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While I think the general idea of the paper – to study how much lateral viscosity 

variations (LVV) due to temperature and strain rate dependence may help to explain 

the discrepancy between the (higher) amplitudes of dynamic topography inferred from 

mantle flow and the (lower) residual topography estimates based on observations is 

useful in that it addresses an unresolved problem, and I also appreciate the relatively 

simple setup, which should help with gaining a qualitative understanding, I think the 

current paper suffers from several shortcomings, which limit its usefulness. 

 

Firstly, the parts without LVV add nothing new to what is already known. Of course, I 

realize that these are mainly meant for comparison with the later results with LVV. But 

that a contrast between low-viscosity mantle and high-viscosity lithosphere leads to 

increased dynamic topography, and the topography gets higher the stronger and/or 

thicker the lithosphere is, and that an asthenospheric low-viscosity channel leads to 

reduced topography can all be inferred from topography kernels (see e.g. my papers 

from 2001 doi:10.1016/S0012-821X(01)00229-1 Fig. 2 and 2016 

doi:10.1093/gji/ggw040 Fig. 3), for a broad range of depths and size of anomalies 

(corresponding to spherical harmonic degree). In contrast, your results are just for 

particular anomaly depths and (rather small) size compared to what is seen in 

tomography.  

 



We agree with the reviewer that the arguments at the beginning of the paper can be 

derived from radial stress or topography kernels for all wavelengths and depths (Hager 

and Clayton, 1989; Richards and Hager, 1989; Steinberger et al., 2001; Steinberger, 

2016). As also pointed out by the reviewer, we imposed in our model a particular depth 

in the upper mantle and a relatively smaller anomaly size. It’s true that one could 

follow a spherical harmonics approach in addressing dynamic topography. However, 

when the viscosity has lateral variations, spherical harmonic analysis becomes 

relatively hard to investigate analytically. When the mantle has non-linear rheology, 

all wavelengths of dynamic topography become coupled, and the degree of coupling 

should depend on how viscosity varies with temperature, pressure and strain-rate. 

Previous estimates using perturbation theory are insightful on understanding the 

impact of horizontal harmonic variations in viscosity on the dynamic topography as 

well the geoid (Richards and Hager, 1989), however these models assume that the 

lateral viscosity variations are in phase with the density anomalies, which is not 

necessarily the case in power-law rheology which introduces additional radial and 

lateral variations in viscosity as we show in our numerical models. Therefore, the 

variations in viscosity driven by a density anomaly in the upper mantle can reach well 

beyond the spatial dimensions of the embedded anomaly, and affects the mechanical 

lithospheric thickness. In that case, the dynamic topography varies considerably from 

the case where the mantle is isoviscous. 

 

Based on above arguments, in our manuscript, we first introduced the Morgan (1965)’s 

analytical work on dynamic topography which uses radially layered viscosity model 

(up to two layers) for the Earth’s interior. This helps us to easily compare it with more 

complex numerical models in the case for upper mantle density anomalies. Regarding 

the size of the anomaly, we explained our reasoning. A small radius minimizes the 



artefacts in the calculations and provides a better comparison with the analytical 

solutions carried out in an infinite half-space. The aim of this paper is not to predict 

the dynamic topography by using a density model derived from a seismic tomography 

(Steinberger et al., 2001, 2019; Flament et al., 2013), but to give insights on the first 

order changes in dynamic topography driven by non-linear rheology of the mantle. 

Having said that, we agree with the reviewer’s point that the impact of larger anomalies, 

especially in the lower mantle, should be considered in future works. 

 

I think for such small scales the effect of a low viscosity asthenosphere channel are 

stronger than for the larger scales seen by seismic tomography. E.g. in my 2016 paper 

Fig. 9a I find that one needs a very strong reduction in asthenosphere viscosity in order 

to get an appreciable reduction in topography, if anomalies are inferred from 

tomography. So I think the comparatively strong reductions in topography you show 

for a low-viscosity channel are partly misleading.  

The assumptions about lithospheric thickness and radial viscosity may be effective in 

concluding the above mentioned argument. At the length-scales of our work (<1,000 

km), the viscosity contrast as well reduction in the mechanical thickness of the 

lithosphere (via viscosity) affects the amplitude of dynamic topography. However, at 

longer scales (e.g. degree 2) with only radial variation in viscosity and imposed 

lithospheric thickness, one may need strong reduction in asthenospheric channel 

viscosity in order to get appreciably lesser amplitudes of dynamic topography. 

Furthermore, extra caution is necessary when comparing global seismic tomography 

models having horizontal resolutions of hundreds of km which is appreciably higher 

than the resolution of our numerical models (6-10 km’s).  

 



Also, in my Tectonophysics paper (doi:10.1016/j.tecto.2017.11.032) I find that the 

largest discrepancy by more than a factor 2 is at spherical harmonic degree two, 

whereas the discrepancy is much smaller at higher spherical harmonic degrees (i.e. 

smaller scales). It seems that your results could mainly explain a discrepancy at small 

scales, whereas the real discrepancy is at very large scales, and your results cannot 

explain this. 

We agree that our model setup is not the best option to address the discrepancy at 

longest wavelengths or lowest harmonic degrees. We mentioned on the wavelengths 

being investigated in our numerical models by adding the following on Lines 20-22 in 

the revised text: “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.” However, 

we note that in non-Newtonian rheology, all wavelengths are coupled (Richards and 

Hager, 1989) and the dynamic topography at spherical harmonic degree 2, to a certain 

extent, will be influenced. In that regard, we added the following (on Lines 25-27 in 

the revised text): “Although our results are strictly valid for flow wavelengths less 

than 1,000 km, we note that in non-Newtonian rheology all wavelengths are coupled, 

and the dynamic topography will be influenced.” We would like to note that we seek 

to further investigate the effect of mantle viscosity on dynamic topography at longer 

wavelengths in the future. 

 

Secondly, I think the usefulness of the models with LVV is severely limited because of 

the limitation of viscosities to the interval 10**19 Pas to 10**22 Pas. In this way, model 

4b is almost the same as model 1 with constant viscosity (and giving very similar 

amplitude), model 4a approximately corresponds to the 2-layer model with 

topography accordingly increased, and model 5b has a low-viscosity channel with 



topography accordingly reduced. What I am puzzled about, though is that case 5a gives 

almost the same topography as 4a although it is also two-layer (although with thinner 

lithosphere). I think this limitation kind of beats the purpose of introducing a realistic 

rheology, because models essentially turn out to be a more complicated 

implementation of the easier models without LVV above. Also, I expect that without a 

cutoff, lowering activation enthalpy would not only lead to overall reducing viscosity, 

but also reducing viscosity contrasts. So, in contrast to your results I would expect a 

weaker lithosphere-asthenosphere contrast, and hence reduced dynamic topography 

for the lower activation enthalpy. 

Exp. 5a and Exp 4a gives not similar topographies although their viscosity fields look 

like two-layer and similar to each other. As the reviewer pointed, the thickness of the 

lithosphere in both experiments are different, as of Exp4a having higher lithospheric 

thickness and therefore larger amplitude of dynamic topography.	In Figure 7a of the 

manuscript, we show that, in Exp. 5a, the thickness of the lithosphere (in terms of 

viscosity) is reduced by about 30 to 45 km in comparison to Experiment 4a, which 

delivered a dynamic topography of ~149 m (in Exp. 5a) with the same viscosity 

contrast (Figure 7b,c). This experiment confirms that different mantle rheology results 

in different lithospheric thickness through local changes in viscosity. This is one of the 

key ideas of this paper.  

 

In response to the reviewer’s comment on the viscosity window, we run models with 

higher viscosity range. We increased the permitted viscosity range by two order of 

magnitude from [1019 Pa·s - 1022 Pa·s] to [1018 Pa·s - 1023 Pa·s]. In order to have better 

accuracy in the calculations, we kept the penalty value for convergence of the solution 

as low as before (0.03), however, due to our limitation on the resolution, the solutions 

had second order variations that we had to further smooth out the topography curves 



before picking their peak values. In the following supplementary figure 1, we plot the 

ratio of the viscosity field in the supplementary models to the viscosity field of the 

models in the manuscript, for each rheology and activation energy, along the same 2D 

cross-section. We give the change in dynamic topography, in percentage, also the 

minimum and maximum variation in viscosity across the entire numerical model. We 

also plot the viscosity ratio profile at the centre of the model (Fig. S2). In all rheologies, 

the lithosphere tends to have higher viscosity, if allowed, and the asthenosphere 

viscosity between the anomaly and the base of mechanical lithosphere doesn’t show 

increase as much as the lithosphere. This results in an overall increase in viscosity 

contrast, therefore promotes an increase in dynamic topography. However, the 

magnitude of such increase was not notable because viscosity variations also affect the 

lithospheric mechanical thickness and/or the thickness of the low viscosity 

asthenospheric channel, which play a role in determining the amplitude of dynamic 

topography. In the case with dry olivine with low activation energy (Fig. S1-a), the 

viscosities inside the density anomaly show decrease, but the viscosities in the 

lithosphere show an overall increase. This results in a gradual increase in viscosity 

contrast between the lithosphere and asthenosphere, but also with modulation of the 

topography by the lower crust, limiting the increase in dynamic topography to 7.5 m. 

With dry olivine rheology with higher activation energy (Fig. S1-b) results in an 

increase in viscosity nearly across the entire cross-section, giving gradual increase in 

viscosity contrast between the mechanical lithosphere and asthenosphere above the 

anomaly. However, the thickness of the low viscosity asthenospheric channel is also 

increased, which is dominating the dynamic topography and resulting in gradual 

decrease by about 5 metres. The response of the dynamic topography to varying 

rheologies is similar in wet olivine rheology. These indicate that the viscosity window 

we used in the models doesn’t severely limit the usefulness of them. However, we 



mentioned this variation (~5%) in the revised version of the manuscript by adding the 

following on Lines 329-333 in the revised text: “Using a larger viscosity range in the 

models ( 10#$%& ∙ ( ≤ *(%, -, .) ≤ 1001	%& ∙ ( ) resulted in ~5% variation in the 

amplitude of dynamic topography, indicating that the effects of non-linear rheology 

are reasonably captured in our models with smaller viscosity range (10#3%& ∙ ( ≤

*(%, -, .) ≤ 1000	%& ∙ ().” 

 

 

Figure S1: The ratio of viscosity fields of the supplementary models having wider 
viscosity window of 1018 Pa·s to 1023 Pa·s, to the models in the manuscript using a 
relatively narrower viscosity window of 1019 Pa·s to 1022 Pa·s. The change in dynamic 
topography and variation in min. and max. viscosities are given in the lower-left and 
middle-right for each model. 
 



 

Figure S2: Variation of viscosities (ratios) at the centre of the numerical models. 
 

Furthermore, reduction in activation enthalpy does result in overall reduction in 

viscosity, but the viscosity function also depends non-linearly on the strain rate, which 

strongly modulates this reduction, and introduces viscosity contrasts between 

different regions in the upper mantle. However, this effect could be lessened in 

diffusion creep. 

 

In the following are a few more consecutive comments: l.54: as said, this large 

discrepancy is at the very largest scales, much larger than your model.  

Thanks, we modified that line of the text accordingly by replacing the line stating: “The 

problem is that dynamic topography predictions derived from mantle convection 

models are generally larger by a factor of two than estimates from residual 

topography (Cowie and Kusznir, 2018; Flament et al., 2013).”  with the following in 

the revised text (Lines 55-58) “The problem is that dynamic topography predictions 

derived from mantle convection models are generally larger by a factor of two (more 

significant at the very large scales) than estimates from residual topography 



(Hoggard et al., 2016; Cowie and Kusznir, 2018; Davies et al., 2019; Steinberger et 

al., 2019).”  

 

l. 220 this equation could actually be quite simplified. Because grain-size exponent 

p=0 the factor d**(p/n) is equal to 1 and therefore disappears. In each case, A**(-

1/n)*f_H2O**(-r/n) is just a given number so you could simplify the equation in this 

way. 

Thanks, we simplified that equation in Line 229 in the revised text. We kept other 

terms as it is because we use both dry and wet rheologies and different power-law 

exponent (crust vs. mantle). 

 

 l. 223 should be "volume and energy" (i.g. the other way round)  

Thanks for the correction. We modified that sentence accordingly (Line 231 in the 

revised text).  

 

l. 273 should be "wet olivine" (remove "dry").  

Thanks for the correction. We modified it (Line 292 in the revised text).  

 

l. 321 I don’t know where I would have said in that paper that the misfit demands a 

scaling factor �0.35, It it true that one needs to downscale shallow seismic anomalies, 

but I believe this has nothing to do with viscosity structure; it is rather because the 

thermal anomalies and corresponding seismic anomalies in the lithosphere are largely 

compensated by chemical anomalies, with a much smaller seismic signature.  

We should have cited only (Cowie and Kusznir, 2018) because this argument is only 

made there. We corrected that sentence accordingly in the Lines 336-339 in the 



revised manuscript. We find the reviewer’s point about chemical anomalies and 

viscosity structure at shallow depths speculative to a certain extent. Our numerical 

model do show that viscosity variations at shallow depths determine the effective 

lithospheric thickness which can strongly affect the amplitude of dynamic topography.  

 

Fig 1 a: Why the results for Morgan Hard Sphere and Molnar Hard Sphere are different? 

I think they are both analytical results, so they should be identical.  

 Thanks for the question. It mainly results from the higher order term that 

Molnar et al. (2015) takes into account which is not considered in Morgan (1965). The 

term of interest is .0 = 56
76	where a is the radius of the spherical density anomaly and 

D is the depth of the centre of the anomaly that is mentioned in Appendix A3 in Molnar 

et al. (2015). We briefly mentioned on this in Lines 95-98 in the revised manuscript. 

Now it reads as “For the same problem, Molnar et al., (2015) provided a solution by 

considering a higher order term resulting in a slight difference with Morgan 

(1965a)’s solution (see Appendix A3 in Molnar et al. (2015)) allowing to consider 

density anomalies of finite viscosity (*89:;<;) (Eq. 3)”. 

 

Fig. 7c: Viscosity 10**20 Pas or 10**21 Pas at the lithosphere-asthenosphere boundary 

both seems much too low to me.  

 We inferred the lithosphere-asthenosphere transition zone from the numerical 

models. We understand that using lithosphere-asthenosphere boundary could be 

misleading because of the viscosities cited, however, it’s also true that defining a 

lithosphere-asthenosphere boundary is helpful and necessary when comparing 

lithospheric thickness between different numerical models. Fig. 7a shows that the 

viscosities show strong decrease from 1022 Pa·s to 1019 Pa·s in a few tens of km, which 



is a typical lithosphere-asthenosphere transition profile with an exponential decay 

constant of 5-12 km (Conrad and Molnar, 1997). However, it’s also possible that with 

the higher viscosity window, this transition zone could include higher viscosities as the 

reviewer would expect. We mentioned on this by adding the following in Lines 276-

278: “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).”  

  

Table 1: For better comparison with text and eq. 5, you could also include the symbols 

(in those cases where you have defined them) in another column. I think the units for 

the pre-exponential factor should be MPa**-ns**-n (not -1) 

We added the symbols in another column in Table 1. We also mentioned on the brittle 

deformation law we had defined and density of rocks at depth in the numerical models, 

an information that was missing in the main text. We confirm that the units for the 

pre-exponential factor is MPa-n s-1.  

 

l. 28: write "from the surface" 

Thanks, we modified that sentence (Line 31 in the revised manuscript). 

 

 l. 65: better "dependence ... on" ? 

Yes, that sounded much better. We modified the text accordingly (Lines 67-68 in the 

revised text). 
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Response to the Reviewer 2’s comments 

Blue: Reviewer’s comment,  
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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 ∆" 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 = (#$ 	+
'()*+,-,

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

deformable sphere (#/01232 ≅ #$) f<1.5.” with “…where 7 = 9. + :.	and f = (#$ 	+

'()*+,-,
. )/(#$ + #/01232). One can find that f=1.5 if the sphere is very viscous (#/01232 ≫

#$), 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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Abstract 9	

Much effort is being made to extract the dynamic components of the Earth’s topography driven 10	

by density heterogeneities in the mantle. Seismically mapped density anomalies have been used 11	

as an input into mantle convection models to predict the present-day mantle flow and stresses 12	

applied on the Earth’s surface, resulting in dynamic topography. However, mantle convection 13	

models give dynamic topography amplitudes generally larger by a factor of ~2, depending on 14	

the flow wavelength, compared to dynamic topography amplitudes obtained by removing the 15	

isostatically compensated topography from the Earth’s topography. In this paper, we use 3D 16	

numerical experiments to evaluate the extent to which the dynamic topography depends on 17	

mantle rheology. We calculate the amplitude of instantaneous dynamic topography induced by 18	

the motion of a small spherical density anomaly (~100 km radius) embedded into the mantle. 19	

Our experiments show that, at relatively short wavelengths (<1,000 km), the amplitude of 20	

dynamic topography, in the case of non-Newtonian mantle rheology, is reduced by a factor of 21	

~2 compared to isoviscous rheology. This is explained by the formation of a low viscosity 22	

channel beneath the lithosphere and a decrease in thickness of the mechanical lithosphere due 23	

to induced local reduction in viscosity. The latter is often neglected in global mantle convection 24	

models. Although our results are strictly valid for flow wavelengths less than 1,000 km, we 25	
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note that in non-Newtonian rheology all wavelengths are coupled, and the dynamic topography 49	

at long wavelengths will be influenced.  50	

 51	

1. Introduction 52	

 The Earth’s mantle is continuously stirred by hot upwellings from the core-mantle 53	

boundary, and by subduction of colder plates from the surface into the deep mantle (Pekeris, 54	

1935; Isacks et al., 1968; Molnar and Tapponnier, 1975; Stern, 2002). This introduces 55	

temperature and density anomalies that stimulate mantle flow and forces dynamic uplift or 56	

subsidence at the plates’ surface (Gurnis et al., 2000; Braun, 2010; Moucha and Forte, 2011; 57	

Flament et al., 2013). Dynamic topography can affect the entire planet’s surface with varying 58	

magnitudes. Because it is typically a low-amplitude and long-wavelength transient signal, it is 59	

often dwarfed by isostatic topography associated with variations in the thickness and density 60	

of sediments, crust and mantle lithosphere.  61	

 62	

For the present day, the observational constraints on dynamic topography come from residual 63	

topography measurements (Hoggard et al., 2016). Residual topography is calculated by 64	

removing the isostatically compensated topography from the Earth’s topography (Crough, 65	

1983; Cazenave et al., 1989; Davies and Pribac, 1993; Steinberger, 2007, 2016). Hoggard et 66	

al. (2016)’s comprehensive work revealed that residual topography varies between ±500 m at 67	

very long-wavelengths (i.e. ~10,000 km) and can increase up to ±1,000 m at shorter 68	

wavelengths (i.e. ~1,000 km). However, these residuals depend on our knowledge of the 69	

thermal and mechanical structure of the lithosphere, and therefore may not be an accurate 70	

estimation of the deeper mantle contribution to the Earth’s topography. Another approach to 71	

constrain present day Earth’s dynamic topography involves numerical modelling of present-72	

day mantle flow using seismically mapped density anomalies as an input (Steinberger, 2007; 73	

Deleted: of about 20%. 74	
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Moucha et al., 2008; Conrad and Husson, 2009). However, this method requires a detailed 87	

knowledge of the viscosity structure in the Earth’s interior (Parsons and Daly, 1983; Hager, 88	

1984; Hager et al., 1985; Hager and Clayton, 1989), and translating seismic velocities to 89	

physical properties (e.g. temperature) of the mantle introduces further uncertainties 90	

(Cammarano et al., 2003). The problem is that dynamic topography predictions derived from 91	

mantle convection models are generally larger by a factor of two (more significant at the very 92	

large scales) than estimates from residual topography (Hoggard et al., 2016; Cowie and 93	

Kusznir, 2018; Davies et al., 2019; Steinberger et al., 2019). We hypothesise that this could be 94	

related to an oversimplification of the mantle rheology. In this paper, we explore how, at 95	

wavelengths less than <1,000 km, the magnitude of dynamic topography changes when we use 96	

a rheological model in which the viscosity depends on strain rate, temperature, pressure and 97	

fluid content. We first summarize the well-established analytical solution for calculating 98	

dynamic topography induced by a spherical density anomaly embedded into an isoviscous fluid 99	

(Morgan, 1965a; Molnar et al., 2015). Then, assuming isoviscous rheology, we illustrate that 100	

the amplitude of dynamic topography depends on the viscosity structure of the Earth’s interior 101	

as shown by Morgan (1965a) and Molnar et al. (2015). Finally, we use 3D coupled thermo-102	

mechanical numerical experiments of the Stokes’ flow to assess the dependence of dynamic 103	

topography on nonlinear rheology using viscosity which depends on temperature, pressure, 104	

strain rate and fluid content. We show that plausible non-linear rheologies can induce local 105	

variations in viscosity and result in dynamic topography of lower amplitude compared to those 106	

derived from models using isoviscous rheology. 107	

  108	

2. Dynamic topography driven by a rising sphere: Analytical and numerical 109	

solutions 110	

2.1 Analytical solution for one layer isoviscous fluid 111	

Deleted: good112	
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 We assume here a simple 2D model representing a very viscous spherical density 125	

anomaly embedded into a semi-infinite isoviscous fluid bounded by an upper free surface. 126	

Earliest analytical investigations revealed that, albeit counter-intuitive, the magnitude of the 127	

induced surface deflection due to the rising sphere is independent of the viscosity of the fluid. 128	

The dynamic topography is a function of the vertical total stress ("##) applied to the surface 129	

which is proportional to the size and depth of the density anomaly according to Equation 1 130	

(Morgan, 1965a, 1965b). 131	

 "## $, 0 = [2*+,-
.
]

0
1

(02342)6/2
  (1), 132	

where g is the gravitational acceleration, +, is density difference between the anomaly and the 133	

ambient material, r is radius of the sphere, and D is distance from the surface to the centre of 134	

the anomaly (modified from Morgan 1965a, see Figure 1a). The dynamic topography e is given 135	

by: 136	

 8 $ =
9::	 <,=

>	∆@
	 at z = 0 (2), 137	

where ∆, is the density difference between the mantle and air (or water assuming a sea-load 138	

when e<0) (Morgan, 1965a; Houseman and Hegarty, 1987). In Figure 1a, we plot the dynamic 139	

topography induced by a sphere of 1% density anomaly, whose centre is at 372 km depth (D= 140	

372 km) below the free surface. We calculate the vertical total stress and convert it to dynamic 141	

topography by using Equation 2 for different values of the radius of the sphere. The amplitude 142	

of dynamic topography shows an accelerating increase by cubic dependence on the radius of 143	

the spherical density anomaly (Fig. 1a, black solid line). For the same problem, Molnar et al., 144	

(2015) provided a solution by considering a higher order term resulting in a slight difference 145	

with Morgan (1965a)’s solution (see Appendix A3 in Molnar et al. (2015)) allowing to consider 146	

density anomalies of finite viscosity (ABCDEFE) (Eq. 3): 147	
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where G = TK + $K	and f = (AN 	+
.UVWXYZY

K
)/(AN + ABCDEFE). One can find that f=1.5 if the 155	

sphere is very viscous (ABCDEFE ≫ AN), and f < 1.5 for any other case. In Figure 1a, we present 156	

two more plots of dynamic topography where f = 1.5 for hard sphere and f = 1.25 for ABCDEFE =157	

AN by using Equation 2 and 3. Figure 1a shows that a rising deformable sphere creates higher 158	

dynamic topography compared to a very viscous sphere. These show that the viscosity contrast 159	

between the spherical anomaly and the surrounding material can affect the dynamic 160	

topography. In the section that follows, we explore how dynamic topography varies when there 161	

is layering in viscosity, such as presence of a strong lithosphere above the convective mantle.  162	

 163	

2.2 The impact of layered viscosity structure on dynamic topography  164	

 A more generalized solution has been put forward to accommodate the presence of a 165	

stronger upper layer representing a lithosphere with viscosity h2 above a weaker layer with 166	

viscosity h1 and with h1<h2 representing the convective mantle (Fig. 1b). In this case, Morgan 167	

(1965a) showed (Eq. 4) that the total normal stress induced by the density anomaly is dependent 168	

on the mass anomaly per unit length (Mu, for point sources integrated along a continuous line), 169	

the depth of the centre of the sphere (D), and marginally on the ratio of the viscosity of the 170	

convective mantle to the viscosity of the lithosphere (R=h1/h2). The 2-layer problem is treated 171	

in Fourier domain with the resulting total normal stress as below: 172	

"## $, 0 = "\ cos `$ 	a`
b

R
  (4), 173	

where 174	

"\ =
cd*8

H\(0He)

2f(ghD + GD)
1 + ` T − a + `a

1 − `T + `(T − a)(gGD + hD)/(ghD + GD)

1 + `a(1 − gK)/(ghD + GD)(ghD + hD)
 175	

and Ch=cosh nd, and Sh=sinh nd (n is the wave number) and d is the upper layer thickness 176	

(modified from Morgan 1965a). Following Morgan (1965a), Figure 1b illustrates the relative 177	

importance of R as well as the ratio of the thickness of the upper layer to the depth of the 178	
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anomaly (d/D). As long as the lithosphere is more viscous than the asthenosphere, the vertical 199	

total stress at the surface has a minor dependence on the viscosity of the lithosphere (see solid 200	

lines with R=1 and R=0.01 in Fig. 1b). Figure 1b also shows that the magnitude of dynamic 201	

topography increases as the density anomaly is brought closer to the surface (compare for R=1 202	

the solid black line and the dashed black line). Moreover, its sensitivity on the relative viscosity 203	

of the lithosphere also increases. Although an unrealistic proposition for the Earth, when the 204	

lithosphere is less viscous than the asthenosphere, the normal stress is much reduced and is 205	

strongly dependent on the viscosity of the lithosphere (Fig. 1b). These demonstrate that 206	

layering in viscosity can have a strong impact on the amplitude of dynamic topography 207	

(Sembroni et al., 2017). In the next section, we use the analytical solutions above to benchmark 208	

a numerical model, which we will then extend to non-linear viscosity. 209	

 210	

2.3 Numerical solutions 211	

 For comparison with analytical solutions (Morgan, 1965a; Molnar et al., 2015), we 212	

consider 3D numerical models involving 1, 2 and 3 isoviscous layers. These benchmark 213	

experiments will be used as references for non-isoviscous models discussed in section 3. We 214	

use the open-source code Underworld which solves the Stokes equation at insignificant 215	

Reynolds number (Moresi et al., 2003, 2007). The 3D computational grid represents a domain 216	

3,840 km x 3,840 km x 576 km with a resolution of 6 km along the vertical z axis and 10 km 217	

along the x and y axes (Fig. 2). In all experiments, we include a 42 km thick continental crust 218	

above the upper mantle. The density structure is sensitive to the geotherm via a coefficient of 219	

thermal expansion and compressibility (see Table 1 for all parameters). The geotherm is 220	

defined using a radiogenic heat production in the crust, a constant temperature of 20ºC at the 221	

surface, and a constant temperature of 1,350ºC at 150 km. We disregard the adiabatic heating 222	

and the asthenosphere is kept at 1,350ºC. We embed a positive spherical temperature anomaly 223	
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of +324ºC at a depth of 372 km below the surface, which delivers a 1% volumetric density 241	

difference. The radius of the sphere is 96 km. In all experiments, we impose free slip velocity 242	

boundary conditions at all walls, such as Vx and Vy are set to be free, but Vz = 0 cm yr-1 at the 243	

top wall. Taking advantage of the symmetry of the experimental setup, we extract viscosity 244	

and velocity fields along a 2D cross section passing through the centre of the thermal anomaly, 245	

from which we derive the streamlines and vertical velocity profiles along the vertical axis at 246	

the centre of the models. We calculate the instantaneous dynamic topography from the normal 247	

stress computed at the surface. 248	

 249	

2.3.1 Dynamic topography due to a rising sphere in an isoviscous fluid 250	

  In the first experiment (Fig. 3a Experiment 1), we assign the same depth-independent 251	

viscosity of 1021 Pa s to the crust, mantle and the density anomaly. The streamlines for 252	

Experiment 1 (Fig. 3a) show formation of two convective cells at the sides of the sphere 253	

covering the entire crust and mantle. The vertical velocity profile indicates that the thermal 254	

anomaly rises with a peak velocity of ~2.4 cm yr-1, which is faster than the 2.0 cm yr-1 predicted 255	

by the analytical solution (Fig. 4a). Experiment 1 predicts dynamic topography of 114 m (Fig 256	

4b) which is lower than 132 m predicted by Molnar et al. (2015)’s analytical solution. We have 257	

verified that increasing the depth of our model from 576 km to 864 km increases the dynamic 258	

topography from 114 m to 122 metres. Therefore, we attribute the misfit in amplitude of 259	

dynamic topography to the finite space in our numerical experiments. Our numerical 260	

experiment using isoviscous material delivers a result globally consistent with the analytical 261	

solutions of Morgan (1965a) and Molnar et al. (2015).  262	

 263	
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2.3.2 Dynamic topography on a strong lithosphere above an isoviscous 273	

asthenosphere 274	

 In Experiment 2, we assign to the lithosphere a constant viscosity 100 times larger (1023 275	

Pa s) than that of the asthenosphere (1021 Pa s, Fig. 3b) between z=150 km and base of the 276	

model. The convective cells become narrower by the induced viscosity contrast (Fig. 3b). The 277	

streamlines are deflected across the lithosphere-asthenosphere boundary due to the large 278	

viscosity contrast (Fig. 3b), and there is a sharp variation in vertical velocity at the base of the 279	

lithosphere (Fig. 4a, red solid line). The maximum vertical velocity ~2.1 cm yr-1 is attained 280	

near the centre of the anomaly. When compared to Experiment 1, the dynamic topography (Fig. 281	

4b, red solid line) shows a significant increase from ~114 m to ~174 m. This increase is 282	

consistent with analytical estimations showing an increase in dynamic topography when 283	

viscosity increases toward the surface (Fig. 1b, R<1). In Experiment 2a (not shown here), we 284	

tested a different ratio of thickness of the lithosphere to the depth of the anomaly (see d/D in 285	

Equation 4) by increasing the lithospheric thickness from 150 km to 200 km, while keeping all 286	

parameters identical to those of Experiment 2. As predicted by Eq. 4, Exp. 2 predicted dynamic 287	

topography of ~191 m, being the largest among all experiments (Fig. 4b, red dashed line). 288	

Overall, and perhaps counter-intuitively, the presence of a thick viscous lithosphere enhances 289	

the dynamic topography. Interestingly, in analogue experiments where density anomaly is 290	

allowed to rise and interact with the lithosphere, the amplitude of the dynamic topography is 291	

inversely correlated with the thickness of the lithosphere (e.g. Griffiths et al. 1989; Sembroni 292	

et al. 2017).  293	

 294	

2.3.3 The impact of low viscosity channel on the dynamic topography 295	
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 In Experiment 3 (Fig. 3c), we introduce a third 60 km thick low viscosity layer (i.e. 307	

1019 Pa s) beneath the base of the lithosphere. The existence of a low viscosity layer has been 308	

discussed in several studies (e.g. Craig and McKenzie, 1986, Phipps Morgan et al. 1995, 309	

Stixrude and Lithgow-Bertelloni, 2005, and Becker, 2017). In this experiment, in order to 310	

prevent large viscosity contrast that can impede the numerical convergence, the viscosity of 311	

the lithosphere and that of the asthenosphere is set to 1022 Pa s and 1021 Pa s, respectively. 312	

When compared to Experiment 1, streamlines indicate a further decrease in size of the 313	

convective cells, and more importantly, a strong horizontal divergence of the streamlines 314	

within the low viscosity layer (Fig. 3c). The vertical velocities are also enhanced in the 315	

asthenosphere reaching up to ~2.8 cm yr-1 slightly above the centre of the anomaly (Fig. 4a, 316	

orange solid line). When compared to Experiment 1, we observe a strong reduction in dynamic 317	

topography (Fig. 4b, orange solid line) from 114 m to 88 m. This is due to the damping effect 318	

of the low viscosity channel that acts as a decoupling layer, which reduces the deviatoric stress 319	

through its ability to flow.  320	

Until now, the viscosities were assumed to be constant. However, results from experimental 321	

deformation on mantle rocks strongly suggest that the viscosity is highly nonlinear (Hirth and 322	

Kohlstedt, 2003). In what follows, we explore the influence of more realistic viscosities on 323	

dynamic topography. 324	

 325	

3. The impact of nonlinear viscosity on dynamic topography 326	

3.1 Viscosity structure of the Earth’s interior 327	

 Earth’s mantle is not isoviscous. Geological records of relative sea level changes related 328	

to postglacial rebound, geophysical observations of density anomalies inferred from seismic 329	

velocity variations in the mantle and satellite measurements of the longest wavelength 330	
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components of the Earth’s geoid have been used to infer the radial viscosity profile of the 340	

Earth’s interior (Hager et al., 1985; Forte and Mitrovica, 1996; Mitrovica and Forte, 1997; 341	

Kaufmann and Lambeck, 2000). Henceforward, beneath the lithosphere, a variation in 342	

viscosity up to two orders of magnitude has been proposed (e.g., Kaufmann and Lambeck, 343	

2000). Investigations of the rheological properties of crustal and mantle rocks via rock 344	

deformation experiments revealed a nonlinear dependence of viscosity on applied deviatoric 345	

stress, pressure, temperature, grain size and the presence of fluids (Post and Griggs, 1973; 346	

Chopra and Paterson, 1984; Karato, 1992; Karato and Wu, 1993; Gleason and Tullis, 1995; 347	

Ranalli, 1995; Hirth and Kohlstedt, 2003; Korenaga and Karato, 2008). These experiments lead 348	

to the following relationship:  349	

AEJJ k, l, m = n

op

q rs2t

oZ

q k

p

q
HN
8

uvwx

qyz 	(5). 350	

where ε and A stands for strain rate and pre-exponential factor; r and n are exponents for water 351	

fugacity (rs2t) and deviatoric stress, respectively; V and Q are the volume and energy of 352	

activation.  353	

 In the case where mantle flow is driven by the temperature difference at the boundary 354	

of the convective layer or by internal heating, the dominant strain mechanism is diffusion creep 355	

because low deviatoric stresses are expected in the weak convective mantle (Karato and Wu, 356	

1993; Turcotte and Schubert, 2002). However, mantle flow in the vicinity of a moving density 357	

anomaly is likely driven by deviatoric stresses that exceed the threshold for dislocation creep. 358	

In this case, nonlinear viscosities lead to strong local variation in viscosity. Are those local 359	

variations in viscosity important for dynamic topography? To answer this question, we need 360	

reasonable constraints on the rheological parameters controlling the viscosity of mantle rocks. 361	

However, the extrapolation from laboratory strain rates typically in the range of 10-6 s-1 to 10-362	

4 s-1 to mantle conditions where strain rates are typically on the order of 10-13 s-1 results in 363	

significant uncertainties on the activation volume, activation energy and stress exponent (Hirth 364	
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and Kohlstedt, 2003; Korenaga and Karato, 2008). In what follows, we explore how nonlinear 374	

viscosity impacts the dynamic topography and address how the uncertainties on the activation 375	

volume can affect dynamic topography. 376	

 In Experiments 4 and 5 (Fig. 5), the viscosity depends on temperature, pressure and 377	

strain rate as indicated by Equation 5, using published visco-plastic rheological parameters for 378	

the crust and mantle. Specifically, we use quartzite rheology for the crust (Ranalli, 1995), and 379	

test both dry and wet olivine rheologies for the mantle (Hirth and Kohlstedt, 2003). Other 380	

parameters are identical to those in Experiments 1-3. We give all the rheological and thermal 381	

parameters in Table 1. For a given olivine rheology (i.e. dry or wet) we vary the activation 382	

volume by using the minimum and maximum reported values (Hirth and Kohlstedt, 2003).  383	

 In the numerical models, the plastic (i.e. brittle) deformation is described via:  384	

| = }"\ + GR (6) 385	

where t is the 2nd invariant of the deviatoric stress tensor, which varies with the coefficient of 386	

friction (µ), and depth via lithostatic pressure (sn), as well as the cohesion (C0). Due to strain 387	

weakening, the cohesion and coefficient of friction decrease from C0 = 10 MPa and µ0 = 0.577 388	

to C0 = 2 MPa and µ1 = 0.017 at which the maximum plastic strain (~�Ä4) is reached (i.e. 0.2, 389	

Table 1). The effective density (r) of rocks is determined by the pressure and temperature using 390	

the following equation: 391	

r = r0 [1- a(T-T0)] [1+ b(P-P0)] (7) 392	

where r0 ,T0,a, and P0 signify the reference density and temperature, thermal expansion 393	

coefficient, and the compressibility respectively. 394	

3.2 Numerical results: the case of dry olivine 395	

Deleted: the 396	

Deleted: 5), we use published visco-plastic rheological 397	
parameters for the crust and mantle, therefore398	
Deleted: .399	

Deleted: upper 400	

Deleted: particular401	
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 In Experiments 4a and 4b, we consider dry dislocation creep for olivine (n > 1, p = 0, r 402	

= 0). The reported activation volume for this rheology varies between 6x10-6 m3 mol-1 and 403	

27x10-6 m3 mol-1 (Hirth and Kohlstedt, 2003). In Experiment 4a (Fig. 4b), we test the lower 404	

value. The streamlines show similar pattern with Experiment 2. Interestingly, the maximum 405	

vertical velocity peaks at 75 cm yr-1, near the upper boundary of the sphere (Fig. 6a, black 406	

dashed line). This is due to the formation of a low viscosity region above the rising sphere (Fig. 407	

5a, Experiment 4a). This experiment gives a dynamic topography of ~149 m (Fig. 6b, black 408	

dashed line). It confirms that a strong contrast in viscosity between the lithosphere and 409	

asthenosphere enhances the dynamic topography signal. We note that the viscosity contrast is 410	

attained by smoother transition between the lithosphere and asthenosphere (Fig. 7a, black 411	

dashed line). We infer the mechanical thickness of the lithosphere from the viscosity profiles 412	

plotted in Figure 7a, along which the lithosphere-asthenosphere transition zone shows a rapid 413	

decrease in viscosity (Conrad and Molnar, 1997). We observe that the effective mechanical 414	

thickness of the lithosphere is reduced to 140 km, compared to the thickness of the thermal 415	

lithosphere (Fig. 7c). 416	

 When we increase the activation volume to 27x10-6 m3 mol-1, the convection cells grow 417	

much larger and show continuity through the lithosphere (Fig. 5a, Experiment 4b). The sphere 418	

has a very low rising speed of ~0.25 cm yr-1 (Fig. 6a, black solid line). Compared to Experiment 419	

4a, the dynamic topography shows a strong decrease from ~149 m to ~105 m (Fig. 6b, black 420	

solid line). This is an example where the system behaves nearly as a single layer with 421	

homogenous viscosity. The near absence of viscosity contrast between the lithosphere and 422	

asthenosphere explains the smaller magnitude of the dynamic topography. Moreover, the 423	

formation of moderately low viscosity channel (Fig. 7a, black solid line) also contributes to the 424	

decrease of the dynamic topography. 425	

 426	

Deleted: of427	
Deleted: ) in the mantle.428	

Deleted: asthenosphere429	
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Deleted: which is 150 km thick by432	
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3.3 Numerical results: the case of wet olivine 434	

 In Experiments 5a and 5b, we consider dislocation creep of wet olivine. The reported 435	

activation volume varies between 11x10-6 m3 mol-1 and 33x10-6 m3 mol-1 (Hirth and Kohlstedt, 436	

2003). In Experiment 5a, we test the lower value. The streamlines show a pattern similar to 437	

Experiment 4a, but with slightly larger convective cells (Fig. 5b, Experiment 5a). The rising 438	

velocity of the anomaly exceeds 140 cm yr-1 (Fig. 6a, orange dashed line), promoted by the 439	

low viscosity region sitting above the rising anomaly. The dynamic topography is ~110 m (Fig. 440	

6b, orange dashed line). This is a bit surprising given the strong contrast in viscosity (3 orders 441	

of magnitude) between the lithosphere and asthenosphere. However, Figure 7a shows that the 442	

thickness of the mechanical lithosphere is reduced by about 30 km in comparison to 443	

Experiment 4a (e.g. 10 km reduction from thermal thickness) which resulted in lower dynamic 444	

topography with similar viscosity contrast (Figure 7b,c).  445	

 In Experiment 5b, we increase the activation volume from 11x10-6 m3 mol-1 to 33x10-6 446	

m3 mol-1. The vertical velocities show significant decrease from 140 cm yr-1 to 0.34 cm yr-1 447	

(Fig. 6a, orange solid line). This is due to an increase in viscosity above the rising sphere. 448	

Compared to Experiment 5a, the dynamic topography decreases from ~110 m to ~90 m (Fig. 449	

6b, orange solid line). Compared to Experiment 4b, we expect the dynamic topography to be 450	

higher due to slight increase in viscosity contrast (Fig. 7a,b). However, the increase in thickness 451	

of the low viscosity channel (Fig. 7a,d) is more effective and thereby causes a greater reduction 452	

in magnitude of the dynamic topography.  453	

 In summary, experiments using nonlinear rheology generally give lower amplitudes of 454	

dynamic topography compared to experiments using isoviscous rheology (Fig. 8). When we 455	

use dry olivine rheology for the upper mantle, the dynamic topography varies between ~105 m 456	

and ~149 m, whereas under wet conditions, the dynamic topography varies between ~90 m and 457	

Deleted: dry 458	
Deleted:  in the mantle.459	
Deleted: uncertainty in 460	
Deleted: is461	
Deleted: pattern with462	
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~110 m (Fig.8). These variations are due to uncertainties in the activation volume as well as 477	

fluid content in olivine rheologies. 478	

  479	

4. Discussion and conclusion 480	

 Using coupled 3D thermo-mechanical numerical experiments, we have modelled the 481	

dynamic topography driven by a rising sphere of 1% density anomaly, having 96 km radius 482	

and emplaced at 372 km depth. In line with analytical studies (Morgan, 1965a; Molnar et al., 483	

2015), the experiments show that dynamic topography is sensitive to viscosity contrast between 484	

the lithosphere and asthenospheric mantle, and the thickness of the lithosphere (Fig. 7). Higher 485	

viscosity contrasts amplify the dynamic topography (Fig. 7a,b), whereas formation of a low 486	

viscosity channel just below the lithosphere has the opposite effect (Fig. 7a,d). The experiments 487	

using nonlinear rheologies show local variations in viscosity, which contribute to the dynamic 488	

thinning of the mechanical lithosphere and causes reduction in dynamic topography. In 489	

addition, models using high-activation volume creates a low viscosity channel above the 490	

density anomaly, which contributes decreasing the dynamic topography. Using a larger 491	

viscosity range in the models (10NOlÅ ∙ É ≤ A(l, m, k) ≤ 10
K.
	lÅ ∙ É) resulted in ~5% 492	

variation in the amplitude of dynamic topography, indicating that the effects of non-linear 493	

rheology are reasonably captured in our models with smaller viscosity range (10NÖlÅ ∙ É ≤494	

A(l, m, k) ≤ 10
KK
	lÅ ∙ É). 495	

 Predictions of dynamic topography derived from mantle convection models are 496	

compared against residual topography which is the component of Earth’s topography that is 497	

not compensated by isostasy (Flament et al., 2013; Hoggard et al., 2016). In a recent work 498	

(Cowie and Kusznir, 2018), it has been argued that dynamic topography predictions require 499	

scaling of amplitudes by ~0.75 to match the residual topography, and when density anomalies 500	

shallower than 220 km are included, the misfit requires a scaling factor of ~0.35. It is also 501	
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important to consider that this misfit depends on the flow wavelength and is suggested to be 512	

highest at lowest spherical harmonic degrees (2) or very long wavelengths (Steinberger, 2016). 513	

Our numerical experiments show that amplitude of dynamic topography can be nearly halved 514	

(e.g. from ~174 m in Exp. 2 to ~90 m in Exp. 5b) when we consider non-linear mantle rheology. 515	

Therefore, we propose that, at shorter wavelengths (i.e. less than 1,000 km), part of the misfit 516	

between the dynamic topography extracted from mantle convection models and dynamic 517	

topography estimated from residual topography can be attributed to the Newtonian mantle 518	

viscosity used in convection models. If the density sources are shallower, the dynamic 519	

topography becomes more sensitive to the viscosity and density structure (Morgan, 1965a; 520	

Hager and Clayton, 1989; Osei Tutu et al., 2018), and Newtonian viscosity may lead to higher 521	

misfits.  522	

 Our models suggest that for shallow density anomalies in the mantle, non-linear 523	

rheologies not only produce lateral variations in viscosity (Richards and Hager, 1989; Moucha 524	

et al., 2007), but also additional vertical variations in viscosity that impacts a relatively large 525	

area compared to the size of the anomaly in the mantle. We show that this impacts on the 526	

thickness of the mechanical lithosphere, and predictions of the amplitude of dynamic 527	

topography.  528	

 As shown in Figure 8, uncertainties on the activation volume result in variation in 529	

dynamic topography which are higher in experiments using dry olivine rheology (i.e. 17%) 530	

compared to experiments using wet olivine rheology (10%). The comparison between 531	

numerical experiments using dry olivine (Exp. 4a) and wet olivine (Exp. 5b) indicates that the 532	

variation in dynamic topography can be as much as 25%. These variations can be lessened if 533	

we have better constraints on the mantle rheology, which will advance the dynamic topography 534	

models as well as our understanding of the interaction between deep mantle and the Earth’s 535	

surface. 536	
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 545	

	Figures and Captions 546	

 547	

Figure 1. Dynamic topography driven by a spherical density anomaly of radius r at depth 548	

D embedded in a fluid whose viscosity structure is varied. (a) Variation in dynamic 549	

topography by radius of a spherical 1% density anomaly centred at 372 km depth in a 550	

single isoviscous fluid whose viscosity is h1. The normal total stresses are calculated by 551	

Equation 1 taken from Morgan (1965a) (hard sphere), and Equation 3 taken from Molnar 552	

et al (2015) (hard and deforming spheres), and converted to dynamic topography by using 553	

Deleted: 554	

Deleted: in the text 555	
Deleted:  in the text556	
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Equation 2. (b) The case where the fluid is no longer a single layer, but is composed of 557	

two layers with viscosities h1 and h2 for the lower and upper layers, respectively. We plot 558	

the dynamic topography for the same density anomaly in (a) using Equation 4, taken 559	

from Morgan (1965a), but with varying relative viscosities (R=h1/h2). The ratio of upper 560	

layer thickness to depth to the centre of the anomaly (d/D) also affects the dynamic 561	

topography, and higher values correspond to shallow density anomalies or thicker 562	

lithosphere for constant depth (D). 563	

 564	

 565	

Figure 2. 3D Numerical model of a spherical temperature anomaly having 96 km radius 566	

and a density of 1% less dense than the ambient mantle embedded in a depth of 372 km. 567	

The model space is 3,840 km long in x and y axes, and 576 km deep along the z axis. The 568	

dynamic topography is depicted as an exaggerated surface on the top of the model and is 569	

also reflected on the x-z plane.  570	
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 581	

Figure 3. Predicted peak amplitudes of dynamic topography for layered Earth models 582	

with isoviscous rheology. Centred at 372 km depth, the embedded spherical density 583	

anomaly (black circle) is 96 km in radius. It has a temperature anomaly of +324 °C giving 584	

1% effective density difference with the background. The resulting streamlines are shown 585	

in a 2D cross section (x-z plane) along the centre of each numerical model (y=0 km).  586	
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 600	

Figure 4. (a) Vertical velocity profiles (Vy) along the centre, and (b) analytical solution 601	

and numerical modelling results showing dynamic topography induced by a sphere of 602	

temperature anomaly in the mantle (r=96 km, dr/r = 1%). The misfit between the 603	

numerical model for R=1 and the analytical solution is due to finite space in the numerical 604	
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model compared to semi-infinite space assumed in the analytical solution (Morgan 605	

1965a). 606	

 607	

Figure 5. Viscosity map and streamlines for experiments using nonlinear rheologies (dry 608	

or wet olivine) with various activation energies. The rising sphere is shown by black or 609	

circles.  610	
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 626	

Figure 6. (a) Vertical velocity profiles (Vy) along the centre and (b) dynamic topography 627	

induced by a sphere of temperature anomaly (r=96 km, dr/r = 1%) in the mantle that has 628	

nonlinear rheology depending on temperature, pressure and strain rate. 629	

 630	
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 631	

Figure 7. Factors affecting the dynamic topography. (a) Vertical viscosity profiles at the 632	

centre of the models. Variation in dynamic topography (b) by viscosity contrast between 633	

the lithosphere and part of the asthenosphere above the anomaly, (c) by lithospheric 634	

thickness (d) and by thickness of low viscosity channel. 635	
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 652	

Figure 8. Predicted dynamic topographies driven by a rising sphere centred at 372 km 653	

depth with 96 km radius and 1% less dense than the ambient mantle. The various 654	

experiments differ by rheology (isoviscous vs. nonlinear) and viscous structure. For 655	

Experiments 4 and 5, we show variation in dynamic topography due to contrasting 656	

activation energy. In general, experiments with nonlinear rheologies having up to 3 657	

orders of magnitude variation in viscosity generally predict lesser magnitude of dynamic 658	

topography compared to experiments using isoviscous rheology. Compared to dry 659	

olivine, wet olivine rheology results in lower dynamic topography. 660	
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Table 1. Thermal and rheological parameters. We use the rheological parameters from 685	

(1) quartzite (Ranalli, 1995), (2) dry or wet olivine (Hirth and Kohlstedt, 2003). 686	

 687	

 688	

 689	

Author contribution 690	

Ö.F.B designed the experiments and wrote the manuscript. P.F.R. contributed to the analysis 691	

of numerical modelling results and improved the manuscript. 692	

 693	

Parameter 
 
 

Symbol 

EXP 4a-b,5a-b 
Crust1 

EXP 
4a,4b 

Mantle2 

EXP 5a,5b 
Mantle2 

Pre-exponential factor (MPa-n 

s-1) 
A 6.7x10-6 1.1x105 1600 

Activation energy (kJ mol-1) Q 156 530 520 
Power-law exponent n 2.4 3.5 3.5 
Water fugacity f N.A. N.A. 1000 
Water fugacity exponent r N.A. N.A. 1.2 

Activation volume (m3 mol-1) V 0.0 
6x10-6 

or 
27x10-6 

11x10-6 

or 
33x10-6 

Reference density (kg m-3) ,R 2,700 3,370 3,370 
Reference temperature (K) T 293.15 293.15 293.15 
Initial cohesion (MPa) GR 10 10 10 
Cohesion after weakening 
(MPa) 

GN 2 2 2 

Initial coefficient of friction }R 0.577 0.577 0.577 
Coefficient of friction after 
weakening }N 0.017 0.017 0.017 

Saturation strain ~�Ä4 0.2 0.2 0.2 
Thermal diffusivity (m2 s-1) Ü 1x10-6 1 x 10-6 1 x 10-6 
Thermal expansivity (K-1) á 3x10-5 3 x 10-5 3 x 10-5 
Compressibility (MPa-1) à 4x10-5 0 0 
Heat capacity (J K-1 kg-1) Gâ 1,000 1,000 1,000 
Radiogenic heat production 
(W m-3) 

ä 0.5x10-6 0.2 x 10-7 0.2 x 10-7 
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