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Key Points:9

• We present a new model of the upper mantle geoid to inform studies of the phys-10

ical state of the lithosphere and sublithospheric upper mantle.11

• We constrain the often ignored contributions of low degrees (< 8) in spherical har-12

monic expansions of the upper mantle geoid and clarify their geodynamic origin13

and impact on lithospheric studies.14
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Abstract15

Geoid anomalies offer crucial information on the internal density structure of the Earth,16

and thus, on its constitution and dynamic state. In order to interpret geoid undulations17

in terms of depth, magnitude and lateral extension of density anomalies in the lithosphere18

and upper mantle, the effects of lower mantle density anomalies need to be removed from19

the full geoid (thus obtaining a residual signal known as the ’upper mantle geoid’). How-20

ever, how to achieve this seemingly simple filtering exercise has eluded consensus for decades21

in the solid Earth community. While there is wide agreement regarding the causative22

masses of degrees > 10 in spherical harmonic expansions of the upper mantle geoid, those23

contributing to degrees < 7-8 remain ambiguous. Here we use spherical harmonic anal-24

ysis and recent tomography and density models from joint seismic-geodynamic inversions25

to derive a representative upper mantle geoid, including the contributions from low har-26

monic degrees. We show that the upper mantle geoid contains important contributions27

from degrees 5 and 6 and interpret the causative masses as arising from the coupling be-28

tween the long-wavelength lithospheric structure and the sublithospheric upper mantle29

convection pattern, including subducted slabs. Importantly, the contributions from de-30

grees 3 < l < 8 do not show a simple power-law behaviour (e.g. Kaula’s rule), which pre-31

cludes the use of standard filtering techniques in the spectral domain. Our model of the32

upper mantle geoid will be useful in a wide range of geodynamic and geophysical appli-33

cations, including the study of i) the thermochemical structure of the lithosphere, ii) dy-34

namic topography and mantle viscosity, iii) the nature of the mechanical coupling of the35

lithosphere-asthenosphere system and iv) the global state of stress within the lithosphere36

and its associated hazards.37

Plain Language Summary38

Satellite measurements of the gravity field of the Earth constitute one of the most39

useful data sets to study the Earth’s internal structure and its natural resources. A spe-40

cific observation related to gravity is the so-called geoid. Historically, the geoid has played41

a critical role in the development of theories regarding the inner workings of the Earth,42

including plate tectonics and earthquake activity. However, using geoid observations to43

constrain the structure of the tectonic plates down to depths of around 350 km is plagued44

with technical difficulties. This steam from the fact that the geoid is not only sensitive45

to the structure of the tectonic plates, but to the density structure of the entire planet.46

Removing the undesirable effects associated with the Earth’s deep structure to isolate47

the signal related to the shallower tectonic plates has been, and still is, an unresolved48

problem. In this study, we present a new model of the Earth’s geoid that achieves ex-49

actly that, thus providing a new way to study the internal constitution and structure of50

tectonic plates and the location of critical natural resources.51

1 Introduction52

Geoid anomalies (or height) relative to a reference datum constitute one of the ear-53

liest and most useful data sets to make inferences about the Earth’s internal density dis-54

tribution and viscosity structure. With the advent of global tomography more than four55

decades ago, it was quickly recognized that the long-wavelength pattern of velocity anoma-56

lies in the deep mantle correlate with low-order expansions of the non-hydrostatic geoid57

(e.g., Hager & Richards, 1989; Hager et al., 1985; Ricard et al., 1989; Richards & Hager,58

1984; Hager, 1984). Since such velocity anomalies were thought to be the result of planetary-59

scale convection, a number of geodynamic/global convection models were soon created60

to reconcile the long-wavelength patterns of both seismic velocities and geoid height (e.g.,61

Liu & Zhong, 2015, 2016; Panasyuk & Hager, 2000b; Perrot et al., 1997). The success62

of these early global models cemented the idea that low-order undulations of the geoid63

are dominated by deep mantle density anomalies related to mantle flow. They also clar-64
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ified the need for accounting for the flow-driven undulations of both the Earth’s surface65

(dynamic topography) and internal surfaces across which large density contrasts exist66

(e.g. core-mantle boundary). Since these undulations would be absent in a non-convecting67

Earth, they are sometimes referred to as the ’dynamic’ effect or contribution to the full68

geoid.69

A much earlier but equally important realization that came out of pioneering stud-70

ies of global gravity (see Chase, 1985) is the fact that neither gravity nor geoid anoma-71

lies can define their causative mass distribution uniquely. Spectral decompositions (spher-72

ical harmonic analysis, power spectrum) of the geoid offer additional insights, but they73

cannot remove completely the ambiguity in determining the depth vs. lateral extension74

of the causative density anomalies (i.e. is the anomaly deep or shallow and laterally ex-75

tended?); all density anomalies inside the Earth contribute to all degrees and orders in76

a spherical or elliptical expansion of the geoid (cf. Liu & Zhong, 2015, 2016; Chase, 1985).77

This creates a significant problem when attempting to fit geoid observations with den-78

sity models that consider only a portion of the planet (e.g. a finite domain of the up-79

per mantle). In such cases, the effect of density anomalies outside the region of inter-80

est need to be either removed from the full geoid or accounted for during modelling; the81

former case is the most common in practice. A relevant example is the study of the struc-82

ture and dynamics of the lithosphere-asthenosphere system using gravity/geoid data (e.g.,83

Afonso et al., 2019; O’Donnell et al., 2011). Depending on the specific goals of the study,84

the contributions of either sublithospheric or lower mantle density anomalies need to be85

filtered out from the observed geoid in order to avoid the density model from being con-86

taminated by the effect of deep (and unmodelled) density anomalies. Other ’classical’87

examples are the application of spectral analysis of the geoid (and topography) to de-88

termine possible differences in the convection patterns of the upper and lower mantle (e.g.,89

Fleitout & Moriceau, 1992; Rong-Shan, 1989) and to constraint the viscosity structure90

of the mantle (e.g., Č́ıžková et al., 1996; Panasyuk & Hager, 2000a; Kido et al., 1998;91

Čadek et al., 1998).92

There are theoretical and empirical arguments that support the common concep-93

tion that deep, large-scale density anomalies (e.g. undulations of the core-mantle bound-94

ary, ancient slabs in the lower mantle) contribute primarily to the low-order terms of a95

spherical harmonic expansion of the geoid, whereas shallower, smaller anomalies tend96

to contribute more significantly to the higher degrees and orders (Hager, 1984; Doin et97

al., 1996; Featherstone, 1997; Chase, 1985; Bowin, 1983, 2000; Chase et al., 2002; Golle98

et al., 2012; Coblentz et al., 2011). This ansatz has allowed a number of researchers to99

use different types of spectral filtering to remove (more precisely, minimize) the effect100

of deep density anomalies from the complete geoid when studying the shallow structure101

of the Earth. One of the most popular filtering approaches consists of removing a low-102

degree ’reference’ geoid from the full geoid (e.g., McKenzie et al., 1980; Marks et al., 1991;103

Coblentz et al., 2015; Afonso et al., 2019; Fullea et al., 2021). This reference geoid is com-104

puted as a spherical expansion up to a certain threshold degree considered to represent105

a limit for contributions from deep, unmodelled density anomalies(Hager, 1984; Doin et106

al., 1996; Featherstone, 1997; Chase, 1985; Bowin, 1983, 2000; Chase et al., 2002; Golle107

et al., 2012; Coblentz et al., 2011). A slightly more sophisticated approach uses multi-108

taper strategies to minimize undesirable artifacts that arise from sharp truncations of109

the harmonic expansion (e.g. Gibbs oscillations; (Afonso et al., 2019; Coblentz et al., 2015;110

Marks et al., 1991)).111

The residual (filtered) geoid that results from removing the reference low-degree112

geoid is sometimes referred to as the ’upper mantle geoid’ (e.g., Coblentz et al., 2015),113

as it is supposed to reflect primarily density anomalies in the upper mantle. Numerous114

works provided empirical evidence for removing degrees and orders below 8 - 11 when115

studying large-scale lithospheric structure and/or upper mantle features (cf. Afonso et116

al., 2019). For instance, in our previous study of global lithospheric structure (Afonso117
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et al., 2019), we experimented with a number of filtering options and data sets and chose118

to remove orders and degrees < 8 and roll off (i.e. smoothly dampen) spherical harmonic119

coefficients between degrees 8 and 12 using a cosine taper function. In other words, wave-120

lengths > ∼ 4700 km were completely removed, those between 4700 km and 3200 km121

were rolled off, and those < 3200 km were preserved intact. Although such an approach122

is theoretically and empirically supported (see Supplementary material in Afonso et al.123

(2019)), and provides a practical solution for regional lithospheric studies, it is ultimately124

incorrect. Long-wavelength density anomalies that could contribute to orders and de-125

grees < 8 are expected to exist above the mantle transition zone (e.g. continent-ocean126

distribution, hot-spots distribution, subducted slabs). However, their relative contribu-127

tions to the residual geoid and their effects on density models of the lithosphere and up-128

per mantle remain obscure. For instance, some authors have included the full contribu-129

tion of lower degrees and orders (even down to degree 4) in their upper mantle geoid mod-130

els (e.g. Chase et al. (2002); Coblentz et al. (2011); Afonso et al. (2019)). As mentioned131

above, although it is expected that orders and degrees < 8-10 would contain a contri-132

bution from upper mantle density anomalies, including their full contributions (complete133

harmonic coefficients) in a harmonic expansion is unwarranted a priori and it would likely134

result in an overestimation of the size and magnitude of the causative density anoma-135

lies.136

Although the spectral filtering approach has been the preferred option to obtain137

upper mantle geoid models, a more direct strategy (hereafter referred to as the ‘direct138

approach’) would be to compute the effect of all masses below the upper mantle (i.e. be-139

low 410 km depth) and remove it from the full non-hydrostatic geoid, thus obtaining the140

‘true’ upper mantle geoid. The main difficulty with the direct approach is that it requires141

a reliable lower mantle density model, which traditionally have been difficult to obtain142

due to i) the relatively low resolution of earlier global tomography models used to con-143

vert velocities into density anomalies and ii) the uncertainties in the velocity-density con-144

version factors. Yet, the past decade has seen the generation of a number of high-resolution145

global models that warrant the reassessment of current practices for obtaining upper man-146

tle geoid models and their geophysical-geodynamic implications. We note that a simi-147

lar direct strategy was used by Hager (1984) to obtain his famous ’slab’ residual geoid.148

In this paper, we argue that the recent model of Lu et al. (2020) offers a plausi-149

ble and practical choice for testing and applying the direct approach. The model cre-150

ated by these authors (henceforth referred to as SGM20) is based on the joint inversion151

of multiple geodynamic observations and an extensive dataset of seismic travel times for152

multiple phases and their surface bounce equivalents. It constitutes an important up-153

date from an earlier and similar global model (GYPSUM, Simmons et al. (2010)) and154

benefits from over two decades of continuous development. The SGM20 model also con-155

siders dynamic effects of deep mantle convection and uses improved, depth-dependent156

velocity-density scaling factors constrained by an exhaustive mineral physics database157

(Lu et al., 2020). In the following, we will use the lower mantle density structure (includ-158

ing the mantle transition zone) from SGM20 to obtain a range of representative mod-159

els of the upper mantle geoid. In doing so, and making use of additional high-resolution160

upper mantle seismic models, we will put realistic constraints on the contributions from161

degrees and orders < 9 arising from upper mantle density anomalies. Our final residual162

geoid will be useful in studies assessing dynamic topography, crustal structure, lithospheric163

stresses, thermochemical structure of the lithosphere and basin analysis, to name a few.164

2 The non-hydrostatic geoid165

2.1 Synthesis and data166

Here we work with the non-hydrostatic geoid rather than the more common ‘geode-167

tic’ or true geoid. We do so because of two main reasons. First, being a measure of the168

–4–



manuscript submitted to Journal of Geophysical Research: Solid Earth

Figure 1. A) Observed geodetic geoid height and its power spectrum. B) Observed non-

hydrostatic geoid height and its power spectrum . C) Geoid signal predicted by the lower mantle

density structure (strictly, densities below 400 km depth) of the SGM20 model and its associated

power spectrum. D) Difference between the non-hydrostatic and geodetic geoid and correspond-

ing power spectrum.

deviations from hydrostatic conditions in a rotating fluid planet (Chambat et al., 2010;169

Nakiboglu, 1982), the non-hydrostatic geoid is easier to interpret in terms of geodynamic170
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processes and the associated internal (re)distribution of masses. Second, for consistency171

with the SGM20 model, which was derived by fitting predictions to non-hydrostatic grav-172

ity anomalies explicitly considering viscous flow in a compressible self-gravitating man-173

tle as well as the gravitational contributions of the deformation of the surface and the174

core-mantle boundary induced by dynamic stresses in the mantle. Regardless of our work-175

ing choice, our non-hydrostatic upper mantle geoid can be easily converted into its geode-176

tic equivalent by changing the reference (in practice, one needs only to change the spher-177

ical harmonic coefficients C20 and C40 in the expansion; see below).178

We expand the Earth’s gravitational potential in spherical harmonics as:

N =
GM

rγ

lmax∑
l=2

(a
r

)l l∑
m=0

flmPlm (cosϕ)

flm = (Clm cosmλ+ Slm sinmλ)

(1)

Where N is the observed geoid anomaly at a point on the Earth’s surface located at lat-179

itude ϕ, longitude λ and radius r; G is the gravitational constant, M the Earth’s total180

mass, γ the normal gravity at the Earth’s surface, a the semi-major axis of the reference181

ellipsoid, Clm and Slm are fully normalized coefficients of the spherical harmonic expan-182

sion, Plm(cosϕ) are fully normalized associated Legendre functions and n and m are the183

degree and order of the expansion, respectively. For a sphere of radius R, each spher-184

ical harmonic degree l has an equivalent wavelength λ on the surface of the sphere, given185

by the Jeans relation, λ = 2πR/l(l + 1) ≈ 2πR/(l + 1/2). All spherical harmonic syn-186

theses and analyses in this work are performed with a modified version of the code de-187

scribed in Wang et al. (2006).188

The observed geoid data is taken from the Earth Gravitational Model 2008, which189

includes degrees and orders up to 2159, with additional coefficients up to degree 2190190

and order 2159 (Pavlis et al., 2012). In order to compute non-hydrostatic geoid anoma-191

lies (i.e. geoid undulations referred to the equilibrium hydrostatic ellipsoid), we replace192

the spherical harmonic coefficients C20 and C40 in Eq. 1 with those computed by Chambat193

et al. (2010). Figure 1 shows a comparison between the geodetic and the non-hydrostatic194

geoid. As mentioned before, the difference between the two is only significant for even195

degrees 2 and 4 and order 0 (Chambat et al., 2010), with |C20| being ∼ 486 times larger196

than |C40|.197

2.2 Power spectrum and degree correlation198

Since the full spectrum analysis of a modern geoid model involves many harmon-
ics, here we adopt the common practice of summarizing the power spectrum of the geoid
by the combined amplitudes of all orders (0 ≤ m ≤ l) for each degree l:

σ2
l =

l∑
m=0

[
(Clm)

2
+ (Slm)

2
]

(2)

where σ2
l is so-called degree variance; its square root is often used to denote the varia-199

tion of the amplitude spectrum, which indicates the relative power of each wavelength200

(degree) to the total signal.201

A related and useful concept that we will use below is that of the degree-correlation202

function, which is a measure of per-degree similarity between two spherical harmonic ex-203

pansions (e.g. different geoid models in the present context; e.g., Kaula (1967); O’Connell204

(1971); Lambeck (1976); Cazenave et al. (1986); Wieczorek (2007); Forte et al. (2010)).205

For a given harmonic degree l, the correlation coefficient between two potential fields A206

and B is207
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Dl(A,B) =

∑l
m=0(C

A
lmCB

lm + SA
lmSB

lm)

σA
l σ

B
l

(3)

where CA
lm, CB

lm, SA
lm and SB

lm, are the spherical harmonic coefficients and σA
l and208

σB
l the square roots of the respective degree variances. The correlation coefficient is di-209

mensionless, and satisfies the relation −1 ≤ Dl ≤ +1.210

Figure 1 shows the power spectrum of the full non-hydrostatic geoid, displaying the211

typical power-law rule of the form σ2
l ∼ (2l+1)(10−5l−2)2 (Kaula’s Rule; Kaula (1967)).212

The power spectrum is clearly dominated by degrees 2-4, which amount to more than213

64% of the geoid signal. It is now well-known that degrees 2 and 3 are predominantly214

generated by flow-related anomalies in the deep mantle (Bowin, 1983, 2000; Hager & Richards,215

1989; Hager et al., 1985; Ricard et al., 1989; Richards & Hager, 1984; Hager, 1984; Liu216

& Zhong, 2015, 2016) and therefore models of the upper mantle geoid should have a neg-217

ligible power associated with these degrees. Indeed, when we look at the square root of218

the degree variance and degree correlation predicted by the lower mantle contribution219

of the SGM20 model, we see that the great majority of the full geoid signal at degrees220

2 and 3 is explained by the density field at depths > 400 km (Fig. 1). In other words,221

the relative difference in the predicted and observed σ2
l is small (i.e. the power of the222

SGM20 ‘lower mantle’ geoid is similar to that of the full observed geoid) and Dl(obs, SGM20)223

is high (i.e. the spatial pattern of the SGM20 ‘lower mantle’ geoid is similar to that of224

the full observed geoid; Suppl. Figs. S3 and S7). These observations suggest plausible225

dual criteria for obtaining a residual upper mantle geoid and representative contributions226

of all relevant degrees and orders. We describe these criteria in the next section.227

3 The residual upper mantle geoid228

We begin by generating a preliminary residual geoid, hereafter referred to as UMG1,229

by subtracting the SGM20 ‘lower mantle’ contribution from the full, observed non-hydrostatic230

geoid. By ’SGM20 lower mantle contribution’ we mean the signal predicted by the SGM20231

density structure at depths > 400 km, including the effects of viscous flow, compress-232

ibility, self-gravitation and core-mantle boundary ellipticity (Lu et al., 2020). The UMG1233

model is a continuous function f(λ, ϕ) over the Earth’s surface and therefore it can also234

be expanded in spherical harmonics (Fig. S1A).235

Since degrees 2 and 3 are dominated by density heterogeneities well below the up-236

per mantle (e.g., Hager & Richards, 1989; Hager et al., 1985; Ricard et al., 1989; Richards237

& Hager, 1984; Hager, 1984; Liu & Zhong, 2015, 2016), we can confidently remove any238

residual contribution from these degrees from UMG1 without loss of generality or ac-239

curacy. The case for orders 2 and 3 is less straightforward due to their dependence on240

latitude. Degrees l > 3 in the spherical harmonic expansion can also contain a signif-241

icant contribution from their associated orders 2 and 3 (i.e. terms C43, C42, etc). This242

is indeed the case, as shown in Suppl. Fig. S1B. At low latitudes, these contributions243

represent very long-wavelengths linked to deep anomalies and therefore they should be244

also removed from the expansion. Conversely, the same orders at high latitudes are as-245

sociated with much shorter wavelengths, and they likely contain a considerable contri-246

bution from shallow density anomalies. We therefore apply a latitude-dependent filter247

to orders 2 and 3 of degrees 4-11 (the effect for degrees higher than ∼ 10 is negligible).248

f
′

lm = flm − w(ϕ)flm

∣∣∣l=4...11

m=1,2
(4)
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where f
′

lm is filtered form of flm in equation 1 and w(ϕ) has the form

w(ϕ) =

 r

Dequ
× arctan(

√
(cosϕ · sin(∆λ))

2
+ (cosϕ · sinϕ− sinϕ · cosϕ · cos(∆λ))

2

sinϕ · sinϕ+ cosϕ · cosϕ · cos(∆λ)
)

α

(5)

where 0 ≤ w(ϕ) ≤ 1, ϕ is latitude in radians, r is the Earth’s radius, Dequ is the length249

of a degree of longitude at the equator (Dequ ≃ 111.17 Km when ϕ=0) and ∆λ is a con-250

stant equivalent to a degree of longitude in radians (∆λ = π/180). The effect of α on251

the shape of the filter is shown in Suppl. Fig. S2. Higher values of α produce a more rapid252

decay of the orders 2-3 with latitude. The resulting residual upper mantle geoid, referred253

to as UMG2, is shown in Fig. 3A.254

Summarizing, what we have done so far is i) to remove the lower mantle contribu-255

tion from the full non-hydrostatic geoid using the density structure of model SGM20 (UMG1)256

and ii) filter out degrees 2 and 3 from the residual UMG1 model as well as orders 2 and257

3 with a latitude-dependent filter (obtaining the UMG2 model). The pattern of highs258

and lows in UMG2 resembles surface tectonic features much closer than either the full259

geoid (Fig. 3A) or UMG1 (Fig. S1A). However, its power is dominated by the low de-260

grees 4-7 and peak-to-peak geoid amplitudes between MORs and abyssal plains along261

corridors of oceanic lithosphere that have not been affected by plume activity are around262

twice as large as those predicted by models of lithospheric cooling (cf. Haxby and Tur-263

cotte (1978); Sandwell and Schubert (1980); Marquart (1991); Doin and Fleitout (1996);264

Sandwell (2022)). Also, the asymmetric nature of the low harmonic terms of order 0 is265

exceedingly large, resulting in large positive anomalies around the arctic circle and large266

negative ones around the south pole. We also note that the geoid variation across the267

Arctic basin and the northern Russian platform is also much larger than that expected268

from its isostatic state and lithospheric structure (Lebedeva-Ivanova et al., 2019; Pease269

et al., 2014; Ji et al., 2021).270

These observations are not surprising given i) the fact that the amplitudes of the271

harmonic coefficients increase exponentially as we move towards low degrees/orders (Kaula’s272

rule) and ii) that the power spectrum is a function of the absolute amplitudes of the har-273

monic coefficients (eq. 2). This means that even though the SGM20 ‘lower mantle’ con-274

tribution explains well the low degrees of the total geoid (Fig. 1), any small misfit is in275

fact disproportionately large in absolute value when compared to the contributions from276

higher degrees. This scaling issue can be easily removed (or at least, largely minimized)277

by working with relative contributions per degree.278

Given the complex joint inversion used to create model SGM20, we do not have279

a straightforward and rigorous way of assessing how much of the absolute magnitude of280

the upper mantle signal is contaminating the lower mantle structure of SGM20 (and vice281

versa) or the quality of fit for data sensitive to the lower mantle. However, we can get282

useful additional information on relative contributions from comparing the degree cor-283

relation between the lower mantle geoid from SGM20 and the full geoid for each degree.284

Borrowing from the observations in Section 2.2, the main idea is that the greater the sim-285

ilarity of spatial patterns between the lower mantle geoid and the real geoid for specific286

degrees, the greater the relative contribution from deeper sources to those degrees in the287

full geoid. For instance, if the correlation for degree l between the full geoid and the lower288

mantle geoid is 100%, we can assume that most of the power of degree l is explained by289

the lower mantle density structure (plus other dynamic effects accounted for by the SGM20290

model). By the same token, a low correlation for degree l means that there is a small291

relative contribution of structures deeper than 400 km to the power associated with that292

degree.293

Although valid and instructive as an analysis tool, this comparison is semi-quantitative294

at best given the potential uncertainties in the original SGM20 model and the natural295
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ambiguity of spherical harmonics treatments of potential field data. With this caveat,296

we use the above idea to define a correction factor per degree to better estimate the relative297

contributions from deep vs shallow density anomalies to the power spectrum. This fac-298

tor has the form299

Rl = 100× [1 + βDl(geoid, SGM20)]/(1 + β) (6)

Where Dl(geoid, SGM20) is the degree correlation coefficient defined in Eq. 3, between300

non-hydrostatic geoid and SGM20 (see Suppl. Fig. S3), and β is a weighting factor. With301

this definition, Rl is non-dimensional and tends to a minimum when β is increased (see302

figure 2), indicating that degree l is dominated by density anomalies above 400 km depth.303

We calibrated β so as to produce peak-to-peak geoid variations between MORs and un-304

perturbed old oceanic lithosphere of the same order as those predicted by cooling mod-305

els of oceanic lithosphere (cf. Haxby and Turcotte (1978); Sandwell and Schubert (1980);306

Marquart (1991); Doin and Fleitout (1996); see also Fig. 9C). We only apply this scal-307

ing for degrees <10, as its effect is negligible for degrees > 10-11 (i.e. the effects of deep308

density anomalies are small at these degrees, e.g. Lu et al., 2020). We corroborated the309

latter assumption by testing the effects of changing the cut-off degree (and thus the value310

of β) from 9 to 15. We have also computed the complement to the above correlation, namely311

the degree correlation per degree of two recent upper mantle geoid models (see Suppl.312

Material, Fig. S4) and confirmed that, as expected, the correlations tend to increase steadily313

with degree (i.e. the upper mantle density models explain higher degrees increasingly314

better).315

0 5 10 15 20
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95

100
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)
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Figure 2. Variation of factor Rl versus weighting factor β (See Eq. 6)

The anomaly pattern of the final upper mantle residual geoid (i.e. after applying316

corrections 5 and 7), hereafter referred to as UMG3, is shown in Fig. 3B together with317

its power spectrum. The spatial pattern of anomalies of UMG3 correlates exceedingly318

well with major surface tectonic and topographic features, such as mid-ocean ridges (MORs),319

orogenic plateaus and large sedimentary basins in low-lands. As expected, peak-to-peak320

geoid variation between MORs and abyssal plains along corridors of oceanic lithosphere321

that have not been affected by plume activity is now within the predicted range from322

plate cooling models. Compared to the power from degrees >= 10, the power spectrum323

of UMG3 shows only a small contribution from degree 4, modest power contributions324

from degrees 7-9, and a considerable contribution from degrees 5 and 6 (especially the325

term of degree 5 and order 0; see Suppl. Material Fig. S1).326
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Figure 3. A) The residual model UMG2, obtained by filtering out degrees 2 and 3 and orders

2 and 3 (with a latitude-dependent filter) from model UGM1. B) The final ‘upper mantle’ geoid

model UMG3. D) Power spectra of models UMG3 (black line) and UMG2 (red line).

Figure 4B shows the spectrum of the degree correlation of UMG3 with topogra-327

phy. For comparison, we also plot the spectrum of the full non-hydrostatic geoid. We328

see that while no coherent correlation exists for low orders in the full geoid, there is a329

consistent positive correlation for degrees >6-7. This observation has been long known330

(e.g. Kaula (1967); Toksöz et al. (1969); Lambeck (1976)) and it applies to both isostatically-331

corrected and raw topography. Based on comparisons between isostatic models of the332

gravity potential and the real geoid, Lambeck (1976, 1979); Rapp (1982a), among oth-333

ers, concluded that this positive correlation between the full geoid and surface topog-334

raphy can be attributed to shallow density anomalies (including the topography itself)335

that are close to isostatic equilibrium, rather than to dynamic density anomalies deeper336

in the mantle (note that these comparisons were made for crustal compensation mech-337

anisms only). Similar conclusions were also put forward by other authors (e.g. McKenzie338

(1966); Kaula (1967)). As seen in Fig. 4, the pattern of correlation for both the full geoid339

and the UMG3 model are somewhat similar. Indeed, the powers for degrees >10 remain340
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close, supporting the well-known view that lower mantle structure does not significantly341

affect topography or its compensation at degrees > 10-11. On the other hand, the pos-342

itive correlations associated with the full geoid for degrees 6-10 have lost power in the343

case of the upper mantle geoid. The reason behind this observation is difficult to con-344

straint unequivocally, but the patterns in Figs. 3 and Supplementary Fig. S5 and S6 do345

indicate that at least some of the anomalies below 400 km depth in the SGM20 model346

contribute to topography at these degrees. We discuss this further in Section 4.2.347
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Figure 4. A) Correlation coefficients between topography and non-hydrostatic geoid for indi-

vidual degrees B) Same as A) but for model UMG3. Dashed blue contours illustrate confidence

levels of 99%, 98%, 95%, 90% and 80% (a confidence level of 95% indicates a 5% probability that

the observed correlation is random).

There is also a strong negative correlation between the geoid and topography at348

degree 5 (Fig. 4); this is true for both the full (see also Lambeck (1976); Rapp (1982b)349

) and the residual upper mantle geoid. The strong power of degree 5 in both power spec-350

tra clearly points to the presence of density anomalies in the first 400 km with dominant351

half-wavelengths λ/2 ∼ 3000-4400 km. The fact that the degree correlation between the352

UMG3 model and topography is strongly negative while that for degrees > 6-7 is con-353

sistently and increasingly positive is also indicative of different processes operating in354

the upper mantle at these wavelengths and contributing differently to the geoid signal.355

In this context, it is interesting to note that the power spectrum of the Earth’s topog-356

raphy has high and similar powers at degrees 4 and 5, after which there is a marked break357

in the slope of the spectrum (Fig. 5). The power of higher degrees decay quickly after358

degree 5, following a typical power law. These observations and the nature of degrees359

5 and 6 in the power spectrum of upper mantle geoid models have been hardly identi-360

fied or addressed in previous studies. We return to this observation in Section 4.2.361

4 Discussion362

4.1 Comparison with previous models363

Figure 6 shows a comparison between our new residual geoid (UMG3) and three364

other models of the upper mantle geoid. Fullea et al. (2021) removed the contributions365

from degrees 2 and 3 from the full geoid in their study of upper mantle structure, leav-366

ing the full contributions of harmonic terms =>4. Although these authors also tested367

the effects of truncating the geoid at degree 9 (see their Appendix C), their results and368

interpretations were based on the geodetic geoid sharply truncated at degree and order369

4. Our previous analysis suggests that preserving the full (degrees and orders) contri-370

bution of harmonic terms 3 < l < 8, which dominate the power spectrum of their filtered371

geoid model (see Fig. 6) and are likely related to deep anomalies, remains unwarranted372
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Figure 5. Square root of degree variance of the Earth’s global topography.

and could result in considerable and undesirable artifacts in the derived density struc-373

ture of the lithosphere.374

The upper mantle geoid of Coblentz et al. (2015) was generated by removing spher-375

ical harmonic terms of degree/order < 6 and > 355; a cosine taper was applied to terms376

between degrees 6 and 9. This approach is similar to that used by Chase et al. (2002),377

who presented a similar upper mantle geoid model in their study of the Colorado Plateau378

(we do not show this geoid model as it is almost identical to that of Coblentz et al. (2015)).379

The only difference is that the latter authors preferred to remove harmonic terms < 7,380

therefore their upper mantle geoid exhibits somewhat lower amplitudes.381

The upper mantle geoid of Afonso et al. (2019) was obtained based on a hybrid empirical-382

theoretical approach that involved i) a detailed analysis of the contributions of density383

anomalies of different sizes and at different depths to each harmonic degree of the geoid384

and ii) multiple inversions of real data filtered at different degrees. These authors con-385

cluded that removing orders and degrees < 8 and rolling off spherical harmonic coeffi-386

cients between degrees 8 and 12 using a cosine taper function provided the best compro-387

mise. However, recognising that the effect of mass anomalies below 400 km was non-negligible388

on a filtered geoid up to degree and order ∼ 10, they also estimated possible contribu-389

tions from deep anomalies using a global tomography model (Panning & Romanowicz,390

2006) and removed them from their filtered geoid.391

Given the differences and/or similarities in the above approaches, it is not surpris-392

ing that the UMG3 model is most similar to that of Coblentz et al. (2015) and Afonso393

et al. (2019). Compared to the model of Coblentz et al. (2015), UMG3 exhibits overall394

smaller amplitudes. As explained further below, this is mainly a consequence of the large395

residual contributions from degrees 7 and 8 in the model of Coblentz et al. (2015). A closer396

inspection reveals some significant differences, e.g. in eastern China, in India and its oceanic397

surroundings and around the Reykjanes ridge. The pattern in the UMG3 model seems398

to be in closer agreement with the abundant seismic and geochemical evidence of litho-399

spheric mantle erosion and upper mantle upwellings in eastern China (e.g., Zhang et al.,400

2009). Likewise, recent tomography and gravity models in the North Atlantic do not seem401

to indicate large asymmetries in the upper mantle (i.e. above 400 km) across the Reyk-402

janes ridge (Delorey et al., 2007; Celli et al., 2021; Minakov & Gaina, 2021) which would403

induce the strong asymmetric anomalies observed in Fig. 6D (although such anomalies404

may exist in the transition zone and uppermost lower mantle; e.g. Celli et al. (2021)).405

The differences in India are somewhat more puzzling. The model of Coblentz et al. (2015)406

preserves a much stronger negative geoid signal coinciding precisely with the location407

of the controversial Indian Ocean Geoid Low (IOGL), the largest negative anomaly in408

the full geoid. This large low in their upper mantle geoid affects (decrease) the values409
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Figure 6. A comparison between UMG3 and three other models of the upper mantle geoid.

A) WINTERC (Fullea et al., 2021), B) LithoRef18 (Afonso et al., 2019), C) the model of

(Coblentz et al., 2015), D) UMG3.

in the adjacent continental lithosphere as well, which also shows negative values. This410

is somewhat unexpected given the surface topography across the ocean-continent tran-411

sition in southern India. An inspection of the individual contributions of each degree (Suppl.412

Material; Fig. S7) reveals that degrees 3, 5, 6, 8 and 9 contribute significantly to the low413
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values of the IOGL. Degrees 3 and 8, in particular, contain most of the power. Since the414

filtering strategy of Coblentz et al. (2015) results in a residual geoid with a large con-415

tribution from degree 8 (Fig. 6), it is not surprising that the IOGL is more prominent416

in their model. This also applies to other anomalies with a strong contribution from de-417

gree 8 (e.g. the low between Mozambique and Madagascar, the extreme high-low pairs418

in the Nazca plate and between the eastern Aleutian trench and the north Pacific plate;419

see Fig. S7 in Suppl. Material).420

The similarity between the UMG3 model and that of Afonso et al. (2019) is strik-421

ing, although the present model shows a clearer correlation with known surface features422

in the ocean (particularly in the Pacific), a slightly larger peak-to-peak amplitude be-423

tween MORs and undisturbed abyssal plains and stronger negative amplitudes over north-424

America. The asymmetric nature of the harmonic term of degree 5, order 0 is also more425

evident in the UMG3 model, with broad but small positive anomalies in the Arctic re-426

gion and negative anomalies around the south pole. We emphasize that the close agree-427

ment between these two models is far from coercive and it should not be taken lightly.428

These two upper mantle geoid models have been obtained from different sources (e.g.429

different tomography/lower mantle models), following considerably different approaches430

(filtering/hybrid vs direct). The fact that these two approaches converged to similar mod-431

els is encouraging and adds confidence to the representativeness of the present model.432

In the next section, we discuss additional evidence in support of our results.433

4.2 Contribution from low degrees to the upper mantle geoid434

We have pointed out in the previous section that the upper mantle geoid contains435

only modest contributions from harmonic degrees 4, 7 and 8, and a considerable contri-436

bution from harmonic degrees 5 and 6 (Fig. 6D). This indicates that significant density437

anomalies with half-wavelengths λ/2 ∼ 3000-4400 km may exist in the upper 400 km of438

the Earth. If this is true, we should expect to see a similar pattern of seismic anoma-439

lies in modern global tomography models of the upper mantle (under the reasonable as-440

sumption that a sizable fraction of both density and velocity anomalies are controlled441

by the same physical variable, namely temperature). By implication, a strong correla-442

tion between the upper mantle geoid and tomography models at degree 5 is also expected.443

We plot the anomaly patterns of both our residual upper mantle geoid and those444

from a recent shear-wave tomography model (Schaeffer & Lebedev, 2013) at four differ-445

ent depth intervals in Figure 7. The power spectrum of the degree correlation between446

these two models is depicted in fig. 8; their per-degree expansions are shown in Suppl.447

Fig. S8. It is immediately apparent from these figures that there is a strong degree 5 com-448

ponent in the velocity anomalies at depths from 80 to 350 km. The component related449

to degree 6 is also prominent in the depth range 80-300. In this latter depth interval, the450

correlation coefficients between the SL2013 model and UMG3 range between 0.7-0.9 and451

0.55-0.75 for degrees 5 and 6, respectively (Fig. 8). As expected, the power of the de-452

gree correlation tends to decrease more or less steadily with degree and depth for degrees453

> 11-13. In other words, the higher the degree or the deeper the slice of seismic anoma-454

lies, the smaller the correlation between the two fields. Other recent seismic models of455

the upper 400 km of the Earth (French & Romanowicz, 2014; Pasyanos et al., 2014; Sim-456

mons et al., 2010; Fichtner et al., 2018), including the upper mantle component of SGM20,457

show similar power spectra and degree correlations (not shown here).458

It seems clear, therefore, that the contributions of degrees 5 and 6 to the upper man-459

tle geoid obtained in Section 3 are not artifacts, but a real effect arising from the thermal-460

density structure of the first ∼ 350 km, including slabs (cf. Cazenave et al. (1989)). In-461

deed, the degree 5 pattern of the SL2013 tomography model in the depth range 80-200462

km shows positive (fast) seismic anomalies located near regions where old oceanic litho-463

sphere and thick continental lithospheric roots are known to exist (e.g. North America,464
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UMG3

Figure 7. A-E) depth-averaged velocities from model SL2013 for different depth intervals. F)

UMG3 model.

Western Australia, West African Craton, western Pacific; Fig. S8). In contrast, the strongest465

negative (slow) anomalies tend to be located near regions where upper mantle upwellings466

have been inferred either from joint geodynamic-geophysical inversions (e.g. Rowley et467

al. (2016); Schubert (2015); Forte et al. (2010)), from stratigraphic records (Hoggard et468
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al., 2016; Flament et al., 2013; Rowley et al., 2013; Moucha et al., 2008) or from the lo-469

cation of MORs and rifts/hot-spots (e.g. Afar, Tristan Da Cuhna; Figs. 6D and S8).470
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Figure 8. Per-degree correlation coefficients between the UGM3 model and the SL2013 seis-

mic velocity model at different depth intervals. Dashed blue lines indicate the confidence levels of

99%, 98%, 95%, 90% and 80%.

The point raised above bears implications for another curious observation made471

in Section 3 regarding the correlation between topography and upper mantle geoid. We472

have already shown that the full geoid shows a consistent positive correlation with to-473

pography for harmonic degrees 6 and above (Fig. 4). The residual upper mantle geoid474

UGM3 exhibits a similar pattern, but the positive correlation becomes clearer for degrees475

> 7, with degrees 6 and 7 showing a poor correlation. In both cases (full and upper man-476

tle geoid), however, degree 5 shows a strong and negative correlation. If we accept the477

common view that the positive correlation for higher degrees is related to (mostly) iso-478

statically compensated near-surface density anomalies of equivalent half-wavelengths λ/2479

∼ 3000-2000 km (e.g. Lambeck (1976, 1979); Rapp (1973); Cazenave et al. (1992), and480

to non-compensated short-wavelength topographic features (Le Stunff & Ricard, 1995),481
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then the mechanism responsible for a strong negative correlation between geoid and to-482

pography has to be equivalent to a downward pull of positive topography or an upward483

push of negative topography (i.e. overcompensation). Such effect is precisely what dy-484

namic effects related to convection flow in the sublithospheric mantle would produce. Forte485

et al. (1993) was among the first to use seismic tomography and mantle flow models to486

suggest that some long-wavelength gravity lows in cratonic areas were the result of down-487

going flow associated with a dense and thick lithosphere. Although the absolute mag-488

nitude of this effect is highly contentious (cf. Panasyuk and Hager (2000a); Le Stunff489

and Ricard (1995); Flament et al. (2013); Davies et al. (2019)), deep lithospheric roots490

do tend to either nucleate or force downwellings in a convecting mantle that can exert491

a ’suction effect’ over long wavelengths; this depresses surface topography and decreases492

the geoid signal. Similarly, upwellings are focused in regions of thin lithosphere and can493

produce surface topography to bulge, which in turn increases the geoid signal. We note494

that the actual dynamic effect on topography does not have to be large to produce con-495

siderable changes in the geoid. This is because the air/water to rock density contrast is496

large and close to the surface; a modest depression of continents with positive topogra-497

phy and close to isopicnicity (Jordan, 1978) can result in a significant geoid reduction.498

This concept is also in agreement with other recent models of present-day sublithospheric499

mantle flow (Bredow et al., 2022; Simmons et al., 2010; Rowley et al., 2016; Lu et al.,500

2020). In this context, we note that the recent estimate of global dynamic topography501

by Davies et al. (2019), in which lithospheric structure was accounted for, shows con-502

siderable power at degrees 5 and 6.503

There is one more observation of relevance to our discussion, namely the power spec-504

trum of topography itself (Fig. 5). As mentioned in Section 3, there is a sharp break in505

the slope of the spectrum at degree 5. The lack of correlation between full geoid and to-506

pography at degrees 2< l < 5 is commonly attributed to the continental masses (Cazenave,507

1995), which contribute significantly to the power of topography but induce negligible508

effects to the geoid due to their general state of isostatic equilibrium. This supports the509

well-known anstaz that long-wavelength geoid undulations are mostly related to deep510

density anomalies of dynamic origin (Richards et al., 1988; Hager, 1984; Hager & Richards,511

1989; Hager et al., 1985). Similar to the power-law behaviour of the geoid’s spectrum,512

the power spectrum of topography for harmonic degrees > 6 also follows a power-law,513

commonly referred to as the Vening Meinesz rule (Vening Meinesz, 1951). However, it514

is not obvious from the power spectrum alone whether degree 5 is part of the ’normal’515

power-law behaviour or part of the ’dynamic’ trend that characterizes low degrees. The516

analysis and interpretation given above regarding the nature of the causative anomalies517

contributing to degree 5 of the upper mantle geoid favour the view that the break at de-518

gree 5 in the topography spectrum represents a ’transition’ between these two main states519

of compensation (i.e. degree 5 contains a mixed contribution from dynamic and isostat-520

ically compensated density anomalies). In this regard, we note that the classic ’slab geoid521

model’ of Hager (1984) and its alleged contributions to degrees 4 to 9 where derived from522

a relatively simple slab model with no consideration of lithospheric structure. Given that523

we have established the critical role of lithospheric structure to the power and degree cor-524

relation of degrees 5 and 6 in the residual upper mantle geoid, the common interpreta-525

tion of a ’purely slab component’ for degree 5 is likely incorrect; at the very least both526

effects (i.e. slabs in the upper mantle and lithospheric structure) are intermingled in the527

upper mantle geoid signal. However, the precise quantification of which process dom-528

inates (if any) the power of degree 5 remains elusive and beyond the scope of this pa-529

per.530

4.3 Uncertainties in the final geoid model531

At present, there are no available uncertainty estimates associated with the SGM20532

density model. Although this precludes us from performing a formal error propagation533

analysis, we can attempt to identify the main sources of uncertainty in the SGM20 model534
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and use these in conjunction with potential uncertainty sources in our approach to ob-535

tain a practical estimate of the uncertainties in our final geoid model.536

Of the many factors that can contribute to the final uncertainty of the SGM20 den-537

sity model, the four dominant ones are i) the irregular coverage of the seismic data (and538

associated lack of resolution of the tomography problem), ii) the linearization of the prob-539

lem, iii) the regularization (smoothing) imposed during the joint inversion and iv) the540

scaling factor to convert velocity anomalies to density anomalies. Using estimates from541

other similar tomography models and recent studies on uncertainty estimates (Becker542

& Boschi, 2002; Van Camp et al., 2019; Auer et al., 2014), we can pose a minimum un-543

certainty for the lower mantle velocity model of no less than 2-4%.544

With respect to point iv) above, Lu et al. (2020) provided comprehensive estimates545

of the uncertainty affecting the scaling factor ρ/V s used to convert velocities to densi-546

ties. Based on their analysis, we can assign a generous uncertainty of ±0.085 to the scal-547

ing factor.

Figure 9. A-B) Lower and upper uncertainty bounds of UMG3. C) UGM3 model; white

boxes denote the corridors of oceanic lithosphere used to obtain parameter β in Section 3. White

stars indicate localities of prominent hotspots. D) Power spectra of UMG3 (black solid line) and

its upper and lower uncertainty bounds (red dashed lines).

548

The major source of uncertainty in our modelling approach, and thus the only one549

considered here (as it overwhelms all other factors) is the calibration of parameter β in550

Eq. 6. This value was estimated based on the condition that peak-to-peak geoid vari-551

ations along corridors of unperturbed oceanic lithosphere should remain close to those552

predicted by lithospheric cooling models. The fact that some additional cooling of the553

sublithospheric mantle can be expected to occur due to small-scale convection beneath554
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the oceanic plate (e.g., Zlotnik et al., 2008; Afonso et al., 2008; Huang & Zhong, 2005)555

puts our estimates at the conservative end.556

Considering all of the above, we apply a standard (linear) error propagation strat-557

egy (Morrison, 2021) to estimate confidence bounds for the power spectra and associ-558

ated spatial patterns of the upper mantle residual geoid. The results, considered as con-559

servative estimates, are shown in Fig. 9. The main difference between these maps is the560

absolute magnitude of the anomalies (although some changes in their relative magnitudes561

are also clear); their spatial patterns remain stable with respect to the underlying un-562

certainties. The effects of these uncertainties on estimates of the density-thermal struc-563

ture of the lithosphere and sublithospheric upper mantle are beyond the scope of this564

paper, as they require multiple large-scale inversions. We therefore leave such an assess-565

ment for a future study.566

5 Conclusions567

We present a new upper mantle geoid model to inform studies of the physical state568

(temperature, composition, density) of the lithosphere and sublithospheric upper man-569

tle. Rather than using pure spectral filtering, our model is based on the application of570

a ’direct approach’, whereby the predicted geoid from a recent global model of density571

for depths > 400 km is removed from the total non-hydrostatic geoid. This preliminary572

residual upper mantle geoid is then analyzed and filtered in the spectral domain to re-573

move remaining and spurious contributions from deep anomalies to obtain a represen-574

tative geoid model of mantle densities above 400 km depth. We use this model and var-575

ious spectral methods to i) constraint the hitherto unexplored contributions of upper man-576

tle density anomalies to the low degrees (4 < l < 8) of spherical harmonic geoid ex-577

pansions and ii) clarify the physical meaning of these density anomalies and their con-578

nection to the physical state of the upper mantle. In particular, we clarify the origin and579

strong contributions of the enigmatic degree 5, which is shown to be controlled by the580

interaction of global lithospheric structure and sublithospheric mantle flow.581
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Figure S1. A) UMG1, the preliminary residual geoid by subtracting the SGM20 ‘lower man-

tle’ contribution from the full, observed non-hydrostatic geoid. B) Power spectrum of the residual

geoid (UMG1) with the contribution to the power from each order and degree. The left vertical

axis refers to the spherical harmonic order, the horizontal axis to the degree of the coefficients.

The red line is square of degree variance of UMG1
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Figure S2. Effect of α on the latitude-dependent weighting factor (see main text). Higher

values of α produce a more rapid decay of the orders 2-3 with latitude.
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Figure S3. Degree correlation between the the full non-hydrostatic geoid and the lower man-

tle component from the SGM20 model (Dl(geoid, SGM20))
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Figure S4. Degree correlation coefficients per degree between the full non-hydrostatic geoid

and the predicted geoid from two upper mantle density models: A) LithoRef18 (Afonso et al.,

2019), B) WINTREC Fullea et al. (2021).
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Figure S5. Maps of individual contributions from each degree for the lower mantle com-

ponent of the SGM20 model (first column) and global topography (second column). The last

column shows the degree correlation plots between the maps in the first and second columns.

Each panel includes the degree correlation value (red text).
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Figure S6. Degree correlation between global topography and the lower mantle component of

the SGM20 model.
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Figure S7. Maps of individual contributions from each degree for the full non-hydrostatic

geoid (first column), the lower mantle component of the SGM20 model (second column) and their

difference (UMG1, third column). The last column shows the degree correlation plots between

the maps in the first and second columns. Each panel includes the degree correlation value (red

text). –7–
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Figure S8. Maps of individual contributions from each degree for UMG3 (first column) and

SL2013 (second column); for the latter we use the average velocity in the depth range 100-200

km. The last column shows the degree correlation plots between the maps in the first and second

columns. Each panel includes the degree correlation value (red text).
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