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Abstract. Landscape evolution models (LEMs) are useful for understanding how large-scale processes and
perturbations influence the development of the surface of the Earth and other planets. With their increasing
sophistication and improvements in computational power, they are finding greater uptake in analyses at finer
spatial and temporal scales. For many LEMs, the land surface is represented by a grid of regularly spaced and
sized grid cells, or pixels, referred to as a digital elevation model (DEM), yet despite the importance of the DEM
to LEM studies, there has been little work to understand the influence of grid cell size (i.e. resolution) on model
behaviour. This is despite the choice of grid cell size being arbitrary for many studies, with users needing to
balance detail with computational efficiency. Using the Morris method (MM) for global sensitivity analysis, the
sensitivity of the CAESAR-Lisflood LEM to the grid cell size is evaluated relative to a set of influential user-
defined parameters, showing that it had a similar level of influence as a key hydrological parameter and the choice
of sediment transport law. Outputs relating to discharge and sediment yields remained stable across different grid
cell sizes until the cells became so large that the representation of the hydrological network degraded. Although
total sediment yields remained steady when changing the grid cell sizes, closer analysis revealed that using a
coarser grid resulted in it being built up from fewer yet more geomorphically active events, risking outputs that
are “the right answer but for the wrong reasons”. These results are important considerations for modellers using
LEMs and the methodologies detailed provide solutions to understanding the impacts of modelling choices on
outputs.

real-world decisions.

limitations and uncertainties that may have a bearing over

Landscape evolution models (LEMs) simulate the morpho-
dynamic change of landscapes typically over long timescales
ranging from decades to multi-millennia (van der Beek,
2013). Whilst LEMs were predominantly developed for ex-
perimental purposes, such as to understand broad-scale basin
behaviour over long timescales, the increasing sophistica-
tion of the models ushered in an era of “second-generation”
LEMs (Coulthard et al., 2013). This has seen an increase in
the use of LEMs over shorter time frames with smaller grid
cell sizes for operational purposes or to support decision-
making (e.g. Environment Agency, 2021; Feeney et al., 2022;
Ramirez et al., 2022; Wong et al., 2021). This operationali-
sation of LEMs brings with it a need to understand model

Landscape change is often simulated by applying process-
based rules of hydrology, erosion, and deposition to change
the elevation of cells in a regular grid, or in an irregular
mesh, that represents the land surface. The spatial resolution
of this virtual surface is an important consideration due to
two contrasting effects. Firstly, if it is too coarse (e.g. larger
grid cells), it may smooth out the terrain too much and miss
out key landscape features. Secondly, a finer or higher spa-
tial resolution will better represent features but increases the
number of cells and points for the area simulated that in
turn increases the computation time (halving the grid cell
size results in a square increase in the number of grid cells).
Therefore, where high-resolution data are available, a com-
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promise digital elevation model (DEM) grid cell size is used
by LEMs that captures drainage basin and hillslope features
whilst maintaining a low number of grid cells (Hancock,
2005; Hancock et al., 2016).

Unexpectedly, there are few studies that specifically ad-
dress the impacts of grid cell resolution on LEMs. Schoorl
et al. (2000) used the LAPSUS model to simulate landscape
development on a series of artificial DEMs with varying grid
cell sizes and showed that with larger grid cells, total erosion
or sediment yield from the simulations increased due to an in
increase in erosion coupled with a decrease in sedimentation.
They argued that the erosion increase was due to the model
parameterisation but that a coarsening in the physical repre-
sentation of the landscape with larger grid cells made sedi-
mentation more difficult, concluding that it is important that
the extent of the landscape and its relief characteristics are
realistically represented by the used DEM. Hancock (2006)
showed a sensitivity in LEM outputs to DEMs created with
different kriging/interpolation methods. These changes in the
representation can then have important cumulative impacts
if the landscape is modelled since LEMs may exacerbate,
or deepen, concavities or other features ultimately leading
to different shape topographies (Ijjasz-Vasquez et al., 1992;
Willgoose et al., 2003). Hancock et al. (2016) illustrated this
by perturbating a DEM by different ranges of random val-
ues and simulating millennial timescale changes on the dif-
ferent surfaces using the SIBERIA LEM. They found that
an increasing magnitude of random surface variability did
not significantly alter total basin sediment yields but greatly
changed the temporal pattern or delivery of sediment output.
Furthermore, after 10 000 years of simulation, the alternative
positions of initial random perturbations strongly influenced
local patterns of hillslope erosion and landscape evolution —
although general landscape metrics were very similar. Han-
cock and Evans (2006) looked at two small catchments in
North Australia using 10, 20, 30, 40, and 50 m grid cells
to evaluate the impact of resolution in determining channel
head location and the area—slope relationship as well as cu-
mulative area distribution that is a key driver in the SIBERIA
(Willgoose and Riley, 1998) LEM. Their findings showed a
clear drop in the area—slope relationship with larger grid cells
— largely due to the smoothing and subsequent simplifica-
tion of topography. Finlayson and Montgomery (2003) show
a major degradation of DEM mean slope values when resam-
pling from 30 to 90 to 900 m — representing the smoothing of
features and lowering of gradients. Finally, Pelletier (2010)
noted an impact of grid cell size in LEMs where using larger
grid cell flow paths can become dominated by only being
able to change direction by 45 or 90°.

Looking outside the immediate LEM literature, with cellu-
lar morphodynamic models (similar in many ways to LEMs),
Doeschl-Wilson and Ashmore (2005) examined the Mur-
ray and Paola (1994) braided river model and noted that
the model performance was strongly affected by the spatial
scales at which the input topography was represented. They
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demonstrated that when tested over a range of different spa-
tial resolutions, the model had a “preferred” scale where it
self-adjusted to have a channel width with a certain num-
ber of cells (rather than a distance represented by a number
of cells) (Doeschl-Wilson and Ashmore, 2005). Possible rea-
sons why there is a sensitivity to grid resolution in cellular
approaches were discussed by Nicholas (2005), who stated
that this was a consequence of the water- and sediment-
routing equations used in simplified cellular models. For ex-
ample, where sediment and water were routed in proportion
to local bed slopes, the calculations may become sensitive
to very small variations in elevation as grid cell resolution
changes (Nicholas 2005), that also shows a weakness in us-
ing local bed slope to represent the energy slope. This is espe-
cially important in a LEM or morphodynamic model where
these elevations will be changing every iteration in response
to erosion and deposition — this effect will be amplified or
reduced by grid resolution.

The two-dimensional flow of water over landscapes is
a key process in LEMs and for two-dimensional hydraulic
models of flood inundation, the effects of grid cell resolu-
tion have been extensively studied (e.g. Horritt and Bates,
2001; Savage et al., 2016). Horritt and Bates (2001) tested the
LISFLOOD-FP inundation model against satellite-derived
flood inundation extents over DEMs with grid cell resolu-
tions ranging from 10 to 1000 m. Overall, they showed a
good comparison between inundation area/extent over all
resolutions (using the same model calibrations) though com-
parison of flood wave travel time was notably different. In-
terestingly, this shows how grid cell resolution was less im-
portant in spatial matches between observed and modelled
water extents but certainly interfered with the equations de-
termining where water went (travel times), in effect sim-
plifying them to a point where they did not perform ade-
quately with respect to resolution. Claessens et al. (2005)
summarise these effects neatly: the grid cell resolution acts
to firstly simplify the topographic data, and secondly, any
model processes or governing equations that operate be-
low this resolution will therefore also be simplified. This
can lead to apparent gains in accuracy due to greater pro-
cess representation within the model being countered by
the coarser model resolution (Claessens et al., 2005). Hor-
ritt and Bates (2001) also described how changes in topo-
graphic detail with different resolution DEMs also affected
floodplain storage. Similar topographic degradation affect-
ing model behaviour was observed by Savage et al. (2016),
who noted that when using LISFLOOD-FP to simulate in-
undation over a wide range of resolutions, model perfor-
mance degraded where grid cells were larger than 50 m. This
was due to the channel being poorly represented within the
DEM leading to increased floodplain water depths — lower
velocities that all affected model performance negatively.
Importantly, Savage et al. (2016) also observed how model
resolution affected parameter sensitivity, a secondary effect
aside from model performance. This was also a key find-

https://doi.org/10.5194/esurf-11-695-2023



C. J. Skinner and T. J. Coulthard: Testing the sensitivity of the CAESAR-Lisflood landscape evolution model 697

ing of Lim and Brandt (2019) using the hydraulic com-
ponent of CAESAR-Lisflood LEM to examine any depen-
dency between DEM resolution, Manning’s n roughness co-
efficient, and model performance. Comparing model inun-
dation extents and depths for flood events on two rivers to
simulation results over grid cell resolutions from 1-50m,
they demonstrated that high-resolution DEMs performed bet-
ter with higher Manning’s n values, whereas lower n val-
ues gave better outputs for lower-resolution DEMs. Lim and
Brandt (2019) also showed that whilst coarser-resolution
DEMs generated better value performances according to
their metrics, there were more discrepancies between known
flooding and predicted water surface elevations, illustrating
a dependency on the metric used for assessment. Choice of
metric for assessing model performance is also an important
issue presently facing LEM studies, with metrics based on
catchment outputs displaying different behaviours to those
derived from changes within the catchment (Skinner et al.,
2018).

In computational fluid dynamics (CFD), where more com-
plex numerical methods are used for hydraulic modelling,
the effects of different grid resolutions or meshing methods
are widely considered. Where CFD model simulations are
applied to engineering solutions, there are controls and stan-
dards for the verification of models (Vassiliadis et al., 2001)
that are also reflected in the journal publication policies such
as “Solutions over a range of significantly different grid res-
olutions should be presented to demonstrate grid indepen-
dent or grid convergent results” (Roache, 2019; Roache et al.,
1986). Here, grid independent (or grid independence) refers
to whether errors or differences between different resolution
simulations are sufficiently small. Hardy et al. (2003) provide
a clear summary and example of methods for assessing grid
independence using a “Grid Convergence Index approach”.
Nicholas (2005) comments that whilst grid independence is
considered a key requirement of computational fluid dynam-
ics (CFD) approaches — it may not be reasonable to use such
approaches in cellular methods. A logical step might be to
use methods from CFD grid independence testing on LEMs.
However, grid independence tests are largely performed dur-
ing steady flow conditions (e.g. Hardy et al., 2003), measur-
ing flow velocities in x, y, and z directions (for example), but
sediment processes in LEMs and morphodynamic models
are highly episodic and non-linear, even when averaged over
medium timescales (Coulthard et al., 1998; Coulthard and
Van De Wiel, 2012). Therefore, the availability and choice
of metrics to assess LEM performance is difficult.

This issue of which metrics to use to assess LEM perfor-
mance was considered by Skinner et al. (2018) when they
carried out a multidimensional sensitivity analysis on the
CAESAR-Lisflood (Coulthard et al., 2013) LEM. Previously,
such studies have been hampered by long model run times,
making Monte Carlo style analyses difficult; but here, Skin-
ner et al. (2018) used the Morris method (MM; Morris, 1991)
to analyse the sensitivity of 15 different model parameters
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on model performance. Key to this study was the assess-
ment of model behaviours across 15 model functions across
4 core behaviour groups: catchment sediment yields, internal
geomorphology, catchment discharge, and model efficiency.
The work of Skinner et al. (2018) also provides a framework
within which we could look at the impact of grid cell size on
both overall model performance and in relation to the other
model parameters tested, in effect providing us with a way
of making a comprehensive assessment of the impact of grid
cell size on LEM performance.

It is clear from the literature that small changes in the land-
scape (as represented by DEMs) can have an impact on LEM
outputs. As the spatial resolution of a DEM affects the rep-
resentation of topographic features, resolution will have an
impact on model performance and output. LEMs may be es-
pecially sensitive to this as they typically use local gradients
to determine erosion and deposition, thus potentially gener-
ating a positive feedback if erosion and deposition increases
local changes. In this paper, we address these issues above by
using the CAESAR-Lisflood LEM to simulate erosion and
deposition over a wide range of grid cell sizes. Output met-
rics representing geomorphic, hydrological, and model per-
formance are then assessed using the Morris method to estab-
lish how grid cell size affects model results and performance,
and importantly, whether there are any parameter sensitivi-
ties to these resolutions. Our aim is to understand how user
choice of grid resolution might influence outputs with an op-
erational use of the model, which has influenced our choice
of catchment and timescales simulated.

2 Methods

2.1 Study catchment and DEM data

The model tests were carried out on a DEM of Tin Camp
Creek in the Northern Territory, Australia (see Fig. 1). Tin
Camp Creek has a catchment area of 0.5 km? and is located
within a tropical climate where its watercourse is ephemeral
—rainfall in the wet season features small, intense convective
events. It is a small sub-catchment of the wider Tin Camp
Creek system and has been used previously for studies using
LEMs (Hancock et al., 2010; Hancock, 2006, 2012; Skin-
ner et al., 2018). The DEM used is produced from high-
resolution digital photogrammetry and available at 2 m grid
resolution at its finest (as described by Hancock, 2012). For
this study, the 2 m DEM was resampled using the Raster Re-
sample tool in ArcMap v10.4.1 to grid cell sizes between
2 and 30 m at 2 m iterations and a final 50 m grid resolution.
The choice of small area DEM is deliberate to reduce model
run times — especially when using the smallest grid cell sizes.
The 2 m resolution proved to be too computationally expen-
sive so was not used.
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Figure 1. Location of the Tin Camp Creek study site (Imagery source: World imagery from Esri, Maxar, Earthstar Geographics, and the GIS

User Community).

2.2 The CAESAR-Lisflood model

The LEM used was the CAESAR-Lisflood model (Coulthard
et al., 2013). A full description of the CAESAR-Lisflood
model can be found in Coulthard et al. (2013), and its core
functionality is only summarised here. The model utilises an
initial DEM built from a regular grid of cells, and in the
catchment mode (as used in this model setup), it is driven
by a rainfall time series that can be lumped or spatially dis-
tributed (Coulthard and Skinner, 2016). At each time step,
the rainfall input is converted to surface runoff using TOP-
MODEL (Beven and Kirkby, 1979), where the rate and mag-
nitude of conversion is largely controlled by a key parame-
ter “m”. Surface runoff is then distributed across the catch-
ment and routed across the DEM using the LISFLOOD-FP
component (Bates et al., 2010). LISFLOOD-FP uses a simple
finite volume method to determine flow between cells (Man-
hattan neighbours) based on the water surface gradient and
the surface friction (Manning’s n) with a dynamic time step
controlled by a Courant condition (determined by flow depth
and velocity). A key improvement of LISFLOOD-FP post
2010 (Bates et al., 2010) is the simple incorporation of iner-
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tia based on fluxes between cells in the previous time step.
Including inertia significantly reduces numerical instability
in the solution, also allowing larger flow model time steps
to be used. The CAESAR component of the model drives
the landscape development using sediment transport formu-
lae based on flow depths and velocities derived from the
LISFLOOD-FP component. Three sediment transport for-
mulae are incorporated within CAESAR-Lisflood, all with
different approaches: firstly, the Wilcock and Crowe (2003)
approach, which incorporates a “hiding function” to repre-
sent how a sand fraction in gravel beds reduces gravel sed-
iment transport below certain flow thresholds; second, the
Einstein (1950) formulation that takes a probabilistic ap-
proach to whether or not sediment is entrained; third, the
Meyer-Peter and Miiller approach (Meyer-Peter and Miiller,
1948) that takes a more typical approach to sediment trans-
port where it is directly related to the flow properties. All
three sediment transport formulae are chosen for CAESAR-
Lisflood since, unlike many other methods, they calculate
sediment transport for individual size fractions which is a
key requirement for the operation of the model with differ-
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ent grain sizes as explained below. Bed load is distributed to
neighbouring cells proportionally based on relative bed el-
evations. This study has not used the suspended sediment
processes in the model. The model can handle nine differ-
ent grain sizes, and information is stored in surface and sub-
surface layers where only the top surface layer is “active”
for erosion and deposition. A comprehensive description of
this process can be found in Van De Wiel et al. (2007). The
model has capability for bedrock erosion but the setup for
this study does not include a representation of bedrock and
is unlikely to be influential over the 30-year operational time
frame used. An initial soil layer is determined globally us-
ing the information within the grain size set parameter (see
Table 1).

CAESAR-Lisflood is freely available and since 1996 there
have been 119 published studies using the model over a wide
range of temporal and spatial scales (Skinner and Coulthard,
2022). Here we used CAESAR-Lisflood v1.9 with modifi-
cations to allow it to run in batch mode and to automat-
ically collect information relevant to the behavioural func-
tions (outlined below).

2.3 Morris method

Our study used the Morris method (MM) described in Zil-
iani et al. (2013), i.e. the original MM of Morris (1991),
as extended by Campolongo et al. (2007), and applied the
“sensitivity” package in the R statistical environment (Pu-
jol, 2008) to generate the parameter sets for the sensitivity
analysis (SA). To set up the MM, we selected a number of
parameters to be assessed, specifying a minimum and max-
imum range for each, plus a number of iterative steps. The
parameter values are equally spaced based on the range and
number of steps — for example, a parameter with a range of 2
to 10 and 5 incremental steps would have available values of
2,4, 6, 8, and 10. This was carried out for each parameter
and where possible, the same number of incremental steps
were used for each. For a full description of the MM applied
to CAESAR-Lisflood, see Skinner et al. (2018), and a sum-
mary is provided below.

The MM uses a system of repeats to sample the global pa-
rameter space. For each parameter, the user defines minimum
and maximum values and the number of incremental steps
within that range from which to choose values (e.g. with a
minimum value of 2, a maximum value of 10, and five in-
cremental steps, the values of 2, 4, 6, 8, and 10 would be
available). The first test in each repeat uses a randomly se-
lected set of parameters determined from the whole available
parameter space. The second test in the repeat uses the same
parameter set yet varies a single randomly determined pa-
rameter to a different randomly determined value from those
available. That parameter would then be excluded from se-
lection for change for the rest of this repeat, with the process
continuing until all parameters have been changed once.
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The sensitivity of the model to changes in parameter val-
ues is evaluated by the changes of objective function val-
ues between sequential tests within repeats, relative to the
number of incremental steps the parameter value has been
changed by (e.g. for the set of values 2, 4, 6, 8, and 10, a
switch from an initial value of 4 to either 2 or 6 is one step, a
change to 8 is two steps, and 10 is three). The change in ob-
jective function score between two sequential tests divided
by the number of incremental step changes is an elemen-
tary effect (EE) of that objective function and the parame-
ter changed (Eq. 1). After all tests for each grid resolution
have been performed, the main effect (ME) for each objec-
tive function and parameter is calculated from the mean of
the relevant EEs — the higher the ME, the greater the model’s
sensitivity. Alongside the ME, the standard deviation of the
EEs is also calculated as this provides an indication of the
non-linearity within the model.
dij =

VX1, X2 0y Ximts Xi T+ Ady Xip s ooor Xk) = V(X1 X250y Xie 1y Xiy Xig 1y «o oy Xk) (1)
A ’

where d;; is the value of the jth EE (j =1,...,r; where r
is the number of repetitions (here » = 100)) of the ith pa-
rameter (e.g. i = 1 refers to sediment transport formula; see
Table 1), x; is the value of the ith parameter, k is the number
of parameters investigated (here 7), y(x1, x2, ..., xx) is the
value of the selected objective function, and A; is the change
in incremental steps that parameter i was altered by.

In Skinner et al. (2018), an MM test was applied to a DEM
of the same Tin Camp Creek basin used for this study, us-
ing a single 10 m grid cell size. That test used a sub-set of
15 parameters and 100 repeats, producing 1600 tests in to-
tal. Here, we are testing 15 different resolutions so the same
level of scrutiny of parameters and repeats would result in
24000 tests to be required. To reduce the computational ex-
pense, we reduced the 15 parameters to the 7 that exhib-
ited the greatest impacts on model behaviour in Skinner et
al. (2018). In addition, the number of repeats was reduced
to 10, in line with the minimum number suggested by Zil-
iani et al. (2013). This reduced the total number of tests to 80
for each DEM resolution and 1200 in total. The only differ-
ence in the parameter value ranges to Skinner et al. (2018) is
the inclusion of Meyer-Peter and Miiller (1948) as an addi-
tional sediment transport law, with changes between any of
the sediment transport laws being counted as a single itera-
tive step change. The parameters and their values are shown
in Table 1.

In Skinner et al. (2018), a model function approach to eval-
uating MM was developed and tested using the CAESAR-
Lisflood model. The main purpose of the model function ap-
proach was to mitigate for the fact that there is almost al-
ways a lack of suitable observation data to use in evaluating
the performance of LEMs via an objective function approach
(an objective function being the error score between mod-
elled and observed data). Instead, Skinner et al. (2018) pro-
posed a series of metrics that would assess key behaviours in
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Table 1. Parameters selected for the MM test, the number of iterative steps applied, and the values used for each iterative step. A description
of the role of these parameters within the model is provided in Appendix A.

Code Parameter Steps  Tin Camp Creek

(1) SED Sediment transport formula 3 1 Wilcock & Crowe/2 Einstein/3 Meyer-Peter Miiller
(2) GSS Grain Size Set 5 Set 1; Set 2; Set 3; Set 4; Set 5

(3) MNR  Manning’s n roughness 5 0.03; 0.0325; 0.035; 0.0375; 0.04

(4) TOPN  m value used by TOPMODEL 5 0.005; 0.0075; 0.01; 0.0125; 0.015

(5) VEG Vegetation critical shear stress (Pa) 5 2,3.25;4.5;5.75;7

(6) MAT Grass maturity rate (yr) 5 0.5; 0.875; 1.25; 1.625; 2

(7) MEL Max erode limit (m) 5 0.001; 0.0015; 0.002; 0.0025; 0.003

Table 2. Core behaviours of the model and the model functions adopted to assess changes to these (from Skinner et al., 2018).

Core behaviour

Model function

Catchment sediment yield

Total sediment yield

Mean daily sediment yield

Peak daily sediment yield

Time to peak sediment yield

Days when sediment yield > baseline

Internal geomorphology

Total net erosion

Total net deposition
Area with > 0.02 m erosion
Area with > 0.02 m deposition

Catchment hydrology

Total discharge

Mean daily discharge

Peak daily discharge

Time to peak discharge

Days when discharge > baseline

Model efficiency

Total model iterations

the model relating to its outputs and assess the MM against
changes in the model’s behaviour. Here, we use the same
15 model functions as Skinner et al. (2018) and these are
shown in Table 2. To summarise the large amount of in-
formation produced, the ME of each parameter and model
function combination was normalised based on the propor-
tion of the ME for highest ranking parameter for that model
function — therefore, the highest ranked parameter for each
model function always scored 1. The scores for each param-
eter were aggregated across all model functions based on the
mean of the scores. The model functions were further sub-
divided into core behaviour groups (Table 2) and the scores
aggregated again for each core behaviour. The same was also
done, separately, for the standard deviations of each parame-
ter and model function.

The same set of repeats and parameter changes were used
for each grid cell size to allow direct comparison. Finally,
using the full set of results across all of the grid cell sizes, a
further analysis was performed with grid cell size as an addi-
tional parameter to assess its relative influence on the model
compared to the other seven parameters. This was done by
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using five steps (4, 8, 12, 16, and 20 m resolution) and ran-
domly selecting the starting grid cell size for each repeat, the
position in the sequence it is changed to, and the change in
steps.

Each individual test within the repeats consisted of
30 years of simulations using the same input rainfall. The
rainfall was produced by using a 23-year observation record
from a single rain gauge at Jabiru Airport, with the first
7 years repeated for the full 30-year input. This was applied
as a lumped input at a 1 h time step.

2.4 Stream network analysis

To examine how stream network metrics changed with DEM
resolution, the Hydrology tools in ArcMap 10.4.1 were used
to extract stream networks and stream orders for each reso-
lution with the Strahler (1957) and Shreve (1966) methods.
Both methods are top-down approaches to stream ordering in
that they start from the source and increase in value towards
the outlet. The Strahler method (Strahler, 1957) calculates
the depth of the drainage network — a second-order stream
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begins only where two or more first-order streams meet, and
a third-order stream only where two or more second-order
streams meet, and so on. As such, the maximum stream or-
der number does not provide information on the number of
individual streams within the network. The Shreve method
(Shreve, 1966) assigns stream values cumulatively, so where
two streams with a value of 1 meet, the downstream be-
comes 2, and unlike the Strahler method, lower-order trib-
utaries are included in the ordering, so where a stream with
a value of 1 joins with a stream with a value of 2, the down-
stream section is assigned a value of 3. Therefore, the stream
number at the outlet provides information on the number of
streams in the system. In ArcMap, a stream identification
threshold (in effect delineating first-order streams) was set
at 1000 m?, rounded up to the nearest whole pixels. The to-
tal number of first-order streams calculated by the Strahler
method was estimated by converting the raster output to a
polyline and selecting only first-order streams. With the ex-
ception of the 2 m resolution, the analysis was performed on
the post-test DEM for Test 1 of each resolution test to allow a
drainage network to be established on spin-up into the DEM
surface — this negated the need to pit-fill the DEM before the
network analysis.

3 Results

3.1 Influence of grid cell size on model outputs (model
functions)

The ME for each of the 15 model functions were calculated
for each of the grid cell sizes and the patterns observed for
each model function are summarised in Table 3. The box and
whisker plots of Fig. 2 highlight these patterns for four of the
model functions (plots for all of the model functions can be
viewed in Appendix B). Figure 2 shows that the mean total
erosion and sediment yield outputs by the model remain sim-
ilar for grid resolutions up to 24-30 m, although the spread
of values across the 80 tests vary more with larger grid cells.
However, the peak daily sediment yields increase with larger
grid cells, whereas there is a decrease in the number of days
where sediment yield is over the baseline. This indicates that
with larger grid cells, there are less events that produce ero-
sion and sediment outputs offset by an increase in erosion
and sediment outputs during larger events.

The box and whisker plots in Fig. 2 aggregate the results
of 80 tests and could conceal a range of varying model be-
haviours when using the same parameter set across the dif-
ferent grid cell sizes. To check this, five parameter sets, or
tests (numbered as the order they appear in the MM), were
randomly selected and plotted in Fig. 3. This shows that the
individual tests follow the overall trends displayed in Fig. 2.
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Table 3. Visual interpretation of influence of grid resolution on the
15 model functions.

Model function Pattern with Resolution
coarse grid where patterns
resolution breaks down

Total sediment yield Little change >22m

Mean daily sediment yield Little change >22m

Peak daily sediment yield Increase >24m

Time to peak sediment yield Little change >26m

Days when peak sediment yield > baseline ~ Decrease -

Total net erosion Little change >22m

Total net deposition Decrease > 10m

Area with > 0.02 m erosion Decrease -

Area with > 0.02 m deposition Little change -

Total discharge Decrease -

Mean daily discharge Decrease -

Peak daily discharge Little change >20m

Time to peak discharge Increase >20m

Days when discharge > baseline Decrease -

Total model iterations Decrease > 12m

3.2 Influence of grid cell size on model behaviour
(summary of MM)

The mean aggregated ME scores, measuring the overall rel-
ative influence of each parameter across all of the model
functions, are shown in Fig. 4. Although there is variation
between the grid cell sizes, the relative influence of each
parameter remains fairly consistent across DEM resolution.
The clear exception here is the Sediment Transport Law:
while it remains the most influential parameter for the major-
ity of resolutions, its relative influence decreases as the grid
coarsens, until for the coarsest of grids, the TOPMODEL M
replaces it as most influential (at 28 and 50 m). It appears
that it is an increase in influence of the TOPMODEL M that
drives the decrease below 26 m, beyond which all the other
parameters increase in influence as the Sediment Transport
Law further decreases.

3.3 Stream network analysis

The numbers of stream orders calculated is shown in Fig. 5.
The maximum number of stream orders calculated by the
Strahler method remained consistent throughout, dipping to
three orders at 28 m resolution, and three again at 50 m. The
Shreve and Strahler first-order counts steadily decreased as
grid cells become larger. This shows that the depth of the
drainage network does not reduce until the largest grid cells
are used. However, the detail within the network is being
lost with less first-order Strahler streams, and lower Shreve
numbers, with larger grid cells. The disparity between the
Shreve number and the number of first-order Strahler streams
is due to disconnection of part of the drainage channel to the
main network; therefore, these streams are not contributing
to the Shreve number. This disconnection was not consistent
through the resolutions, with some coarser resolutions dis-
playing a better connected network than others.

Earth Surf. Dynam., 11, 695711, 2023
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Figure 2. Box and whisker plots showing the mean and spread of model outputs at each grid resolution, for (a) total sediment yield, (b) total
net erosion, (c¢) peak daily sediment yield, and (d) days over sediment yield threshold.

3.4 Model performance

Figure 6 shows the changes in the number of iterations re-
quired by the model with each grid cell size. The iterations
represent the number of calculations required by a test and is
a useful proxy for model efficiency that is independent of the
specification and performance of individual machines. There
is a visible rapid drop off in the number of iterations required
between 4 and 12 m resolutions, yet little change with in-
creasing coarseness beyond 12 m, suggesting that there are
only marginal computational efficiency gains to be made us-
ing DEM resolutions coarser than 12m (the spread of the
total number does decrease beyond 12 m still).

3.5 Relative influence of grid cell size

The results from the MM tests for each grid cell size were
further used to simulate an MM run where the DEM grid
resolution could be considered a parameter itself. Figure 7
summarises the results and reveals the relative importance
of grid cell sizes when compared to the key parameters in the
model. Overall, it has a similar level of influence over all core
behaviours as the Sediment Transport Law (i) and the TOP-

Earth Surf. Dynam., 11, 695-711, 2023

MODEL M. Broken down, this is skewed by the Catchment
Hydrology (iii) and Model Efficiency (v) core behaviours
where it is the most influential parameter, whilst it has rel-
atively low relative influence on the Catchment Sediment (ii)
and Internal Geomorphology (iv) behaviours.

4 Discussion

4.1 Model robustness to grid resolution

Certain aspects of CAESAR-Lisflood’s performance are rel-
atively robust to changes in grid cell size. However, this be-
haviour can conceal important differences. As shown in Ta-
ble 3 and Figs. 2 and 3, important factors including total sed-
iment yield and total net erosion display little change until
grid cell sizes > 22 m. However, whilst these output metrics
remain relatively constant, related factors, i.e. peak daily sed-
iment yield increase, and days when peak sediment yield is
> threshold decrease. Despite long-term sediment yields be-
ing similar, this demonstrates a change in model behaviour,
where with larger grid cells, the sediment delivered from the
catchment is doing so in fewer yet larger bursts. This can be
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Figure 4. Mean ME scores aggregated for all model functions for
each parameter and each grid cell size.

explained by a loss of the granularity of the drainage net-
work as grid cell size increases, as shown in Fig. 8. In par-
ticular, first-order streams are lost with larger grid cells (see
Fig. 5). With smaller grid cells, there is a more detailed chan-
nel network, so when summed across the whole basin, the
process of channels geomorphically “switching on and off”
is smoother. With larger grid cells, there are less channels,
meaning the switching on and off response is more step like
and thus more spiky. This also illustrates one of the weak-
nesses and difficulties of using a lumped parameter such as
basin sediment yield to describe both model performance and
basin geomorphology. There was also a decrease in total net
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deposition with larger grid cells, consistent with the findings
of Schoorl et al. (2000), who found that using larger grid cells
makes the conditions needed for sedimentation less likely to
occur. We did not see any of the larger grid-dependent ero-
sion fluctuations demonstrated by Nicholas (2005) with their
braided river model. This can be explained by CAESAR-
Lisflood using the flow velocity derived from water surface
slope to calculate bed shear stress and thus sediment trans-
port rather than bed slope. In other LEMs based on bed slope,
this sensitivity may therefore remain.
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4.2 Model behaviour with grid resolution

The behaviours of the model are captured by the relative
influence of parameters on the model functions and core
behaviours, with changes in the relative influence being
taken as a change in behaviour. The relative influence of the
seven parameter tests on the core behaviours when using dif-
ferent grid cell sizes is summarised in Fig. 4 and suggests a
similar story to the changes in factors that would indicate
model robustness. Although there is some noise, the rela-
tive importance of the different parameters remains relatively
unchanged below the coarsest resolutions > 22 m. However,
there is also a general trend of waning influence of the choice
of Sediment Transport Law that appears to begin at 10 m
resolution and continues throughout. This indicates that the
coarsening of the grid resolution is resulting in some key
behavioural shifts in the simulations that are most likely re-
lated to the loss of detail in the drainage network discussed
in Sect. 4.1.

Relative to the seven parameters used in the MM tests, grid
cell size showed a mixed degree of influence on the model
behaviours (see Fig. 7). Grid cell size had the greatest influ-
ence on the model efficiency, which also had a relatively low
standard deviation ME, suggesting that this was non-linear
and other parameter values did not affect this. This is ex-
actly as would be expected since halving the grid cell size
increases cell number by 4, which also increases the num-
ber of computations per iteration required by the same factor.
Grid cell size had the greatest influence over the catchment
hydrology behaviours, which is consistent with the loss of
detail in the drainage network discussed in Sect. 4.1 and also
the findings of Savage et al. (2016) that grid resolution influ-
ences the sensitivity of hydraulic models to parameter values.
It had relatively less influence over the catchment sediment
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and internal geomorphology behaviours but still influential
enough to require consideration. Overall, grid resolution was
shown to be the third most influential parameter, to a similar
degree as the Sediment Transport Law and TOPMODEL M.

4.3 Implications and limitations

This work has only simulated the influence of grid cell size
on a single LEM and on a single, relatively small, catchment.
The role of the loss of detail in the drainage network with
larger grid cells is a physical effect applicable across all mod-
els using a regular grid of elevation and to any catchment, re-
gardless of size or situation. However, the relative impact will
change with different size basins — at different resolutions —
and quite possibly when experiencing a different range or
magnitude of driving events. Therefore, the generic finding
of our study — that the degradation of a model DEM (larger
grid cells) conceals topographic details that may be impor-
tant to model outcomes — is important. However, the actual
impact on individual studies will be specific to the catchment
modelled and the resolution chosen.

This study has further highlighted the need for opera-
tors to better understand the sensitivities of their models
to both internal and external factors before embarking on
landscape evolution studies. Here, we have demonstrated
that DEM grid resolution is a controlling external factor
of the behaviours simulated in the system, with larger grid
cells resulting in fewer yet more extreme erosion producing
events, which although overall produces similar total sedi-
ment yields, does so over a smaller contributing area. Grid
cell size was also shown to be the third most influential pa-
rameter out of those tested. This suggests that when making
model choices, it is important that operators should aim to
use the finest resolution available to them and that model
efficiency will allow. Where model efficiency is a concern,
a compromise can be made by selecting a resolution where
coarsening further results in lower levels of benefits — in this
study, that would appear to be around 12 m (Fig. 6), close to
the default 10 m used for the same catchment in Skinner et
al. (2018). Importantly, this choice is catchment-specific.

The use of MM to assess the model’s sensitivity to exter-
nal factors (e.g. grid cell size) relative to the sensitivity to in-
ternal parameters presents opportunities and a powerful tool.
This allows for a more comprehensive consideration of the
sensitivity of the model to choices of the modeller and en-
able them to evaluate which areas to focus on improving, for
example, the tests here tell the modeller that work to increase
the resolution and detail of the DEM grid would yield greater
benefits than work to reduce the uncertainty in the grain size
parameters. Performing this type of analysis to inform model
choices will increase the robustness and confidence in model
outputs, crucial if LEMs are going to be used operationally
and for decision-making. Additionally, the same methods can
be applied to other modelling fields, including hydrological
and hydraulic modelling.

https://doi.org/10.5194/esurf-11-695-2023



C. J. Skinner and T. J. Coulthard: Testing the sensitivity of the CAESAR-Lisflood landscape evolution model

(i) All Functions

08
0.6

0.4

Standard Deviation

0.2

08 1 o 0.2

(iii) Catchment Hydrology
1 . 1

o
o

0.6

0.4

e
=9
Standard Deviation

o o

S o

Standard Deviation

0.2

F3
[N

0.4 0.6 08 1 0

Mean

0.4

705

(ii) Catchment Sediment Yields

1 = Sediment Transport Law
2 = Grain Size Set

3 =TOPMODEL M

4 =Manning’s n

5 = Vegetation Critical Shear
Stress

6 = Grass Maturity Rate

7 = Max. Erode Limit

8 = DEM Grid Resolution

0.6 08 1

Mean

(iv) Internal Geomorphology

Mean

(v) Model Efficiency

"o

0.8 1 o 0.2 04 0.6
Mean

0.4

Standard Deviation

0.8 1

Figure 7. Mean and standard deviation of relative MEs for the seven parameters and DEM grid resolution for all model functions aggregated

by core behaviours (see Table 2).

16 m 20m

Whilst this study has highlighted the influence that grid
cell size can have on model behaviour and outputs, it is also
limited by the narrow set of conditions tested. We have only
considered a single LEM and only a single small catchment
with its own unique set of conditions. Therefore, whilst many
of our findings can reasonably be ported to different mod-
els with similar parameterisation and operation, we acknowl-
edge that the findings are not generic. Equally, whilst we be-
lieve that many of our findings are directly relevant to other
applications of CAESAR-Lisflood to different catchments,
Tin Camp Creek has few depositional zones (e.g. floodplains
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Figure 8. Illustration of the loss of granularity in the representation of the stream network with increasingly large grid cell sizes.

or alluvial fans), so the majority of eroded sediments leave
the catchment entirely. We have deliberately used a short
timescale of simulation, just 30 years, that is short by the
standards of LEMs but analogous to operational uses of the
models to aid decision-making. Therefore, the applicability
of the detailed results of this study to other models, catch-
ments, and timescales is unknown.

However, we suggest that several findings will be rele-
vant to many LEM-based studies. Namely, (1) using water
surface slope instead of bed or cell to cell slope for calcu-
lating fluvial erosion is more resilient to different grid cell
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resolutions; (2) the degradation of the representation of the
landscape with increased grid size is most acutely felt in
first-order streams; (3) CAESAR-Lisflood is unusual in the
LEM community by simulating individual flood events and
above we observed that more sediment was being delivered
in fewer events with increasing resolution. If or how this ef-
fect is found in LEMs using constant or slowly varying repre-
sentations of climate/rainfall/discharge remains an important
and open question for long-term LEM studies; (4) the sen-
sitivities of models to grid cell resolutions should be under-
stood as part of any study using LEMs. This is particularly
pertinent when they are being used operationally.

5 Conclusions

This research has explored the influence DEM grid cell size
has on the water and sediment outputs of a LEM (CAESAR-
Lisflood) using the Morris method sensitivity. We found that
simulated basin sediment yields and hydrological outputs to-
talled over the model duration were largely unchanged as
grid cells sizes increased, up to a point where the grid cell
size started to degrade the extent and shape of the drainage
network. It is likely that the impact of this network degra-
dation will be dependent on the size of the basin, with the
results being lessened on larger basins for the same grid cell
size.

Earth Surf. Dynam., 11, 695-711, 2023

However, when the model results are analysed over event-
scale timescales, it became clear that the lumped output grid-
scale independence masked important changes with resolu-
tion. As grid cell sizes increased, the similar sediment yields
were produced by fewer, larger events. It is important, there-
fore, to note this sensitivity in the model’s application or risk
a “right results for the wrong reasons” set of outputs.

These findings are important because the resolution of the
DEM used in LEM studies is often an arbitrary choice, often
driven by the need to balance including as much detail as is
available with model efficiency. The approach presented in
this paper demonstrates the feasibility of using a screening
sensitivity analysis to identify key influences on model be-
haviour, for grid cell size, and parameter choices, which will
help modellers identify the optimal grid cell sizes for their
study.
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Appendix A: Description of parameters

Table A1. Description of CAESAR-Lisflood parameters considered as part of the Morris method test.

Code Parameter Description

(1) SED Sediment transport formula Relationship between properties of flow and the volume of sediment entrained,
often determined via field and laboratory observations.

(2) GSS Grain size set The proportion of sediment within different size classes distributed uniformly
across the model domain at the start of each simulation.

(3) MNR  Manning’s n Roughness A coefficient related to how much resistance the land surface presents to flows.

(4) TOPN  m value used by TOPMODEL A parameter that controls the flashiness of hydrograph response to rainfall.

(5) VEG Vegetation critical shear stress (Pa) A shear stress threshold above which vegetation is removed from the land
surface by flows.

(6) MAT Grass maturity rate (yr) The amount of time it takes new vegetation to grow to full size.

(7) MEL Max erode limit (m) A limit to the amount of sediment that can be eroded in a cell each time step
used to maintain stability.

Appendix B: Box and whisker plots
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Code and data availability. The CAESAR-Lisflood
code is freely available from https://sourceforge.net/
projects/caesar-lisflood/  (Coulthard, 2016). Test and out-
put data from this project can be found at Zenodo at
https://doi.org/10.5281/zenodo.7908491 (Skinner and Coulthard,

2023).

Author contributions. CJS and TJC conceived and designed the
project. CJS set up the tests and performed the model runs. CJS and
TJC analysed the results, wrote, and edited the paper.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Earth Surface Dynamics. The peer-
review process was guided by an independent editor, and the authors
also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

https://doi.org/10.5194/esurf-11-695-2023

Acknowledgements. The authors wish to acknowledge the con-
tributions of editor Wolfgang Schwanghart, reviewer John Ar-
mitage, and one anonymous referee and thank them for their con-
sidered comments and suggestions that have served to improve this

paper.

Financial support. This research has been supported by the Nat-
ural Environment Research Council (grant no. NE/K008668/1).

Review statement. This paper was edited by Wolfgang Schwang-
hart and reviewed by John Armitage and one anonymous referee.

Earth Surf. Dynam., 11, 695-711, 2023


https://sourceforge.net/projects/caesar-lisflood/
https://sourceforge.net/projects/caesar-lisflood/
https://doi.org/10.5281/zenodo.7908491

710 C. J. Skinner and T. J. Coulthard: Testing the sensitivity of the CAESAR-Lisflood landscape evolution model

References

Bates, P. D., Horritt, M. S., and Fewtrell, T. J.: A simple inertial
formulation of the shallow water equations for efficient two-
dimensional flood inundation modelling, J. Hydrol., 387, 33-45,
https://doi.org/10.1016/j.jhydrol.2010.03.027, 2010.

Beven, K. and Kirkby, M.: A physically based, vari-
able contributing area model of basin hydrology/Un
modeele a base physique de zone d’appel variable de
I’hydrologie du bassin versant, Hydrolog. Sci. J., 24, 37—
41 https://doi.org/10.1080/02626667909491834, 1979.

Campolongo, F.,, Cariboni, J., and Saltelli, A.: An ef-
fective screening design for sensitivity analysis of
large models, Environ. Model. Softw., 22, 1509-1518,
https://doi.org/10.1016/j.envsoft.2006.10.004, 2007.

Claessens, L., Heuvelink, G. B. M., Schoorl, J. M., and Veldkamp,
A.: DEM resolution effects on shallow landslide hazard and soil
redistribution modelling, Earth Surf. Proc. Land., 30, 461-477,
https://doi.org/10.1002/esp.1155, 2005.

Coulthard, T. J.: CAESAR-Lisflood 1.9b SOURCE.zip, CAESAR-
Lisflood Files, SourceForge, https://sourceforge.net/projects/
caesar-lisflood/files/ CAESAR-lisflood1.9bSOURCE.zip/
download (last access: 24 July 2023), 2016.

Coulthard, T. J. and Skinner, C. J.: The sensitivity of landscape evo-
Iution models to spatial and temporal rainfall resolution, Earth
Surf. Dynam., 4, 757-771, https://doi.org/10.5194/esurf-4-757-
2016, 2016.

Coulthard, T. J. and Van De Wiel, M. J.: Can we link
cause and effect in modelling landscape evolution?, in:
Gravel-bed Rivers: Processes, Tools, Environments, edited by:
Church, M., Biron, P. M., and Roy, A. G., Wiley, 512-522,
https://doi.org/10.1002/9781119952497.ch36, 2012.

Coulthard, T. J., Kirkby, M. J., and Macklin, M. G.: Non-
linearity and spatial resolution in a cellular automaton model
of a small upland basin, Hydrol. Earth Syst. Sci., 2, 257-264,
https://doi.org/10.5194/hess-2-257-1998, 1998.

Coulthard, T. J. T., Neal, J. C. J., Bates, P. D. P, Ramirez,
J., de Almeida, G. A. M. G. and Hancock, G. R.:
Integrating the LISFLOOD-FP 2D hydrodynamic model
with the CAESAR model: implications for modelling land-
scape evolution, Earth Surf. Proc. Land., 38, 1897-1906,
https://doi.org/10.1002/esp.3478, 2013.

Doeschl-Wilson, A. B. and Ashmore, P. E.: Assessing a numerical
cellular braided-stream model with a physical model, Earth Surf.
Proc. Land., 30, 519-540, https://doi.org/10.1002/esp.1146,
2005.

Einstein, H. A.: The Bed-Load Function for Sediment Transporta-
tion in Open Channel Flows, Soil Conserv. Serv., 1026, 1-31,
1950.

Environment Agency: Understanding river channel sensitivity
to geomorphological change, https://assets.publishing.service.
gov.uk/media/606ddd86e90e074e53c33dbf/Understanding_
how_river_channels_change_-_method_report.pdf (last access:
24 July 2023), 2021.

Feeney, C.J., Godfrey, S., Cooper, J. R., Plater, A. J., and Dodds, D.:
Forecasting riverine erosion hazards to electricity transmission
towers under increasing flow magnitudes, Clim. Risk Manage.,
36, 100439, https://doi.org/10.1016/J.CRM.2022.100439, 2022.

Earth Surf. Dynam., 11, 695711, 2023

Finlayson, D. P. and Montgomery, D. R.: Modeling large-scale flu-
vial erosion in geographic information systems, Geomorphology,
53, 147-164, https://doi.org/10.1016/S0169-555X(02)00351-3,
2003.

Hancock, G. R.: The use of digital elevation models in the
identification and characterization of catchments over
different grid scales, Hydrol. Process., 19, 1727-1749,
https://doi.org/10.1002/hyp.5632, 2005.

Hancock, G. R.: The impact of different gridding methods on catch-
ment geomorphology and soil erosion over long timescales using
a landscape evolution model, Earth Surf. Proc. Land., 31, 1035—
1050, https://doi.org/10.1002/esp.1306, 2006.

Hancock, G. R.: Modelling stream sediment concentration: An as-
sessment of enhanced rainfall and storm frequency, J. Hydrol.,
430-431, 1-12, https://doi.org/10.1016/j.jhydrol.2012.01.022,
2012.

Hancock, G. R. and Evans, K. G.: Channel head location and
characteristics using digital elevation models, Earth Surf. Proc.
Land., 31, 809-824, https://doi.org/10.1002/esp.1285, 2006.

Hancock, G. R., Lowry, J. B. C., Coulthard, T. J., Evans, K. G., and
Moliere, D. R.: A catchment scale evaluation of the SIBERIA
and CAESAR landscape evolution models, Earth Surf. Proc.
Land., 35, 863-875, https://doi.org/10.1002/esp.1863, 2010.

Hancock, G. R., Coulthard, T. J., and Lowry, J. B. C.: Predicting
uncertainty in sediment transport and landscape evolution - the
influence of initial surface conditions, Comput. Geosci., 90, 117-
130, https://doi.org/10.1016/j.cageo.2015.08.014, 2016.

Hardy, R. J., Lane, S. N., Ferguson, R. I, and Parsons, D. R.: As-
sessing the credibility of a series of computational fluid dynamic
simulations of open channel flow, Hydrol. Process., 17, 1539-
1560, https://doi.org/10.1002/hyp.1198, 2003.

Horritt, M. S. and Bates, P. D.: Effects of spatial resolution on
a raster based model of flood flow, J. Hydrol., 253, 239-249,
https://doi.org/10.1016/S0022-1694(01)00490-5, 2001.

Ijjasz-Vasquez, E. J., Bras, R. L., and Moglen, G. E.: Sensitivity
of a basin evolution model to the nature of runoff production
and to initial conditions, Water Resour. Res., 28, 2733-2741,
https://doi.org/10.1029/92WR01561, 1992.

Lim, N. J. and Brandt, S. A.: Flood map boundary sensitivity due
to combined effects of DEM resolution and roughness in relation
to model performance, Geomatics, Nat. Hazards Risk, 10, 1613—
1647, https://doi.org/10.1080/19475705.2019.1604573, 2019.

Meyer-Peter, E. and Miiller, R.: Formulas for Bed-
Load transport, in: IAHSR 2nd Meet. Stock. Ap-
pend. 2,  https://repository.tudelft.nl/islandora/object/uuid:
4fda9b61-be28-4703-ab06-43cdc2a21bd7? (last access:
18 May 2022), 1948.

Morris, M. D. D.: Factorial Sampling Plans for Prelimi-
nary Computational Experiments, Technometrics, 33, 161-174,
https://doi.org/10.2307/1269043, 1991.

Murray, A. B. and Paola, C.: A cellular model of braided rivers,
Nature, 371, 54-57, https://doi.org/10.1038/371054a0, 1994.
Nicholas, A. P.: Cellular modelling in fluvial geo-
morphology, Earth Surf. Proc. Land., 30, 645-649,

https://doi.org/10.1002/esp.1231, 2005.

Pelletier, J. D.: Minimizing the grid-resolution de-
pendence of  flow-routing algorithms for  geomor-
phic applications, Geomorphology, 122, 91-98,
https://doi.org/10.1016/j.geomorph.2010.06.001, 2010.

https://doi.org/10.5194/esurf-11-695-2023


https://doi.org/10.1016/j.jhydrol.2010.03.027
https://doi.org/10.1080/02626667909491834
https://doi.org/10.1016/j.envsoft.2006.10.004
https://doi.org/10.1002/esp.1155
https://sourceforge.net/projects/caesar-lisflood/files/CAESAR-lisflood 1.9b SOURCE.zip/download
https://sourceforge.net/projects/caesar-lisflood/files/CAESAR-lisflood 1.9b SOURCE.zip/download
https://sourceforge.net/projects/caesar-lisflood/files/CAESAR-lisflood 1.9b SOURCE.zip/download
https://doi.org/10.5194/esurf-4-757-2016
https://doi.org/10.5194/esurf-4-757-2016
https://doi.org/10.1002/9781119952497.ch36
https://doi.org/10.5194/hess-2-257-1998
https://doi.org/10.1002/esp.3478
https://doi.org/10.1002/esp.1146
https://assets.publishing.service.gov.uk/media/606ddd86e90e074e53c33dbf/Understanding_how_river_channels_change_-_method_report.pdf
https://assets.publishing.service.gov.uk/media/606ddd86e90e074e53c33dbf/Understanding_how_river_channels_change_-_method_report.pdf
https://assets.publishing.service.gov.uk/media/606ddd86e90e074e53c33dbf/Understanding_how_river_channels_change_-_method_report.pdf
https://doi.org/10.1016/J.CRM.2022.100439
https://doi.org/10.1016/S0169-555X(02)00351-3
https://doi.org/10.1002/hyp.5632
https://doi.org/10.1002/esp.1306
https://doi.org/10.1016/j.jhydrol.2012.01.022
https://doi.org/10.1002/esp.1285
https://doi.org/10.1002/esp.1863
https://doi.org/10.1016/j.cageo.2015.08.014
https://doi.org/10.1002/hyp.1198
https://doi.org/10.1016/S0022-1694(01)00490-5
https://doi.org/10.1029/92WR01561
https://doi.org/10.1080/19475705.2019.1604573
https://repository.tudelft.nl/islandora/object/uuid:4fda9b61-be28-4703-ab06-43cdc2a21bd7?
https://repository.tudelft.nl/islandora/object/uuid:4fda9b61-be28-4703-ab06-43cdc2a21bd7?
https://doi.org/10.2307/1269043
https://doi.org/10.1038/371054a0
https://doi.org/10.1002/esp.1231
https://doi.org/10.1016/j.geomorph.2010.06.001

C. J. Skinner and T. J. Coulthard: Testing the sensitivity of the CAESAR-Lisflood landscape evolution model 711

Pujol, G.: R Package “sensitivity” Version 1.4-0, R Forge [code],
https://r-forge.r-project.org/projects/sensitivity/ (lLast access:
24 July 2023), 2008.

Ramirez, J. A., Mertin, M., Peleg, N., Horton, P., Skinner, C., Zim-
mermann, M., and Keiler, M.: Modelling the long-term geo-
morphic response to check dam failures in an alpine channel
with CAESAR-Lisflood, Int. J. Sediment Res., 37, 687-700,
https://doi.org/10.1016/J.1JSRC.2022.04.005, 2022.

Roache, P. J.: Validation in Fluid Dynamics and Related
Fields, in: Computer Simulation Validation, Springer, 661-683,
https://doi.org/10.1007/978-3-319-70766-2_27, 2019.

Roache, P. J., Ghia, K. N., and White, F. M.: Editorial Policy State-
ment on the Control of Numerical Accuracy, J. Fluids Eng., 108,
2, https://doi.org/10.1115/1.3242537, 1986.

Savage, J. T. S., Bates, P, Freer, J., Neal, J., and Aronica, G.:
When does spatial resolution become spurious in probabilistic
flood inundation predictions?, Hydrol. Process., 30, 2014-2032,
https://doi.org/10.1002/hyp.10749, 2016.

Schoorl, J. M. M., Sonneveld, M. P. W. P. W, and Veldkamp,
A.: Three-dimensional landscape process modelling: the effect
of DEM resolution, Earth Surf. Proc. Land., 25, 1025-1034,
https://doi.org/10.1002/1096-9837(200008)25:9<1025:: AID-
ESP116>3.0.CO;2-Z, 2000.

Shreve, R. L.: Statistical Law of Stream Numbers, J. Geol., 74, 17—
37, https://doi.org/10.1086/627137, 1966.

Skinner, C. and Coulthard, T.: CAESAR-Lisflood existing applica-
tions parameter listings — Updated May 2022, Zenodo [data set],
https://doi.org/10.528 1/ZENODO.800558, 2022.

Skinner, C. J. and Coulthard, T. J.: Dataset for Skinner &
Coulthard (2022) —the DEMSIP study, Zenodo [data set],
https://doi.org/10.5281/zenodo.7908491, 2023.

Skinner, C. J., Coulthard, T. J., Schwanghart, W., Van De Wiel, M.
J., and Hancock, G.: Global sensitivity analysis of parameter un-
certainty in landscape evolution models, Geosci. Model Dev., 11,
4873-4888, https://doi.org/10.5194/gmd-11-4873-2018, 2018.

Strahler, A. N.: Quantitative analysis of watershed geomor-
phology, Eos Trans. Am. Geophys. Union, 38, 913-920,
https://doi.org/10.1029/TR0381006P00913, 1957.

https://doi.org/10.5194/esurf-11-695-2023

van der Beek, P.: Modelling Landscape Evolution, En-
viron. Model. Find. Simpl. Complex, 35, 309-331,
https://doi.org/10.1002/9781118351475.ch19, 2013.

Van De Wiel, M. J., Coulthard, T. J., Macklin, M. G., and Lewin,
J.: Embedding reach-scale fluvial dynamics within the CAESAR
cellular automaton landscape evolution model, Geomorphology,
90, 283-301, https://doi.org/10.1016/j.geomorph.2006.10.024,
2007.

Vassiliadis, P., Vagena, Z., Skiadopoulos, S., Karayannidis, N.,
and Sellis, T.. ARKTOS: Towards the modeling, design, con-
trol and execution of ETL processes, Inf. Syst., 26, 537-561,
https://doi.org/10.1016/S0306-4379(01)00039-4, 2001.

Wilcock, P. R. and Crowe, J. C.: Surface-based Transport Model
for Mixed-Size Sediment, J. Hydraul. Eng., 129, 120-128,
https://doi.org/10.1061/(ASCE)0733-9429(2003)129:2(120),
2003.

Willgoose, G. and Riley, S.: The long-term stability of engineered
landforms of the Ranger Uranium Mine, Northern Territory, Aus-
tralia: Application of a catchment evolution model, Earth Surf.
Proc. Land., 23, 237-259, https://doi.org/10.1002/(SICI)1096-
9837(199803)23:3<237:: AID-ESP846>3.0.CO;2-X, 1998.

Willgoose, G. R. R., Kuczera, G., Hancock, G. R., and
Kuczera, G.: A Framework for the Quantitative Testing
of Landform Evolution Models, in: Geophysical Monograph
Series, vol. 135, American Geophysical Union, 195-216,
https://doi.org/10.1029/135GM 14, 2003.

Wong, J. S., Freer, J. E., Bates, P. D., Warburton, J., and Coulthard,
T. J.: Assessing the hyrological and geomorphic behaviour of a
landscape evolution model within a limits-of-acceptability un-
certainty framework, Earth Surf. Proc. Land., 46, 1981-2003,
https://doi.org/10.1002/esp.5140, 2021.

Ziliani, L., Surian, N., Coulthard, T. J., and Tarantola, S.:
Reduced-complexity modeling of braided rivers: Assess-
ing model performance by sensitivity analysis, calibration,
and validation, J. Geophys. Res.-Earth, 118, 2243-2262,
https://doi.org/10.1002/jgrt.20154, 2013.

Earth Surf. Dynam., 11, 695711, 2023


https://r-forge.r-project.org/projects/sensitivity/
https://doi.org/10.1016/J.IJSRC.2022.04.005
https://doi.org/10.1007/978-3-319-70766-2_27
https://doi.org/10.1115/1.3242537
https://doi.org/10.1002/hyp.10749
https://doi.org/10.1002/1096-9837(200008)25:9<1025::AID-ESP116>3.0.CO;2-Z
https://doi.org/10.1002/1096-9837(200008)25:9<1025::AID-ESP116>3.0.CO;2-Z
https://doi.org/10.1086/627137
https://doi.org/10.5281/ZENODO.800558
https://doi.org/10.5281/zenodo.7908491
https://doi.org/10.5194/gmd-11-4873-2018
https://doi.org/10.1029/TR038I006P00913
https://doi.org/10.1002/9781118351475.ch19
https://doi.org/10.1016/j.geomorph.2006.10.024
https://doi.org/10.1016/S0306-4379(01)00039-4
https://doi.org/10.1061/(ASCE)0733-9429(2003)129:2(120)
https://doi.org/10.1002/(SICI)1096-9837(199803)23:3<237::AID-ESP846>3.0.CO;2-X
https://doi.org/10.1002/(SICI)1096-9837(199803)23:3<237::AID-ESP846>3.0.CO;2-X
https://doi.org/10.1029/135GM14
https://doi.org/10.1002/esp.5140
https://doi.org/10.1002/jgrf.20154

	Abstract
	Introduction
	Methods
	Study catchment and DEM data
	The CAESAR-Lisflood model
	Morris method
	Stream network analysis

	Results
	Influence of grid cell size on model outputs (model functions)
	Influence of grid cell size on model behaviour (summary of MM)
	Stream network analysis
	Model performance
	Relative influence of grid cell size

	Discussion
	Model robustness to grid resolution
	Model behaviour with grid resolution
	Implications and limitations

	Conclusions
	Appendix A: Description of parameters
	Appendix B: Box and whisker plots
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

