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 The authors have performed numerical simulations of Stokes flow for a density 

anomaly in the mantle under a variety of different rheological assumptions. These 

simulations are benchmarked against analytical solutions for some of the simpler 

model setups. More complex behaviours are then explored, including using a power 

law rheology for which analytical solutions do not exist. The authors show that the 

rheological choices can have a profound impact on the observed dynamic topography 

observed at the surface. 

 The paper is mostly well written and contains a simple yet powerful illustration 

of some of the potential pitfalls in modelling dynamic topography. Some of the effects 

that are highlighted are already relatively well known, but are worth repeating and are 

useful in combination with the new results for the power-law rheology. My principal 

issue surrounds the motivation for the study, which is ostensibly concerning the 

amplitude mismatch between observed and predicted dynamic topography at long 

wavelengths (spherical harmonic degree ∼ 2). However, I think that the model set up 

means that the main conclusions are probably more applicable for shorter wavelength 

features, and the significance for long-wavelengths mismatch remains under-explored. 

Nevertheless, I still think that this is an elegant illustration of some of the caveats 

associated with mantle convection modelling, and recommend that it be published in 

Solid Earth Discussions.  

 



Main comment: 

Discrepancy between observed and predicted dynamic topography: As you explain in 

Lines 41–55 there is a mismatch between the amplitude of observed residual 

topography and dynamic topography predicted from simulations. Over the last few 

years, there has been a general focus on the long-wavelength (degree 2) components, 

where the driving density anomalies have comparable lateral scales to the depth of the 

mantle. Instantaneous flow kernels (with no lateral viscosity variations) show that the 

effect of features such as a low viscosity asthenosphere are less pronounced at the 

lower degrees than at higher degrees (shorter wavelengths). Thus, I think that the 

experimental set up that you are using is more suited to comparison with shorter 

wavelength density anomalies, and the results on long-wavelength dynamic 

topography predictions could turn out to be less dramatic. 

 

Nevertheless, I think that there is also potentially an issue with amplitudes at short 

wavelengths. Studies that attempt to include the shallow mantle tend to predict larger 

dynamic topography than we observe in residual topography (e.g. Steinberger, 2016; 

Steinberger et al., 2019; Davies et al., 2019). My suspicion is that the conversion 

between seismic velocity and density structure is largely to blame, but your results 

show that the rheological assumptions may also be a significant factor. I therefore 

think that the motivation in your study should probably be more nuanced than it is 

currently written. 

 We are thankful to the reviewer for insightful comments and we agree with the 

reviewer on points made about wavelength of the dynamic topography. In the revised 

version of our manuscript, we put more emphasis on the fact that, shorter wavelengths 

of dynamic topography are being explored and long-wavelengths are currently under-

explored. We also mentioned that all wavelengths become coupled in a non-



Newtonian mantle (Richards and Hager, 1989) and a more realistic rheology for the 

upper mantle should be considered in future works.  

We realize that our paper is well-timed with a recent work by Davies and colleagues 

presenting that it’s of critical importance to consider the non-linear viscosity structure 

of the lithosphere and shallow upper mantle (i.e. dependence on pressure and 

temperature) on global mantle convection models to accurately predict Earth’s 

dynamic topography (Davies et al., 2019). It’s worth to mention that, in our models, 

the viscosity also depends on strain rate, which is critical in inducing local reductions 

in viscosity in regions far beyond the boundaries of the embedded density anomaly (i.e. 

at lower part of the lithosphere). This modulates the effective mechanical thickness of 

the lithosphere and affects the prediction for amplitude of dynamic topography. 

 

We also find the reviewer’s comment on the conversion between seismic velocity and 

density interesting, and useful to mention. We briefly added a statement about it to 

emphasize that such uncertainty might be playing a role in predicting the amplitude 

of dynamic topography in global mantle convection models (Lines 53-55 in the revised 

manuscript). However, in the revised manuscript, we decided not to expand further 

on this as that would be an undertaking beyond the scope of our paper.  

 

Additional comments: 

L15–17 (in abstract): In this sentence, it is unclear that you have shown that using a 

power law rheology reduces dynamic topography and so potentially helps to explain 

this discrepancy. Please clarify, particularly the final sub-clause. 

Thanks. We clarified that sentence. Now, that part of the abstract reads as “In this 

paper, we use 3D numerical experiments to evaluate the extent to which the dynamic 

topography depends on mantle rheology. We calculate the amplitude of 



instantaneous dynamic topography induced by the motion of a small spherical 

density anomaly (~100 km radius) embedded into the mantle. Our experiments show 

that, at relatively short wavelengths (<1,000 km), the amplitude of dynamic 

topography, in the case of non-Newtonian mantle rheology, is reduced by a factor of 

~2 compared to isoviscous rheology.” 

 

L34: “...created by plate tectonic processes.” I think this should be expanded further 

to improve clarity. Essentially, it is dominated by isostatic topography associated with 

variations in the thickness and density of sediments, crust and lithospheric mantle. 

Thanks, we replaced this statement with the following (in Lines 36-38 in the revised 

manuscript): “Because it is typically a low-amplitude and long-wavelength transient 

signal, it is often dwarfed by isostatic topography associated with variations in the 

thickness and density of sediments, crust and mantle lithosphere.”    

 

L34–39: I think that this section is a little misleading. There are two separate types of 

observation: i) the absolute amplitude of dynamic topography at the present-day and 

ii) the rate at which it is changing. Measurements of residual topography constrain the 

former, as you explain in the next paragraph. The couple of sentences here on 

sedimentary basins are more to do with the rates of change, and in that sense are a 

little out of context with the rest of the manuscript. I’d suggest either clarifying this 

issue or removing these sentences. 

We agree with the reviewer. We removed those sentences that were out of the context 

with the rest of the text. 

 



L43: “...isostatic components...” is a little vague. Specifically we want to remove 

isostatic topography arising from sediments, crustal structure and the lithospheric 

mantle if we want to investigate signals arising from deeper mantle convection. 

We replaced “isostatic components” with “isostatically compensated topography” in 

Line 42 in the revised text.   

 

L47: Rather than the accuracy of the measurements, it is more whether the 

measurements are truly a proxy for deeper mantle contributions that depends upon 

the factors you highlight here. 

Thanks. We edited that sentence accordingly by removing “the accuracy of…”. The 

new version is as follows (in Lines 46-48 in the revised manuscript): “However, these 

residuals depend on our knowledge of the thermal and mechanical structure of the 

lithosphere, and therefore may not be an accurate estimation of the deeper mantle 

contribution to the Earth’s topography.” 

 

L59: Repetition of “In this paper...”. 

Thanks, we deleted one of them. 

 

L67: Replace “...lesser magnitude...” with “...lower amplitudes...”. 

Thanks, we edited that sentence. 

 

L85: Replace ρ with ∆ρ and explain the difference between air and water-loaded 

dynamic topography. 

Now, it reads as ∆ρ rather than ρ in the edited version, with a mention on the air and 

water-loaded case. The new version is as follows (in Line 89): “where ∆𝜌 is the density 

difference between the mantle and air (or water assuming a sea-load when e<0) 



(Morgan, 1965a; Houseman and Hegarty, 1987). “ We also simplified the equation a 

bit more (Eq. 2 in the revised text). 

 

L95–96: This is a little hard to read and would benefit from clearer grammar. 

Thanks, we simplified that sentence accordingly. We replaced “…where C2=D2+x2 and 

f = (𝜂$ 	+
'()*+,-,

.
)/(𝜂$ + 𝜂/01232 ), for very viscous sphere (𝜂/01232 ≫ 𝜂$) f=1.5, and 

deformable sphere (𝜂/01232 ≅ 𝜂$) f<1.5.” with “…where 𝐶 = 𝐷. + 𝑥.	and f = (𝜂$ 	+

'()*+,-,
.

)/(𝜂$ + 𝜂/01232). One can find that f=1.5 if the sphere is very viscous (𝜂/01232 ≫

𝜂$), and f < 1.5 for any other case.” 

 

L108: Replace \...normal total stress..." with \...total normal stress...". 

Thanks, we reordered that collection of words in that line, and in places where we use 

them. 

 

L109: \...mass anomaly per unit length..." - what length is this referring too? 

Because Morgan (1965, p.6184) integrated a series of point mass sources spread 

continuously along a line, so that this term comes as a mass per unit length. We 

modified that sentence by giving more information in parenthesis (Lines 112-116 in the 

revised text): “In this case, Morgan (1965a) showed (Eq. 4) that the total normal 

stress induced by the density anomaly is dependent on the mass anomaly per unit 

length (Mu, for point sources integrated along a continuous line), the depth of the 

centre of the sphere (D), and marginally on the ratio of the viscosity of the convective 

mantle to the viscosity of the lithosphere (R=h1/h2).” 

 



L111: This needs a lead in sentence. Something like \Total normal stress can be 

calculated in the Fourier domain according to..." 

We put a beginning statement to indicate that this solution is derived in Fourier 

domain. The following is added (Lines 116-117 in the revised text): “The 2-layer 

problem is treated in Fourier domain with the resulting total normal stress as below:”  

 

L122: Start this sentence with a clause like \Although unrealistic for the Earth, under 

the assumption where..." 

Thanks, we added the following at the beginning of the mentioned sentence (Line 129): 

“Although an unrealistic proposition for the Earth, …” 

 

L140: What is the purpose of this crustal layer? Is it an elastic lid? Does it have a 

rheology that deforms during the simulations? Please clarify. It does not show up in 

the Figure pictures. 

This crustal layer exists in all models. It is visco-plastic, as the mantle, but with 

different viscous rheology (quartzite). The simulations were run to solve for 

instantaneous flow only; therefore, the defined crustal thickness (i.e. 42 km) is the 

same for all models. The crustal layer has been shown in Figure 2 and its physical 

properties were detailed in Table 1. 

 

L159-160: Does this effect happen in all of your simulations? 

We only tested the change in the sensitivity of the solution to the model geometry in a 

model with isoviscous rheology so that we could compare the resulting dynamic 

topography with the analytical solution in order to assess the boundary effects in the 

models. However, this effect could be slightly different for non-linear viscosities which 

we didn’t pursue to investigate. 



 

L169: Qualify what the asthenosphere here refers to. Is it the whole of the rest of your 

model domain beneath the lithosphere? How is the asthenosphere defined? 

We clarified what we mean by asthenosphere, and lithosphere-asthenosphere 

boundary, as well as Figure 3. We prescribe a thermal gradient and the thermal 

lithosphere-asthenosphere boundary is defined by 1350 °C. We use the same thermal 

profile for all models, but for models using non-linear viscosity, the viscosity profile 

changes, so as the mechanical thickness of the lithosphere and thickness of 

asthenosphere. We added the following (Lines 274-278 in the revised text): “We note 

that the viscosity contrast is attained by smoother transition between the lithosphere 

and asthenosphere (Fig. 7a, black dashed line). We infer the mechanical thickness of 

the lithosphere from the viscosity profiles plotted in Figure 7a, along which the 

lithosphere-asthenosphere transition zone shows a rapid decrease in viscosity 

(Conrad and Molnar, 1997).”   

 

L197-199: Good! This is a very clear and useful explanation of the cause of this 

behaviour. 

Thanks. We are glad to know that our explanation of the decrease in amplitude of 

dynamic topography due to low-viscosity channel is useful to the readers. 

 

L225-227: I did not know that this was generally accepted. Is this an opinion of the 

authors? Some back up references would be helpful. I agree that larger deviatoric 

stresses are thought to promote deformation by dislocation creep. 

It is indeed generally accepted that in the convective mantle, low deviatoric stresses 

are not conducive to the activation of dislocation creep, and therefore that diffusion 

creep is the dominant strain mechanism (Karato and Wu, 1993, Turcotte and Schubert, 



2002). In the vicinity of density anomaly, the deviatoric stresses are high enough for 

dislocation creep to dominate over diffusion creep. We supported our argument with 

references in Lines 233-236.  

 

L169: Typo - currently reads \...creep of wet dry olivine..." 

Thanks for picking this out. This was in Line 273, and we corrected it in the revised 

version of the manuscript (Line 292). 

 

Figure 1: I think the y-axis in panel (b) would be better as dynamic topography for 

comparison to panel (a). Also, the key in (b) is a bit messy... A legend as in panel (a) 

would be clearer. 

We modified Figure 1 and its caption based on the reviewer’s suggestions. 

 

Figure 3: These are great, but could do with standardising to make it a truly iconic  

figure. Could you i) add a line above the surface showing the dynamic topography (or 

state the peak value), ii) make all streamlines the same colour (either white or black), 

iii) place the key entries in their true depth order (lith, channel, asthen). I also think it 

could be clearer that the relative viscosity jumps between layers are what is important, 

rather than absolute values, but it is fine as is. 

 

Thanks very much for the suggestions. We modified Figure 3 accordingly. The old and 

new versions are given below on the left and right columns, respectively.  
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