
Dear Editor

We thank the reviewers for their useful comments and suggestions. We took them all into account, 
as indicated in the response files to each reviewer.

Best regards,

Sebastien in behalf or coauthors.



The approach used here consists of coupling a Lanscape Evolution Model (LEM) developed by the 

1st author with well-known cosmogenic nuclide (CN) production and decay laws, in order to track individual 

particles (grains) journey from their source to their sink (here, when they leave the model grid). This allows 

the authors to evaluate statistically how the 10Be signal carried by a population of grains in riverine sands is

representative of the average denudation rate of the upstream catchment. For now, I guess the aim of the 

authors is to demonstrate the model’s ability to achieve the desired goal (i.e., to retrieve denudation rate 

variations with a limited number of grains and a reasonable computational time), not to address very 

speci+c questions on real or synthetic cases. To this respect, this paper is extremely interesting and the 

Lagrangian approach used here allows to account for the large variability in individual grains histories. The 

e.ect of grid size, resolution, time step, and number of grains are tested and the results seem extremely 

robust. It may however reach its limits for a larger landscape (here the grid is only 10km x 10km, except for 

+g 7 where it is 20km x 20km), and/or with low denudation rates, for which a large number of grains would 

be needed.

I only have some minor to moderate comments. There are some points that are unclear to me concerning 

the LEM itself, independently of the CN part. Some sentences are not very clear and may need to be 

rephrased. Finally, I think that some outcomes deserve a deeper discussion: the in5uence of the grains’ 

origin (Quartz source located close or far from the outlet) and the strong amplitude reduction of the 10Be-

derived erosion rate for short period precipitation oscillations.

Thank you for these comments. We address the di.erent points in our responses to the detailed comments.

See detailed comments in the pdf +le.

Line 3:” A model could help...”: awkward sentence. I suggest something like “to address this, a model can be

designed to explore the sta�s�cal proper�es of CN concentra�ons in sediment grains.” 

Thank you. We rephrased as: “Models can be used to explore the statistics of CN concentrations in 

sediment grains”

Line 59: Why hillslope erosion is not simulated by a di(usion equa�on? Equa�on 3 should look like: ��h = ∙∇ (⇥⇥⇤h) 

This is actually a pure diffusion equation if the transport length (the denominator in the deposition law) 
equals dx. The hillslope model in Cidre derived from the non-linear diffusion model popularized by 
Roering’papers, but rewritten as an erosion-deposition model. Instead of calculating the divergence 
between and incoming sediment flux and an outgoing flux obeying a specified transport capacity, this is 
the detachment flux and the deposition fluxes that are specified and the outgoing flux derives implicitly 
from their balance. Both formulations predict similar evolutions, what is detailed in Carretier et al. 
(Esurf, 2016), but the erosion-deposition model is much more stable numerically (no problem with a 
sediment flux going to infinity when the slope is close to the critical slope Sc) and much more adapted 
to the coupling with grains (Carretier et al. Esurf, 2016; EPSL, 2020).

To recall it, we added in section 2.1: “Note that the hillslope equations derive from the non-linear 
diffusion model (Roering et al., 1999), but written as an erosion-deposition model. Both formulations 
lead to the similar topographic evolution but the model used in Cidre is numerically more stable and 
more adapted to the coupling with grains transport (Carretier et al., 2016)”.

I don’t understand how drainage divides get eroded with equa�ons 2 and 3 since basically erosion is null 

when the slope is null. Am I missing something? 

We are not sure to understand the concern. The slope is not null from a pixel of the drainage divide to any 

downstream cell, so erosion can a(ect a cell of the divide. If the slope is null, the pixel belongs to a 0at 

surface, for which indeed, there is no erosion.

Line 75: You use MFD to distribute the incoming water 0ux from the donor node to the receiver nodes, but 

then you only use the “steepest-descent slope” when you compute the erosion poten�al of the donor node.

Sebastien Carretier
Responses to Carole Petit’s review



Somehow it means that the water that is given to the other nodes does not contribute to erosion. Why not 

compu�ng the erosion poten�al of a donor node as the sum of the contribu�on of each receiver node 

propor�onally to their slope? 

This is a good remark and we have been thinking a lot to that ques�on. The way you propose was actually 

the algorithm in a former version of Cidre, before the mass balance was reformulated as erosion-deposi�on 

models for rivers and hillslopes. The former version was much more unstable numerically because it 

summed on a donor cell the non-lineari�es linking the erosion poten�als and the water discharges in all 

downstream direc�ons. The idea of calcula�ng only one detachment poten�al for the donor cell according 

to the steepest downstream slope is that the detachment (wet or dry condi�ons) is mainly driven by gravity 

in the steepest direc�on. Then the water and eroded material can spread towards all the downstream 

direc�ons for di(erent reasons (approxima�on of shallow water equa�on, subcell surface rugosity etc...). 

The sediment rou�ne, even the MF algorithm, is a necessary simpli:ca�on in LEMs, but the exact 

parametriza�on is s�ll a ma<er of research (e.g. Coatl=ven and Chauveau, Esurf Discussion, 2023).

Line 81: “Sediments that leave the cell are spread downstream”. Do you mean “distributed to downstream 

cells”? 

Yes. We reworded as you propose.

Line 88: Composed instead of comprised 

Done.

Line 89: “They are localized by the cell number where they are located”: not clear to me. Do you mean they 

have an index corresponding to the cell number where they were ini�ally sown? 

We rephrased as:”They are localized by the index corresponding to the cell number where they are 

located”.

Line 98: “For a grain on a cell, it is detached if the eroded layer on that �me step is thicker than or equal”. 

Done.

Line 110: Sediment deposi�on volume instead of 0ux; I would keep the term “0ux” for something that is 

moving. 

OK. Done.

Line 197 and 206: “Outgoing water 0ux” instead of “leaving water 0ux” 

OK. Done.

Line 202:” Erode the bedrock but mul�ply the eroded volume by (1-sediment volume/poten�al erosion of 

sediment)” Awkward sentence. Could you rephrase it please? If the volume to be eroded is greater than the

volume of sediment available, the bedrock is eroded by the remaining quan�ty. Is it correct? 

Yes. We rephrased as: “Erode a volume of bedrock according to Equa�on 3 weighted by (1-sediment 

volume/poten�al erosion of sediment)”

Line 214: what do you mean by “draw the next cell”?

We rephrased as: “draw the next cell of the grain….”

Lines 215-216: Shouldn’t this be in a while loop (with lines 213-214)? 

We guess it could be wri<en as a while loop equivalently.

Line 223: Do you mean user-determined output �mes? 

We rephrased it as:”the �me :ts the user-de:ned output �me”.

Line 299: How do you de:ne the “residence” �me? This term is not clear to me. I would say that the 

“residence �me” of sediments is the �me spent in a given system (river network for instance) whatever they

are exposed to cosmic rays or not. On the other hand, the exposure �me should be the dura�on during 



which the sediments are exposed, even par�ally, to cosmic rays whatever the system they reside in. Could 

you please be more speci:c on what you call the residence �me? 

We rephrased as: “The long residence �me at shallow depth”. The residence �me here is the �me spent by 

grains in the soil of the hillslopes.

Line 301: Figure 3A instead of 3B 

Thank you!

Line 322: Having seen this, I think it would be interes�ng to see the e(ect of a variable Quartz source 

distribu�on (i.e., more abundant in the upstream or downstream parts of the catchment for instance) on 

the resul�ng 10Be-derived erosion rate. Maybe add this topic in the Discussion sec�on also? 

Yes! There are many other ques�ons we want to address with this new tool, this one is a good one, but we 

leave this for a more thema�c paper (less suitable for GMD).

Line 362: You do not discuss the amplitude. It seems that the amplitude is largely underes�mated for the 

short period oscilla�ons. Why is it so? 

Thank for this comment. We added: “Indeed, when a grain reaches shallow depths ($<$1 m) during a low 

erosion rate period, its $^{10}$Be concentra�on is rela�vely high. If the grain is then rapidly exhumed, it will

reach the surface with a concentra�on that is too high compared with what it would have been with a high 

rate of erosion. Once detached, if we use this concentra�on to determine an erosion rate, we 

underes�mate the erosion rate. This memory e(ect causes the cosmogenic signal to be damped out.”



(Responses in blue).

Carretier et al. present a timely development of their Cidre model that supports the rapidly developing 
field of new lab techniques for sampling cosmogenic concentrations in individual sediment grains. The 
model allows the numerical exploration of the landscape processes that influence the residence time of 
sediment grains in mountain catchments and the impact these processes have on the population 
statistics of cosmogenic concentrations in exported sediment. This is very useful for generating 
hypotheses that are becoming increasingly testable with field data.

One uncertainty that I have relates to the relationship between relief and CN production in the model 
and how erosion rate is defined relative to the topographic surface. It would be great if there was a 
figure clarifying the coordinate system for the attenuation path of cosmic rays emulated together with 
the surface lowering/mass removal processes. 

Thank you for this suggestion. We added a Figure 1 showing the different vertical coordinates of grains 
as well as topographic changes during a time step in a net eroding cell and another net depositing cell. 
We hope that is useful. We also realized that we had used the same letter to describe cell elevation (z) 
and the grain’s depth, causing confusion. We changed the grain’s depth to z’ for its center and z’b for its 
basis.

Are the rays attenuated vertical or perpendicular to the topographic surface in the model? Is this 
important if the model is to be applicable to topographies steeper than those modelled in the paper 
(>30O)? I am thinking that steeper slopes do not lower their surface uniformly, so if cosmic rays are 
attenuated vertically, how might the production rates vary depending on the hillslope model used? E.g. 
non-linear hillslope diffusion model vs Cidre’s model where detachment rates are proportional to slope 
and mass removal is modelled with non-local effects above a threshold. Some clarification would be 
great for us visual learners.

 The rays are attenuated vertically, namely perpendicularly to the surface of each cell and thus not 
perpendicular to the real surface topography approximated buy the mesh of square cells. This is not 
perfect; we agree and this is a concern we have. For the moment, the good match between derived and
true catchment-average erosion rate shows that in average this approximation holds. For much steeper 
landscapes we will have to evaluate it. The DiBiase paper (2018) about the necessity to apply simple 
shielding correction or not depending on the topographic slope is also to be considered in the future.

Concerning the relationship with the hillslope model, there is no particular problem (steeper slope can 
still erode uniformly, at dynamic equilibrium in particular). The non-local hillslope model in Cidre sepa-
rates the grain detachment from grain deposition, whereas the non-linear model of Roering is formu-
lated as a difference of incoming and outgoing fluxes on a cell. Both model lead to the same evolution 
(cf Carretier et al., Esurf, 2016), but handling grains is far much easier in the Cidre formulation because 
the probabilities for a grain to be detached and then deposited are simply linked to the detachment and 
deposition rates on each cell. That said, the tricky part is to decide how to distribute the CN production 
between the grain’s initial position and its final position during a time step. As the CN production rate 
depends on elevation and depth, this choice is important to predict the correct final CN of a grain. The 
strategy we explain in the manuscript (“using the mean elevation and depth of its travel during the time 
step.”) is the best we have found to predict the correct CN concentration. The last time step before a 
grain becomes dead is even more critical: the CN production rate has to be “multiplied by the ratio be-
tween the depth of the grain on the starting cell of this time step and the eroded thickness on that cell 
during this time step” (section 3.2). If not, the final CN concentration can be wrong by more than 20% in
fast eroding landscapes (because a grain can be suddenly exhumed from depth and leave the model 
with a two low CN concentration).

Other minor comments are included in the pdf attached.

Revisiting the grammar throughout the manuscript would do the work better justice but the paper is well
structured and easy to follow. I have highlighted some of the sentences below that would benefit from 
clarification/rewording. The conclusion would also be made more impactful if there was a more holistic 
summary of the work.

Sebastien Carretier
Responses to Rebekah Harrie’s review



Thank you very much for pointing unclear statements or proposing rephrasing. Concerning the 
conclusion, to keep it as short as possible, we added the sentence “The catchment-average erosion  
rates are approximated to within 5% uncertainty in most of the cases with a limited number of grains.”

 Minor comments below: 

Line2: remove ‘the’ from ‘the relief evolution’ 

Done.

Line3: suggest change to ‘Models can be used to explore the statistics of CN concentrations in 
sediment grains’ 

Thank you, done.

Line7: change to ‘The concentrations of various CNs can be tracked in these grains.’ Line10: not clear 
what a ‘grain-by-grain distribution’ is. Rephrase sentence? 

Thank you, done. We cut the second part line10.

Line12: Rephrase, e.g. ‘We illustrate the robustness and limitations of this approach by deriving the 
catchment-average erosion rates from the mean 10Be concentration of grains leaving a synthetic 
catchment, and comparing them to the erosion rates calculated from sediment flux, for different uplift 
scenarios.’ 

Thank you, done.

Line33: ‘but without taking the evolution of the relief into account.’ Could you specify why this is 
important? 

We reworded as: “but without taking the evolution of the relief, and thus of the CN production rate into 
account”.

Lines47, 226, 261 etc: I think the clarity of the manuscript could be improved by better defining what is 
meant by the ‘true rate’ and using this term consistently throughout the manuscript. 

We added at the first occurrence: “In the following we call the 'true' average catchment erosion rate the 
ratio of the sediment outlux over the catchment area calculated in Cidre.”

Line68: What slope threshold and transport length do you use? 

0.83 and 1, respectively. We indicated these values in Table 1 to which we refer when designing the 
reference simulation in section 4.1

Line85: Rephrase ‘they are not useful in terms of presenting the algorithm to calculate the CN 
concentrations in the grains’. 

We rephrased it as: “because the algorithm to calculate the CN concentrations in the grains does not 
vary according to these processes”. 

Line92: Rephrase: ‘For example, they can be set randomly on the grid and at depth, or with a higher 
density in some regions, in order to simulate the different proportions of some minerals depending on 
the underlying rock type.’ 

We rephrased it as: “For example, they can be set randomly on the grid and at depth if the grains are 
quartz grains and the proportion of quartz is constant in the underlying rock. Alternatively, grains can be
set with a higher proportion in some cells or at some depths for which the rock has higher quartz 
content.”

Line189: I like the pseudo code! 

Thank you!

Line268: Clarify: ‘In the second period, the mean erosion rate decreases to the new dynamic 
equilibrium value with a maximum elevation of 340 m.’ 

We rephrased as: “In the second period, the mean erosion rate decreases to match the lower uplift rate 
value at the new dynamic equilibrium. The maximum elevation is 340 m during this new equilibrium 
period.”

Line273: different wording? ‘where grains were dead...’ 



Reworded as: “where grains left definitively ...”

Figure 1 caption: Clarify: ‘Radioactive decay slightly decreases the mean 10Be concentration calculated
by Cidre, and thus the apparent inferred erosion rate neglecting radioactive decay, which is inversely 
proportional to the 10Be concentration, is slightly overestimated.’ 

We rephrased as: “The apparent inferred erosion rate is inversely proportional to the 10Be 
concentration (Equation 14), but because it is calculated by neglecting radioactive decay, the apparent 
inferred erosion rate is slightly overestimated.”

Line297: interesting! 

Thank you!

Line329: Why did you chose to test this variable? Include a sentence earlier in the manuscript e.g. 
paragraph starting line45. 

We added: “As LEMs can be sensible to cell size, we tested the result of decreasing the cell size ….”

Line348: ‘When the number of grains is multiplied by four, this decreases the variability (Figure 8B).’ 
Could you expand on the significance of this? Perhaps in the discussion. 

Actually, this test was just to verify a statistical fact: the more the grains, the better the average estimate
(if the distribution is not heavy tailed).

Line399: rephrase ‘In a Lagrangian formulation, the approach by discrete grains has advantages.’ 

We rephrased as: “In a Lagrangian formulation of CN concentration evolution, the approach by discrete 
grains has advantages”

Line433: rephrase ‘and still faces the difficulty of modelling stochastic processes in a landscape 
evolution model’ 

We cut the sentence: “Nevertheless, linking a CN detrital signal with landscape evolution is not 
straightforward.”

Line437-439: Could this be expanded on a little? I think it is an interesting part of the discussion. Could 
you also look at connectivity? 

We are a bit afraid of expanding this part of the discussion. We agree that this is the interesting 
scientific part as you noticed and we are excited by the possibility to revisit the issue of paleo-
denudation rates using Cidre. However, this manuscript is for a Journal describing algorithms and 
codes in geosciences. We are afraid that a deeper thematic discussion here may not be suitable. We 
left this for applications coming soon.

Line456: Reword?: ‘We present a new coupling of landscape evolution model Cidre with a model of CN 
concentrations in individual grains. 

OK thank you for your proposition.

Line458: Clarify: ‘The algorithm is tested by deriving the mean catchment erosion rate from the 10Be 
concentration of grains leaving an uplifting catchment.’ – how does this test the algorithm? 

You are right. We reworded as: “The algorithm is tested by comparing the catchment-averaged erosion 
rate derived from the 10Be concentration of grains leaving an uplifting catchment and the true catch-
ment-averaged erosion rate calculated by Cidre.”


