS observations and in vertical displacement predictions
caused by errors in ocean tide models. This implies that regional elastic and attenuation models with higher
resolutions might be worthy of further considerations. On the other hand, we neglect perturbations in den-
sity and elastic moduli of the crust and perturbations in density of the mantle associated with 3D structure,
which has an impact on displacements as well.

The interpretation of the tidal signal showed some consequences in ocean tide dynamics when modifying
the SAL elevation according to the deviating solid-earth response. Inserting the SAL elevation back into the
tidal equation, we calculated the RMS in the tidal elevation between PREM and 1D anelastic models and the
RMS between 3D and 1D anelastic models. The obtained results have a number of implications:

As a secondary tide-generating force, the SAL potential induced by anelasticity is found to modify the ocean
tide dynamics. While the RMS in tidal elevation between PREM and 1D anelastic models is below 5 mm
in most regions, pointing to a small perturbation compared to present M2 amplitudes, it exhibits the same
order of magnitude as the accuracy of modern data-constrained tidal models (e.g., Stammer et al., 2014).
Especially when considering applications like satellite gravimetry that requires even more precise tidal solu-
tions (Flechtner et al., 2016), this perturbation can be regarded as relevant for data-unconstrained tidal
modeling. The same holds for satellite-data constrained tidal modeling where only the sea-level E = U + Z
is observable by satellite measurements. Here, a correction of E by the expected Load-tide height U is nec-
essary to obtain ocean tide solutions Z. Therefore, the deviations of around 1 mm in U between elastic and
anelastic models directly translate into biased M2-elevations. This can be regarded as important because
modern data-constrained tidal models are able to reach an accuracy of only 3 mm in the open ocean. Based
on these findings, the mean relaxation of the shear modulus should be considered for tidal modeling, where-
as the effect of additional 3D variabilities in mantle elasticity appears to be of second order for global studies.

Data Availability Statement

The modelling data discussed in this paper are published separately at GFZ as Huang, P., Sulzbach, R.,
Tanaka, Y., Klemann, V., Dobslaw, H., Martinec, Z., & Thomas, M. (2021) “Anelasticity and lateral hetero-
geneities in Earth's upper mantle: impact on surface displacements, self-attraction and loading and ocean
tide dynamics,” https://doi.org/10.5880/GFZ.1.3.2021.003, under the Creative Commons Attribution 4.0
International Licence (CC BY 4.0). The data publication is containing the amplitude and root-mean-square
fields of surface vertical displacement and self-attraction and loading due to ocean tide loading — the M2
tide derived from model TiME (Sulzbach et al., 2021), and the root-mean-square fields of M2 tide. The
fields have been calculated for the 1D elastic solid Earth model PREM and 3D and 1D anelastic models.
Figures 4-7, and S1, and Tables 1 and 2 can be easily reproduced from these data fields applying the calculus
discussed in the paper. The anelastic Earth models can be determined using the calculus discussed in Sec-
tion 2.2 by making use of the elastic and attenuation tomography models from the University of California,
Berkeley (Karaoglu, H. & Romanowicz, 2018) and the Ecole Normale Supérieure (ENS) de Lyon (Debayle
et al., 2020), respectively. All response fields (U and SAL) are calculated with the spectral-finite element
method (Martinec, 2000; Tanaka et al., 2019).
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