
(Author responses in italics) 

J. Guillen (Referee) 

General comment: This is a “bold” manuscript exploring how the evaluation of the sediment 

budget in a coastal system during long-term periods (thousands of years) is suitable for the 

interpretation of past sedimentary processes, their timing and their morphological evolution (and 

presumably be applied to future projections). I like this aspect of the work. However, I suspect 

that the necessary assumptions required to simplify natural processes in the model make the 

results merely conjectures without firm evidence and that different test proposed by authors are 

just a sensitivity analysis of considered parameters. In fact, the application of this methodology 

to the Ebro delta evolution during the late Holocene mainly adjusts model results to previously 

known data (or interpretations derived from it). This provides the opportunity to authors to 

discuss several issues of the Ebro delta recent evolution that are interesting but quite speculative.  

We thank Jorge Guillen for his thoughtful review. We are aware that many aspects of the 

fluvial and coastal model are sensitive to the considered parameters. However, we would 

like to also stress that in this study we are looking for the simplest possible scenario that 

would mimic the Ebro’s modern observed morphology. Therefore an important 

conclusion that we draw from this study is that we ARE able to reproduce the general 

Ebro Delta morphological history even when applying simplified models. Such results do 

not indicate the absence of any complicating factors; rather, they suggest that one does 

not necessarily have to appeal to such factors to explain the large scale morphology of 

the Ebro delta. 

 We now highlight this important point in the abstract, introduction and conclusion. 

Specific comments: Sometimes I’m a little confusing with the use of the term “delta” in the 

manuscript. The Ebro delta (understood as delta plain, prodelta and associated fluvial and lagoon 

environments) developed during the Holocene (Díaz et al., 1996), but previous “delta” deposits 

are recognized before since the Messinian (Farrán and Maldonado, 1990; Urgelés et al., 2011). 

Sentences as “the delta was already formed -6000 years BP” (p. 4, l 10) or ”. . .the effect of 

fluvial sediment supply on Ebro delta morphology. . .” (p. 12, l15) suggest that delta and delta 

plain are used indistinctly along the text. In fact, a question what comes to my mind is if we can 



properly reconstruct the Holocene sedimentary history of a deltaic area and their fluvial inputs 

just using the shoreline variations and almost ignoring the submerged delta (the presentday delta 

plain area is about 325 km2 and the prodelta area is one order of magnitude larger, about 2300 

km2). I realize that the 1-D model of shoreline evolution assume that shoreline variability is 

proportional to the shoreface translation considering a constant shape of the profile (and the 

shallowest submerged delta is included in this way). However, previous studies show that the 

depth of closure varies along the delta and, probably, there were important changes in the littoral 

profile during progradational and erosional periods of the shoreface. This is corroborated by the 

distinct morphology and sediment distribution on previously abandoned deltaic lobes areas 

(Guillén and Palanques, 1997). I am afraid that values obtained from these approximations are 

very close to the error range of the method because these uncertainties. For instance, it sounds 

reasonable to expect values of subsidence in the Ebro delta area of a few mm per year. During 

2000 years this implies changes of several meters in the level of emerged and submerged delta. 

Apparently this should be a significant parameter for long-term evolution that probably change 

the sediment budgets inferred from shoreline data but which is ignored in the manuscript. 

First, we agree that in many instances we used the word delta when delta plain would be 

more appropriate and we did so in the revised version. 

We also agree that an important simplification in our model approach is the 1-line 

shoreline assumption. Unfortunately, even though 2 or n-line shoreline models exist, we 

argue that the application of more complicated models would lead to an increase in 

uncertainties because of the lack of proper data constraints. Our modeling approach 

does account for growth of the delta into a deeper basin and subsequent erosion that is 

limited by the depth of closure. We state this more clearly in the revised version. 

Even though subsidence on the delta plain is significant on millennial timescales, we 

argue that subsidence mostly affects the finer-grained and organic delta topset. We now 

include a cautionary note concerning the potential uncertainty arising from long-term 

subsidence of the delta plain. 



Regarding the reconstruction of the Holocene sedimentary volume based on the 

reviewer’s delta plain area (325 km2), the shoreface depth we have used (10 m), and the 

70 kgs-1 sediment flux we have estimated from the shoreline model: 
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This number is remarkably similar to our model estimate of 2100 years. This first-order 

calculation does not include the wave dominated delta area older than 2100 years, which 

we suggest was formed before an increase in fluvial sediment flux. We now include a 

short section regarding this simple mass balance in the text.  

Estimation of sedimentary fluvial inputs and fluvial model: Here there is a mesh of data from 

different sources. To choose a grain size of 0.2 mm for the fluvial profile model seems 

unrealistic. This sediment grain size characterizes deltaic beaches but the sediment in the river 

(including in the delta plain) is coarser. Upstream of the deltaic area most of fluvial bed sediment 

is gravel. The assumption that this sediment (0.2 mm grain size) is mostly transported during 

floods of 900 m3/s is also inaccurate. Batalla et al (2004) refers this value for bedload of gravel 

beds upstream of delta plain. The bedload transport in the river at the delta plain (which 

determines the sediment supplied to the coastal zone) begins with water discharges of about 400 

m3/s and progressively increases with water discharge (flow velocity). There is an inflection 

point in this relation with water discharges around of 800-900 m3/s. This means that the potential 

bedload transport is “most effective” with that water discharges, but total bedload transport 

depends of the duration of flow conditions. Finally, the estimated sediment supply of 70 Kg/s-1 

during Riet Vell formation and used in model simulations, which is equivalent to the pre-dam 

bedload flux (71 kg s-1) by Syvitski and Saito (2007), should be considered as a feasible number 

that could give an order of magnitude of sedimentary inputs but whose variation would 

significantly change the results of the model.  

We use 900 m3s-1 as a formative flood at which most of the bed material load is 

transported. We then adjust the duration (intermittency) of the flow such that the annual 

bed material load is consistent with the bed material load under the full flow-exceedance 



frequency curves of Batalla et al (2004) and Vericat and Batalla (2006). We now include 

a more thorough description of the fluvial profile model parameters in the methods 

section. 

We recognize that the sand designation is inconsistent with the bed material of the Ebro 

River channel, and we changed bed material in the fluvial profile model to the most 

transported bedload grain size of 10 mm (Vericat and Batalla, 2006). Because we 

simultaneously change the channel bed roughness set to reflect a gravel bedded channel 

(3x D50 of bed material), the resulting fluvial profile timescales and sediment fluxes are 

similar to the original calculations for a sand bedded river.  

We are aware of the simplification of using one fluvial sediment flux to represent an 

“average” for the last ~2000 years of the Ebro Delta. Variability in this sediment flux 

would greatly affect the morphologic development of the Ebro Delta. However, we are 

not aware of any data constraining the fluvial sediment flux history over the previous 

millenia. An important conclusion of our study is that we are able to reproduce certain 

elements of the Ebro morphology with the simplest possible assumption: a steady 

sediment flux. 

I found the analysis of section 4.3 about wave climate change during the Holocene really weak. 

The evaluation of storminess during the Holocene is a complex issue and the approximation 

carried out in this section is too simplistic to prove any trend. 

We agree that paleo wave climate of the Ebro Delta is a complex issue that needs to be 

investigated and therefore we provide a start for that in our paper. However, based on 

the most complete NAO reconstruction (Olsen et al., 2012) and the longest wave climate 

record available for the Ebro Delta (Sotillo et al., 2005) our conclusion is that there 

appears to be no clear evidence to expect significant wave climate changes, particularly 

in comparison to previously inferred fluvial sediment flux changes of the Ebro delta and 

other Mediterranean deltas (Anthony et al., 2014; Giosan et al., 2012; Maselli and 

Trincardi, 2013). The assumptions underlying our analysis are clearly laid out, including 

correlations between measured and paleorecords. The lack of strong evidence from our 

one analysis does not prove that wave climate changes did not occur. However, it does 



show that more evidence would need to be presented do demonstrate a secular change in 

wave climate, as has been suggested by others. Also, our results indicate that one does 

not necessarily have to (or should) appeal to wave climate changes to explain large scale 

morphologic features of the Ebro delta. 

  



E. Viparelli (Referee) 

This manuscript describes an interesting application of two reduced complexity models to 

quantitatively characterize the long term impact of changes in flow rate and sediment loads on 

the progradation of the Ebro delta over the last ~2000 years. The application of the two models, a 

coastline evolution model and a river morphodynamic model, is novel in the sense that the output 

parameters of the river model are used to update the input conditions of the coastline evolution 

model. Although the models were not fully coupled because the input parameters of the coastal 

evolution model do not seem to change in time during a simulation, the results of this exercise 

are useful to determine what could have caused an the increased delta progradation rates that 

occurred about ~2000 years ago. I consider the level of model simplification appropriate for the 

spatial and temporal scales of interest. I like the choice of not modeling autogenic river avulsions 

and backwater effects and to impose the orientation of the channels based on field observation. 

The model is well written and I have some general comments on the manuscript and I list them 

below.  

Comment 1  

The detailed description of recent changes in flow regime and sediment supply to the delta 

(section 2.4) is relevant to characterize the present Ebro delta, however this information does not 

seem to be used in the model application and in the discussion sections of the manuscript. Is the 

Ebro delta suffering of land losses or shoreline retreat? How are these changes (if they have been 

documented) related to the dam construction based on the four model scenarios considered in the 

manuscript?  

We thank Enrica Viparelli for her thoughtful review of our manuscript. Our main answer 

to this question is that the question is one of scale and objective. Our main objective is to 

investigate fluvial sediment flux increases that have been hypothesized to have caused the 

Ebro land gain over the last 2000 years. We do use the recent changes to the Ebro delta 

shoreline as a test case for the applicability of the coastline modeling, finding that there 

appears to be little fluvial sediment reaching the modern shoreline. However, our fluvial 

model scenarios focuses on delta formation. We are hesitant to use the shoreline model 

or the fluvial profile model to project future changes over the coming century to the Ebro 

delta because, for one, this has been done previously (e.g., Sánchez-Arcilla, et al, 2008) 



using a model approach more directly tuned to the historical changes of the delta 

shoreline. Second, as we now also state, our modeling approach does not account for 

sea-level rise; projections for the coming century suggest rates that are unprecedented 

compared to the previous 2,000 year period we investigate. We now state the objective of 

our research and suggest some potential methods for investigations of future change in 

the conclusion section of the manuscript. 

Comment 2  

It is not very clear how the effects of changes in flow regime and sediment supply to the Ebro 

delta were studied. One of the output parameters of the fluvial model can be the mean annual 

sediment load (I do not remember if the original model has it as output parameter or if the code 

needs to be slightly modified to print it). Are the authors imposing a variable sediment supply or 

its equilibrium value, i.e. the value at the end of the numerical simulation when the system 

reaches a new equilibrium state? I understand that equilibrium values of sediment supply were 

used in the simulations. I am not asking to do more simulations, but it can be nice to fully couple 

the two models in the near future and see how the coastline evolution changes in case of 

sediment supply that changes in time.  

We impose its final equilibrium value at the upstream boundary condition, which we now 

state clearly in the methods and the results section. We impose a constant fluvial 

sediment supply to the Ebro delta for the coastline model. We chose not to couple the two 

models directly because they are exploratory and there is no feedback (i.e., the coastal 

model does not affect the fluvial model). An example of a coupling of fluvial and coastal 

models is described in: Ashton et al., Comp. and Geosc. 2013. We agree that modeling 

wave-affected delta evolution with a gradually time-varying sediment influx remains an 

interesting problem. Here, we use the fluvial models to investigate how a sudden and 

sustained increase in fluvial sediment input to the shoreline could have affected the 

evolution of the Ebro delta. 

Comment 3  

The description of the fluvial model can be improved and refined. I would clarify that since the 

authors are using a channel model, they consider the bed material only and do not model 



washload. In line 37-38 the description of equilibrium is not very clear and should probably be 

improved by saying that in the absence of subsidence/ uplift and sea level rise, if the flow regime 

and the sediment supply are constant in time rivers tend to reach a mobile bed equilibrium in 

which the channel bed elevation does not change in time. If streamwise changes in flow 

discharge and sediment load are not modeled, at equilibrium the bed slope does not change in 

space and time and the bed material transport capacity is equal to the mean annual supply of bed 

material everywhere in the modeled reach (Parker, 2004 and 2008).  

We realize that the description of equilibrium was less clear and we adjusted the wording 

following the reviewer’s recommendations.  

On page 7, lines 4-15, the normal flow assumption appears and it is not linked to the rest of the 

text and this part needs some re-writing. I would reference to De Vries (1965) and/or Parker 

(2004 – chapter 13) to say that when the time scales of changes in channel bed elevation are long 

compared to the time scales of the changes in flow characteristics, the flow can be approximated 

as steady, i.e. the time derivatives of the Saint Venant equations are dropped. This is the quasi-

steady approximation, which is at the base of the vast majority of the morphodynamic models. 

When it is further assumed that the flow is locally uniform, the quasi-steady approximation 

becomes a quasi-normal approximation and the flow characteristics are computed with the 

formulation that is implemented in the fluvial model used in this study. Thus, on line 9 the 

normal flow assumption breaks down when the flow is sufficiently non-uniform, i.e. the spatial 

changes of the flow have to be considered (not non-steady because steady refers to time and 

when this is the case you cannot drop the time dependence in the flow equations, as happens for 

e.g. tidal morphodynamics). There is a huge number of river and delta morphodynamic models 

that use the quasi-normal approximation for the flow (see e.g. Parker et al., 2008 and Paola et al. 

2011 for references) and they have been used to approach the study of a large variety of 

problems. The choice of the quasi-steady or of the quasi-normal approximation depends on the 

problem of interest, on the available field data and on how the downstream boundary has to be 

modeled. I honestly do not think that the use of a quasi-normal approximation is a problem for 

this particular study. 

We thank the reviewer for her recommendations. We have improved the description of the 

normal flow assumption. 



Page 10 line 25, the authors are using a bedload transport relation for 0.2 mm sand. This requires 

some justification. Why not to use an Engelund and Hansen formulation (Parker, 2004 bulk load 

relation chapter) for total (bedload plus suspended) bed material load? The model should allow 

for it. Further, the change in reference Shields number in equation (3) from 0.047 to 0.0495 

suggests that the authors are using the Mayer Peter and Muller bedload relation corrected by 

Wong (Parker, 2004), but they are not changing the coefficient of the load relation. This is 

perfectly fine with me, since the authors are obtaining reasonable results, but they should 

mention it in the text.  

In the original formulation of the 0.2 mm sediment bed we agree that the Engelund and 

Hansen formulation would have been more appropriate. However, see also our response 

to reviewer #3, we changed the sediment bed grain size to 10 mm to more accurately 

reflect incision and aggradation of the Ebro River. We use the MPM formulation to 

predict river profile changes with a 10 mm bed median grain size (Vericat and Batalla, 

2006). 

Comment 4  

It is hard to understand how the intermittency factor was estimated.  

Data (Vericat and Batalla 2006) show that the 900 m3s-1 flow transports most of the sand 

and is exceeded ~15% of the time (pre-dam). However, this does not mean that 15% 

intermittency is a good indicator of annual sediment transport, stronger flows will carry 

relatively more sediment. An appropriate intermittency is therefore likely higher than 

15%. 

We use the sediment (which roughly scales with Q2) -exceedance frequency table from 

Batalla et al (2004) and Vericat and Batalla (2006) to fit a relationship between 

exceedance frequency and Q2 (the trend is approximately ~ x-½).  We then integrate this 

relationship between 0 and the exceedance frequency of a 600 m3s-1 flow (the minimum to 

transport bed material) to obtain a sum with units (m3s-1)2 days/year. This sum divided by 

the discharge2 we use in the model (9002) is about 100 days/year (~30% intermittency). 

Because we scale the intermittency to the discharge we choose in the model, the results 

are not very sensitive to an exact flood discharge (e.g. a 1200 m3s-1 flood discharge in the 



model would correspond to a ~20% intermittency and results in a similar annual 

sediment flux). 

We agree that this was insufficiently clear in the previous text (also pointed out by 

reviewer #1) and explain this more thoroughly in the methods section of the revised 

version. 

Comment 5  

Figure 6, does the figure become clearer if the temporal changes in bed elevation (eta – 

eta_initial) are plotted? Do the authors have one or two field data to add to the figure to show 

that the model is able to reasonably reproduce the field case?  

We have added a bed level difference plot to this figure, which is indeed more illustrative. 

We are unfortunately not aware of any channel bed degradation studies of the Ebro River 

downstream of the dams, aside from the cited studies of Vericat and Batalla (2006) 

Comment 6  

This is a very personal request, can the authors express the sediment fluxes in million tons per 

year? It is very hard for me to understand how much sediment is delivered to the cost when the 

fluxes are given in kilograms per second.  

We included the MT/yr conversion in every first instance in every section. We omitted it 

in some instances of high repetition. 

Comment 7  

Is there any evidence for a change in flow regime and sediment supply to the fluvial reach and to 

the delta between 6000 and 3000 years ago? It would be nice to have this information to justify 

the results of the modeling exercise.  

Thorndycraft & Benito 2006 QSR discuss changes in fluvial flooding in Spain before 

3000 years BP. We now discuss their findings in more detail in the background section of 

the manuscript.  



Comment 8  

A table with the values and the justification of the model parameters will greatly help. 

We now include a table providing river profile model and coastal model parameters (new 

Table 1). 

  



E. Anthony (Referee) 

General comment: This is a fine effort that attempts to combine shoreline processes and fluvial 

water and sediment discharge to account for the evolution of the Ebro River delta based on 

reduced complexity models. This combination is a novel approach that needs to be encouraged 

but it is based on many simplified assumptions that can be called into question. The authors have 

been quite exhaustive in integrating into their model as many parameters and aspects as possible, 

but one ends up with the impression that the output has been geared to fit input parameters that 

are not always well determined. This can be expected given the complexity of delta 

morphogenesis, interactions between fluvial sediment supply and wave climate, and uncertainties 

regarding long-term large-scale environmental changes involved in such morphogenesis. These 

weaknesses should not, however, detract from the utility of the combined simple modeling 

approach proposed by the authors in this paper.  

We thank E. Anthony for the thoughtful review. We agree with the essence of these 

comments, that although we explore many parameters in our study, we cannot 

exhaustively investigate the full breadth of parameter space, in particular the potential 

for all fluctuations. We hope that we are clear in our assumptions, and emphasize that we 

do explore a rather large variation in several model parameters that are difficult to 

constrain (Figure 7). We now more clearly stress the variability and the objectives of the 

paper in the abstract, introduction, and discussion sections. 

Specific comments:  

1. The evidence on the inception and growth of the Ebro delta is altogether rather scanty to be 

used as a justification for the stages in delta growth replicated by the combined model, especially 

for the earlier stages of evolution. The use of the presence of beach ridges as a criterion for 

affirming that the delta was already extant 6000 years ago seems, in this regard, rather dubious as 

these forms could simply reflect shoreline reworking by waves.  

We agree that beach ridges are not necessarily evidence of delta existence. However, the 

preserved beach ridges on the Ebro delta plain older than 2000 years are updrift of the 

mouth curving toward the mouth, in a region where the coast is otherwise cliffed (i.e. no 

outside sediment sources). This essentially rules out any other possibility but a delta. We 



rephrased this section and provide a better summary of the findings presented by Canicio 

and Ibanez (1997) and Cearreta et al. (2016) 

2. The sediment input and grain-size parameters also need to be reconsidered. The construction 

phases of the delta are based on the supply of sand-sized sediment to the shore. What justifies the 

choice of a grain size of 0.2 mm in the river channel, given the much larger size range and the 

dominance of coarser bedload in the channel?  

We realize we did not provide sufficient clarification for the 0.2 mm fluvial sediment size. 

Reviewers #1 and #2 also requested more clarification. We initially used this grain size 

because it is approximately the grain size of the littoral zone and therefore most likely 

makes up for most of the delta between the depth of closure and the surface.  

However, in response to all reviewers, we now calculate the river profile changes with a 

10 mm grain size, the median bed-load grain size (Vericat and Batalla, 2006). We have 

adjusted the methods section. Because of the likely higher bed roughness (~3x D50 of the 

median bed material for no bedforms, see Parker 2004) of the gravel bed, the actual 

sediment transport magnitude is similar to our original results. 

3. The assumption that the wave climate and storminess in this part of the Mediterranean did not 

change significantly in the course of the evolution of the Ebro is doubtful. More cautious 

wording should be used regarding this aspect.  

We state this claim more carefully, also following similar concerns of reviewer #1. 

However, we used the best data available to us and found no indication that wave climate 

change would have a strong effect, as significant as changes in the fluvial sediment flux 

found for the Ebro delta and other Mediterranean deltas (Anthony et al., 2014; Giosan et 

al., 2012; Maselli and Trincardi, 2013). This of course does not prove that wave climate 

changes did not occur; rather, it shows that one does not necessarily have to (or should) 

appeal to wave climate changes to explain some morphologic features of the Ebro delta. 

We stress this distinction more clearly in the revised manuscript. 

4. The changes in delta plan-shape associated with the successive lobes are based on the fluvial 

dominance ratio but the input data justifying this ratio are rather poorly constrained, and the 



authors do not seem to consider morphodynamic feedback between lobe plan shape, wave 

approach direction and alongshore sediment fluxes, except for the current spits.  

The fluvial dominance ratio as we use it in the study purely serves as a diagnostic tool for 

our model simulations. The simulations themselves include feedbacks between shoreline 

shape, wave approach angle, and fluvial sediment fluxes. We rephrased our explanation 

of the fluvial dominance ratio and its use in our analysis in the background and results 

sections. 

5. How do recent post-dam changes in water and sediment discharge fit in with the evolution of 

the modern delta and with the evolution of the two spits flanking the present channel mouth? 

While it is tempting to run the shoreline evolution model into the future we chose not to 

do so. See also our response to reviewer #2, Enrica Viparelli. There are more 

appropriate models and methods (e.g. Jimenez 1997) available to predict future delta 

shape that can take into account a more constrained set of boundary conditions such as 

(perhaps importantly) sea level rise. A modern Ebro delta model would also probably use 

the Ebro’s present shape as initial condition rather than our assumed shape (a straight 

coastline) 2000 years ago. We mention this now in the conclusion. However, our analysis 

of predicted alongshore sediment transport trends and scenario-based models both 

suggest river damming effects on the shoreline should be noticeable only close to the 

modern river mouth itself. 

  



Jose Jimenez (Referee) 

General comment  

This manuscript is a very interesting attempt to reconstruct (explore) the long-term evolution of 

the Ebro river-delta system by using (relative) simple models. The adopted approach based on 

using wave and river sediment supply scenarios permits to analyse the potential influence of each 

factor on delta development and, thus, to reconstruct dominant conditions controlling the Ebro 

delta development. This gives a great flexibility to the analysis since it permits to practically test 

any combination of forcings controlling deltaic formation and reduction processes. Although this 

is a great advantage, it also opens the question on how confident authors are on used (selected) 

conditions. In addition to this, the proper selection of models’ parameters will control obtained 

results (delta configuration). This may cause that different combinations of both factors (forcing 

conditions and parameters’ selection) will produce a given response.  

We thank Jose Jimenez for his thoughtful review of our manuscript. The two model 

outcomes are indeed sensitive to many less well constrained variables including the 

factor k in the shoreline evolution model and the location of the upstream fluvial model 

boundary. Where possible, we used site-calibrated constants and test model outcomes to 

recent Ebro river and delta changes. Rather than proving a particular depositional 

history of the Ebro, we state that our models have provided us with the “best estimate” 

outcome. Given that this “best estimate” outcome is similar to outcomes from other Ebro 

delta studies, we can suggest that perhaps our simple models and boundary conditions 

are sufficient to explain general aspects of Ebro delta morphology that can advance our 

interpretation on geological timescales. That does not mean that they should substitute 

for detailed models on shorter timescales. 

Other reviewers have brought up similar concerns and we now more thoroughly discuss 

the sensitivities of the models to specific model parameters. We also more clearly 

describe the implication of our model results. 

Specific comments and responses are discussed below. 

Specific comments:  



[1] Authors use many times the term "delta" and in other places "delta plain". It will be great to 

clearly specify which is the target (that apparently it is the deltaic plain).  

Reviewer #1 shared similar concerns. We now more carefully distinguish between the 

terms delta plain and delta. 

[2] When describing the suitability of the used models, authors mention that they were validated 

by comparing predictions of observed changes observed during the last century [page 3, lines 21-

23]. However, it is not clear how a model "validated" for a period of few decades (for coastal 

changes) can be used to predict changes in a time frame of millennia.  

We agree that perhaps another terminology than the term “validated” is more 

appropriate. In lines 21-23 of the original manuscript we did not use this specific term, 

instead stating: “we compare the model predictions to observed deltaic and fluvial 

change over the last century”. However, beyond word definitions, we sought to develop 

the best possible parameterization, in particular for the alongshore transport coefficient 

k, and thus used changes over the last century as a calibration. The physics of our model, 

however, are not dependent on this specific calibration (although this comparison shows 

that many changes can be explained through alongshore transport gradients). Temporal 

scale mismatch is not unique to the model we use here; for example, small-scale 

laboratory experiments are used to calibrate sediment transport parameters used in 

Delft3D which are often applied over large space and time scales. We believe that 

several decades represents a reasonable timeframe for testing our model, annual to inter-

annual changes would certainly be inappropriate in this regard. We also do not intend to 

present our results as an exact replication of the formation of the Ebro Delta.  

[3] In different parts of the paper, authors mention the potential effects of deforestation on river 

sediment fluxes. However, it is not clear/justified in the text which is the magnitude of the 

deforestation or land-use changes in the river basin required to produce such increase in sediment 

load. Moreover, it is not justified if population and land use at the required time (1000 years BP) 

was enough to produce such deforestation.  

The sediment flux response to deforestation and land-use changes is an area of active 

research even in the case of modern changes. We are unaware of detailed studies of the 



relationship between historical land-use changes and sediment loads for the Ebro River. 

Studies such as ours could potentially inform these relationships.  

A global compilation of recently modified deltaic systems indicates that increases in the 

sediment load due to deforestation and land-use changes could amount to a factor of two 

or larger (Syvitski and Milliman 2007, p 12-13). Xing et al (2014) estimated a 40% 

increase in the fluvial suspended sediment flux for the Ebro River. We now include a 

discussion of their results to justify the potential increase of the Ebro river sediment load 

in response to deforestation.  

[4] Authors make reference to a threshold of 860 m3/s to produce bedload transport in the river 

[page 5, lines 10-11]. However, previous estimations done in the area for 0.2 mm sediment give 

a threshold value of 400 m3/s. Is this affecting scenario development?  

See also our response to other reviewers; as we have changed the median grain size of 

the bed-material load to 10 mm to more accurately reflect the gravel bed nature of the 

Ebro River. We now more thoroughly describe how the exact flood discharge of the Ebro 

is not critically important, as we adjust the flood intermittency to capture the full 

hydrograph from Batalla et al (2006). We have adjusted the methods section to more 

clearly describe this procedure.  

[5] When presenting the delta evolution model, authors mention that they propagate waves to 

breaking but the presented alongshore sediment transport formula is given as a function of deep 

water waves.  

We thank Jose Jimenez for pointing out this potential source of confusion. Deep-water 

wave relationships are used for visualization and analysis of wave climate data (Ashton 

and Murray 2006 pt. 2). The description of wave breaking is applicable to the numerical 

1-line model (Ashton and Murray pt. 1).  

[6] The calibrated K value of Jiménez & S-Arcilla (1993) used by authors was obtained by 

comparing computed sediment transport rates with inferred ones from shoreline changes. To do 

this, several hypotheses were done, being the depth of closure one of them (to be about 7 m) to 

convert shoreline to volume changes. Formally, this K value should be strictly valid to be used 



under the same conditions. Thus, if it is used with a different depth of closure (e.g. 10 m), same 

wave action should induce a smaller shoreline change.  

We agree with the reviewer’s assessment and now add that for the direct comparison 

between the different wave climates and the shoreline analysis of Jimenez et al. (Fig. 4) 

we use 7 m as the shoreface depth. The actual model simulations run over much longer 

timescales, and therefore we use a deeper shoreface depth (10 m). We now include this 

distinction in our methods section. We refer to our response to detailed comment #7 

below for further explanation.  

 [7] It is questionable to use a depth of closure of 10 m for very long-term runs (centennial or 

millennia time scales). This concept was designed to be used at yearly scales and, when time 

scale increases, it has been observed that it usually increases (e.g. Hinton & Nicholls, 1998). In 

the study area, non-published data show that beach profiles along the northern part of the Ebro 

delta taken 20 years later than the work of Jiménez and Sánchez-Arcilla (1993) presented 

significant bottom changes at locations deeper than 10 m. Moreover, if authors used the inner 

shelf bathymetry to identify the extension of ancient lobes (following Canicio and Ibañez, 1999), 

changes are observed down to 20 m water depth. If depth of closure is increased, deltaic plain 

growth rates will be smaller for given sediment supply and wave scenarios.  

We realize the shortcomings of a 1-line shoreline model applied over ~1000 year 

timescales, see also our response to reviewer #1. The increase of the shoreface depth 

over time becomes intertwined with the simultaneous translation (erosion and 

progradation) of the shoreline such that an accurate measure of the depth of closure 

across the entire shoreface and throughout all 2000 years would be practically 

impossible to constrain. Although we cannot model all scenarios, we have added 

discussion of closure depth, including the time component, to the manuscript. 

Our model uses a shelf-slope such that the Ebro progrades into deeper waters over time. 

Erosion actually only occurs up to a shoreface depth (see also Ashton and Murray, 2006, 

part 1).  We now state this more clearly. 



[8] How well wave conditions are correlated with NAO? Authors only mention how transport 

rates change with NAO positive and negative phases but not how significant (in statistical sense) 

variations are. This is important to support the hypothesis of no significant change in wave 

conditions during the period of simulation. 

We are not sure we fully understand the reviewer’s question. Figure 9b directly shows 

the modern potential littoral transport across all wave angles (a function of only wave 

height, wave period, and wave directions) as a function of the modern NAO index. It 

includes error bars specifying the 95% confidence interval of the mean. We do not wish 

to imply the NAO does not affect the wave climate, but we state that we do not find 

evidence of a significant effect of the NAO on the annual average potential sediment 

transport Qs,max. We now make this point more clear in section 4.3.  
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