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Catchment hydro-morphological response is mainly conditioned on rainfall properties, such as rainfall intensity,
storm duration and frequency, and the timing of these events. Rainfall spatial variability is likewise a major
determinant affecting streamflow, erosion, and sediment transport, and is explored largely in the context of
heavy rain triggering floods and fast morphological changes on hillslopes and in channels. In this study, we
examine how the spatial structure of rainfall influences landscape evolution at the catchment scale over
hundreds of years. To achieve this, multiple realizations of hourly rainfall fields, each differing only by their spatial
distribution but identical in all other respects, were simulated using a weather generator. The impact of storm
spatial-heterogeneity on the catchment morphology was then assessed with a landscape evolution model (CAE-
SAR-Lisflood). A virtual “open-book” type catchment was used for this numerical experiment. The mean
streamflow and low-flows remained the same while the magnitude of the annual peak streamflow increased
by up to 12% in response to higher rainfall spatial heterogeneity. However, the erosion and deposition rates
significantly increased (up to 50%) and the net erosion and deposition areas changed (increased by up to 9%
and decreased by 13.5%, respectively) when the rain became less uniform in space. Furthermore, new gullies
were found to be longer, deeper, and more branched in response to increased rainfall heterogeneity. The results
suggest that heterogeneity in rainfall spatial patterns speeds up landscape development, even when rainfall
volumes and temporal structures are the same. This implies that the spatial structure of rainfall may have
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more of an influence on catchment morphology at long time scales than previously thought.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Rainfall is a crucial component in many hydrological processes, and
hydro-morphological systems are highly sensitive to it (Fekete et al.,
2004). Rainfall not only controls streamflow levels but also is the main
trigger for different types of floods (Merz and Bloschl, 2003). For example,
pluvial floods in urban and dry environments often initiate with a short
(minute-scale) and intense burst of rainfall (Acosta-Coll et al., 2018); in
wet climates, flood events can be caused by long-lasting (day-scale)
storms with a large volume of rainfall (Villarini et al., 2010); and in moun-
tainous areas, flooding can result from rain-on-snow events (Jones and
Perkins, 2010). Rainfall is also known to be the main trigger for landslides
(Iverson, 2000; Leonarduzzi and Molnar, 2020), debris flows (Guzzetti
et al,, 2008; Marra et al., 2016), and rapid erosion and transport of sedi-
ment (Valentin et al., 2005; Xu et al,, 2015).

Due to its importance, the properties of rainfall are thoroughly
researched. For example, increased frequency of storms implies wetter
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conditions preceding the storms, which can act to boost streamflow
and sediment erosion (Gallart et al., 2005; Salvadori and De Michele,
2006). On the same note, comparisons between storms with the same
rainfall amounts reveal that longer-lasting storms can be more efficient
in saturating the soil, hence enhancing streamflow and triggering more
landslides (Montgomery et al., 1997; Struthers et al., 2007; Tarolli et al.,
2011). The temporal properties of rainfall and their effect on hydro-
morphological systems have been investigated for many years, with
most of the studies focusing on aspects of intensity, duration, and fre-
quency of rainfall (Koutsoyiannis et al., 1998; Sivapalan and Bloschl,
1998; Willems, 2000; Borga et al., 2014; among many others).

For most catchments, the temporal properties of rainfall are more
important in affecting the hydro-morphological response of the system
than the spatial properties of rainfall (Robinson and Sivapalan, 1997;
Tucker and Bras, 2000; Gayer et al., 2019). However, the spatial dimen-
sion of rainfall cannot be overlooked as its contribution is still meaning-
ful (Singh, 1997). For example, rainfall spatial variability was found to
explain 20-30% of the variability in flood volumes in the city of Luzern
(Peleg et al., 2017a), and its contribution can be even higher for rural
catchments (Zhu et al,, 2018).

0169-555X/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Different aspects of the hydro-morphological response to rainfall
spatial properties were previously researched, mainly using numerical
models (e.g. Menabde and Sivapalan, 2001; Dodov and Foufoula-
Georgiou, 2005; Mejia and Moglen, 2010; Baartman et al., 2013;
Coulthard and Skinner, 2016; Skinner et al., 2020). It has been shown
that trajectories of storms with respect to the dominant aggregation of
flow through the river network can highly influence the streamflow
(Morin et al., 2006; Chang, 2007; van Werkhoven et al., 2008; Yakir
and Morin, 2011). Other studies demonstrate that storm velocity can
have a major influence on streamflow enhancement (lower velocity,
higher impact; see Ogden et al., 1995; Singh, 1997; Paschalis et al.,
2014) and landslide initiation (Guthrie et al., 2010). Changes to the
storm profile, e.g. due to temperature increase in a warmer climate,
can result in faster and stronger hydro-morphological response, even
if the rainfall amounts are almost the same (Peleg et al., 2020).

Studying the hydro-morphological response to rainfall spatial prop-
erties is not a trivial task as it requires either data of rainfall fields from
remote sensing systems (if observed data are analyzed) or from numer-
ical simulations (if different rainfall scenarios are explored). For most
small-to-medium size catchments, the data should be at sub-hourly
and (sub-)kilometer scales to match the hydro-morphological response
in time and space (Ochoa-Rodriguez et al., 2015; Coulthard and Skinner,
2016; Cristiano et al., 2017). Most often, weather radars are used to ob-
tain observed rainfall fields, and Convective Permitting Models (Prein
et al.,, 2015) or gridded rainfall generator models (Paschalis et al.,
2013; Peleg et al., 2017b; Singer et al., 2018; Papalexiou and Serinaldi,
2020) are used to simulate the rainfall at the high space-time resolution
that is required. Few studies have so far explored the impacts of rainfall
spatial properties on hydro-morphological systems. This is mainly due
to the (i) lack of data available from weather radars; (ii) large amounts
of computational storage required to save rain fields; (iii) complexity of
running climate models; and (iv) high-computational resources needed
to analyze multiple rain fields and to simulate the hydro-morphological
processes at high resolution.

Due to the aforementioned limitations, previous studies were con-
ducted mainly at the catchment scale and focused mostly on the
hydro-morphological response to a single storm (e.g. Paschalis et al.,
2014; Peleg et al., 2020). At the storm scale, we have adequate knowl-
edge of how the properties of rainfall in space are impacting hydro-
morphological processes. But a question that remains unanswered is
what influences the spatial properties of rainfall have on catchment
landscapes over long periods. By conducting a numerical experiment
that utilizes a weather generator model to simulate rainfall fields, feed-
ing these into a landscape evolution model to simulate the hydro-
morphological response at the catchment-scale, and investigating the

Rainfall ensemble
(5 spatial scenarios x 300 y)
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Fig. 2. A plan view of the virtual catchment.

formation of stream morphology, erosion and deposition rates, and
the pattern of gully formation under different scenarios of spatial
rainfall properties, with the aim to contribute to answering the above
question.

2. Methods

The numerical experiment is illustrated in Fig. 1. In summary, we
performed a rainfall simulation with multiple spatial scenarios over a
long period of 300 years and then analyzed the differences in catchment
hydro-morphological response. The study was conducted in a virtual
environment, which is described in the next subsection.

2.1. Study area: a virtual catchment

Our virtual environment is a simplified and idealized “open-book”
catchment (Fig. 2), which is commonly used in hydrological studies
(e.g. Viglione et al., 2010; Volpi et al., 2013; Abdollahi et al., 2016). It is
a simplified representation of a natural catchment that consists of a cen-
tral channel and sloping planes delivering water to the channel, ac-
counting for hillslopes and tributaries. We can completely control the
hydro-geomorphic setup using our virtual catchment, such as fixing
the depth to bedrock and not mixing different land-cover/land-use

,3,‘ Analyses of hydro-
> .
© morphological response
- Streamflow
ic rai i - Stream morpholo
Stochastic rainfall : Lan.dscape ; p 8y
generator evolution model - Erosion and
deposition rates
Section 2.2 . Section 2.4 - Gully morphology
=]
% Section 2.5

Section 2.3

Fig. 1. A flowchart of the numerical experiment. CV is the rainfall spatial coefficient of variation.
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types. By doing so, we can focus on a single process at a time, in this case,
rainfall and hydro-morphological response, without worrying about the
influence of other hydrological factors. Furthermore, the virtual catch-
ment reduces the spatial heterogeneity of topography, which can
dampen hydro-morphological responses. Consequently, an idealized
virtual catchment can maximize the detection of landscape changes
caused by different rainfall properties.

The domain size is 4000 m x 4000 m, with a grid size of 10 m x 10 m,
a difference in elevation between 2500 m above reference level (top
right and left corners, see Fig. 2) and 1500 m above reference level at
the outlet of the catchment, and a strong slope of 22.5% along the
main channel. Initially, a smooth terrain was generated. Next, it was
randomly perturbed within 4+0.25 cm per grid cell, allowing the land-
scape to evolve differently between the two slopes. The depth to bed-
rock, defined as the layer where erosion can occur, varies from 10 m
at the top of the catchment to 65 m next to the outlet (Fig. S1).

2.2. Stochastic rainfall model

Stochastic rainfall generator models are useful for simulating multi-
ple realizations of a real- or pseudo-climate (Semenov and Barrow,
1997; Wilks and Wilby, 1999; Kilsby et al., 2007). The realizations sim-
ulated by gridded rainfall generators can be set to preserve the temporal
statistics of the rainfall, such as storm frequencies and durations, and
differ in how the rainfall intensities are spatially distributed within the
domain. Here, we use the STREAP rainfall generator model (Paschalis
et al., 2013; further developed by Peleg et al., 2017b; Peleg et al.,
2019) that was used to generate high-resolution space-time rainfall
fields in previous hydro-morphological impact studies (Peleg et al.,
2020; Skinner et al., 2020).

The model generates rainfall fields in the following three steps (for
more details see papers above). The first step is to draw the length of
the storms and the dry intervals from a 4-parameter Johnson distribu-
tion. In the second step, a first-order autoregressive model is applied
to each storm to simulate a time series of percentiles between 0 and 1
that represent the within-storm variability of mean rain intensity. The
mean rainfall intensity is then computed using a 5-parameter Mixed
Gamma and Generalized Pareto distribution. The time series of the
mean rainfall intensity is transformed into space-time rainfall fields in
the last step. The Fast Fourier Transform method is applied to simulate
an isotropic Gaussian random field at the beginning of each storm that
evolves spatially as the storm continues. Finally, a lognormal function
is applied to convert the isotropic Gaussian fields into intermittent rain-
fall fields. The information needed for this transformation is the simu-
lated mean rainfall over the domain and the spatial rainfall coefficient
of variation, which is a model parameter:

R =IN"Y(U[G], 1, 0) (1)

where R is the intermittent rainfall field, LN~! is the inverse cumulative
lognormal distribution and U[G] are the percentiles in space and time of
the latent isotropic Gaussian field. yrand o are the parameters of the log-
normal distribution that are expressed as:

u= log ('MF) 2)
VV? +1
and

o:,/log(cv2+1) 3)

where IMF is the mean rainfall intensity field at any given time step and
CV is the rainfall spatial coefficient of variation, defined as the ratio of
the standard deviation to the mean of the rainfall intensities over all grid
cells at a given time step. The CV changes depending on the rainfall spa-
tial scenario that is explained next.
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2.3. Rainfall ensemble

We parameterized the rainfall generator to simulate an ensemble of
300 years at a high space-time resolution, so that the influence of the
spatial structure of rainfall on the landscape can be examined on long
timescales. First, a time series of the mean rainfall over the domain
was simulated at hourly resolution (Section 2.3.1). Then, we simulate
5 realizations (with different CV) of gridded rainfall at 100-meter reso-
lution using the above time series (Section 2.3.2). With this approach,
we keep the same temporal structure of rainfall in every realization,
i.e. the storms have the same rainfall volume, start time, duration and
intra-storm temporal distribution of rainfall. The only difference be-
tween the realizations is the degree to which the distribution of rainfall
in space is homogeneous. An example is provided in Movie S1, which
shows the same synthetic storm (with mean intensity shown in
Fig. S2) distributed over the virtual catchment with different degrees
of spatial heterogeneity.

2.3.1. Simulating 300 years of rainfall at the domain scale

The rainfall generator was parameterized to simulate rainfall time
series for a typical wet-climate in a mountainous region; the summer
period in the Swiss Alps. The seasonality was fixed to remove the tem-
poral variance in the hydro-morphological response to rainfall, i.e. all
months were assumed to have identical rainfall statistics with a mean
monthly rainfall of 140 mm (Fig. 3a). The duration of storms varies be-
tween 1 h and 75 h, with an average of 5 h (Fig. 3b). The model repli-
cates the natural rainfall variability, as shown at the monthly (Fig. 3a)
and annual scales (Fig. 3c). In the simulated 300 years, there was an ad-
equate representation of years with low rainfall quantities (in the order
of 1200 mm) and low amount of wet days (around 120 days per year),
as well as years rich with rainfall (2300 mm and 190 wet days per year,
Fig. 3¢, d). The natural rainfall variability is also reflected in the rainfall
extremes as maximum annual hourly rainfall amounts vary between
12 and 28 mm h™! (Fig. 3e). The values of the model parameters used
for simulating the 300 years rainfall time series are listed in Table S1.

2.3.2. Simulating rainfall spatial scenarios at 100-meter scale

Five different spatial scenarios (realizations) were generated. As ex-
plained in Section 2.2, the distribution of rainfall intensities depends di-
rectly on the spatial pattern of the latent Gaussian field. The ARMA
parameters that control how the initial Gaussian field evolves in time
were fixed in all realizations (Table 1) so that the same pattern of tem-
poral change of the field is preserved. The scenarios are determined by
one single parameter, the spatial coefficient of variation (CV), which
varied between 0.1 and 0.5 for the 5 realizations (Table 1). This range
of CV values represents plausible rainfall patterns in different locations
and climates, as later discussed in Section 4.1.

Lower CV values produce more homogenous rainfall. Fig. 4 illus-
trates how changes in CV affect the spatial structure of the rainfall for
the heavy storms. Heavy storms are defined as storms with rainfall in-
tensities exceeding 18 mm h™!; equivalent to the top 5% most intense
storms. The rain field in each time step was centred on the moving loca-
tion of the maximum rainfall intensity (a Lagrangian perspective, e.g.
Peleg and Morin, 2012; Prein et al., 2017) and a composite of the
mean rainfall intensities was computed. The lower CV value that was
used (CV = 0.1, Fig. 4a) resulted in a homogenous rain field, while the
highest CV value (CV = 0.5, Fig. 4c) produced a heterogeneous rain
field with high local rainfall intensities. The main difference in the
storm profile emerges among CV values of 0.1, 0.3 and 0.5, while
storm profiles generated from CV values of 0.1 and 0.2, and of 0.4 and
0.5, were relatively similar (Fig. 4d). Examination of the spatial correla-
tions in rainfall revealed that a CV value of 0.1 yielded more stratiform-
like storms, while higher CV values resulted in more convective-like
storms (May and Julien, 1998; Peleg et al., 2013; O and Foelsche, 2019b).

The parameters related to the advection in the storm, i.e. the storm
velocity and storm direction (Table 1), were also held constant for all
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Fig. 3. Representation of the 300-year simulated rainfall: (a) boxplots representing the monthly rainfall (centre line is the median, box edges are the quartiles, and whiskers are the
10-90th percentiles); (b) a boxplot of the storm duration; (c) a time series of the annual rainfall amounts; (d) a time series of the number of wet days per year; and (e) a time series
of the annual maxima rainfall.

Table 1 storms in all realizations, following the concept and values as in
Properties of the storms and parameters of the stochastic rainfall generator model. Paschalis et al. (2014)_ This was done to remove the influence of
Parameter Values Units storm trajectories on the hydro-morphological response, as previously
- mentioned. In spite of the fact that all the rainfall fields follow the
Temporal resolution 1 h . . . . . ‘e
Spatial resolution 100 m same veloqty and direction, the paths t.:;lker} by heavy rainfall intensities
Wet area ratio 1 - over the virtual catchment change in time and space due to the
Storm velocity 15 kmh~! stochasticity of the simulation and vary from storm to storm and within
Storm direction 0 from north storms (see Movie S1). Therefore, the same distribution of rainfall inten-
ARMA Gaussian field parameters AR=1095 MA=1 - . lies to all cells in the virtual catch tie.th inch land
Coefficient of variation of spatial rainfall 0.1,0.2,0.3,04,05 - sity applies to all cells in the virtual catchment, 1.e. the main channel an

slopes are equally affected by heavy rainfall.
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Fig. 4. The spatial patterns of simulated heavy storms with rainfall intensities larger than 18 mm h™". The hourly rainfall averages for different CV composited according to the moving
location of the maximum rainfall intensity (a Lagrangian perspective) are presented in (a-c). The profile of the storms and the rainfall spatial correlations are presented in (d) and (e).
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2.4. Landscape evolution model

CAESAR-Lisflood (Coulthard et al., 2013) was used to simulate the
hydro-morphological processes. CAESAR-Lisflood is a grid-based land-
scape evolution model that has been widely used to simulate
morphodynamic changes at small spatial scales (<1 km?, Coulthard
et al., 2012a; Hoober et al., 2017) and long temporal scales (>10%y,
Hancock et al., 2010; Hancock et al.,, 2015; Coulthard and Van De Wiel,
2017). Furthermore, the model is particularly effective in exploring
hydro-morphologic sensitivity to variations in rainfall spatial and tem-
poral properties (Hancock, 2009; Hancock, 2012; Coulthard et al.,
2012b; Hancock and Coulthard, 2012; Coulthard and Skinner, 2016;
Hoober et al., 2017; Peleg et al., 2020; Skinner et al., 2020).
TOPMODEL (Beven and Kirkby, 1979) is used for surface runoff compu-
tations and downstream routing is done with the LISFLOOD-FP model
(Bates et al., 2010). The model was used in catchment mode using the
Wilcock and Crowe (2003) formulation to compute fluvial erosion and
sediment transport. We used version “1.9j” of the model without mak-
ing any changes to the source code. Further information on the model
can be found in Coulthard et al. (2013).

The model was set at the same temporal resolution as the rainfall
fields, i.e. maximum dynamic time step of 1 h, to ensure the resulting
landscape changes were not largely influenced by the dynamic time
step. The spatial resolution was set to 10 m to make it possible to
model erosion at a gully scale. The model parameters are listed in
Table 2 and are the same for all grid cells in the catchment. The values
of grainsize distribution and proportion, as well as the hydrological
TOPMODEL parameters, are the same used by Peleg et al. (2020) for a
CAESAR-Lisflood simulation of an Alpine catchment.

The initial conditions of the virtual catchment are far from equilib-
rium, and indeed, abrupt elevation changes were observed at the start
of the simulation. Furthermore, at the beginning of the simulation, all
of the grainsize distributions were the same along the channels. To
avoid any bias due to these initial conditions, the first 150 years of the
simulated model (out of 300 years in total) were considered as a
“spin-up” period, allowing the landscape to approach dynamic equilib-
rium. The erosion and deposition rates and areas for the 300 years of
simulation are presented for rainfall scenarios CV = 0.1 and CV = 0.5
in Fig. S3, and clearly show that dynamic equilibrium was achieved
well within the first 150 years of simulation. The results of the analyses
presented in Section 3 are based on the last 150 years of simulations, un-
less otherwise mentioned.

2.5. Analyses of hydro-morphological response

The hydro-morphological response to the changes in spatial rainfall
distribution was examined in terms of changes in streamflow,
stream morphology, erosion and deposition rates and areas, and gully

Table 2

Parameters of the CAESAR-Lisflood model.
Parameter Values Units
Temporal resolution (maximal) 1 h
Spatial resolution 10 m
Grainsizes 0.0005, 0.003, 0.016, 0.04,0.125,0.2 m
Grainsize proportions (sumto 1) 0.1, 0.25, 0.25, 0.3, 0.05, 0.05 -
Suspended sediment fall velocity ~ 0.066 ms~!
Sediment transport law Wilcock-Crowe -
Max erode limit 0.02 m
Active layer thickness 0.1 m
Lateral erosion rate 0.01 -
m value 0.01 -
Water depth threshold for erosion  0.01 m
Evaporation rate 0.0003 md~!
Courant number 0.4 -
Manning's n 0.04 -
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development. Changes in streamflow are computed based on daily flow
values and focus on three indices: (i) low flow, defined as the annual
minimum 7-day streamflow; (ii) mean flow, defined as the mean
streamflow of all days within a year with a flow larger than 0.5 m* s™!;
and (iii) peak streamflow, defined as the annual maximum daily flow.

The impacts on the stream morphology were assessed by examining
the stream profiles in three locations along the main channel (Fig. 2).
Monthly elevation differences of the entire catchment were used to
compute erosion and deposition rates. The areas in which erosion and
deposition occurred were also computed at monthly intervals; a grid
cell was marked as “eroded” or “deposited” only if the change between
two consecutive months was larger than 0.1 cm. The gully development
(length and depth of erosion) was computed from the elevation
changes at monthly scale. Additionally, information on side branching
was determined using the Tokunaga stream order (Tokunaga, 1978;
Pelletier and Turcotte, 2000). This is an extended classification of the
Strahler ordering system, where the intersection of two first-order
branches is denoted as ‘11, the intersection of a first- and second-
order branch as ‘12,” and so on.

3. Results
3.1. Streamflow

Comparing streamflow between the two extreme spatial rainfall
scenarios, the most homogenous (CV = 0.1) and the most heteroge-
neous (CV = 0.5), reveal that there is a bias toward higher streamflow
as rainfall is more heterogeneous, but only for the large flows (higher
than 90th percentile, Fig. 5a). Differences in streamflow are also ob-
served for less intense flows but with no clear bias (i.e. distributed
evenly around the 1:1 line, Fig. 5a for the streamflow smaller than
90th percentile). Also when visualizing the hydrographs (e.g. Fig. S4),
differences between scenarios are mainly apparent in the peak flows.

Quantifying the biases of the low, mean, and peak flows among
the different rainfall scenarios confirm the observations made
above. For the mean flow, a small positive bias was found between
the streamflow emerging from CV = 0.1, 0.3 and 0.5 (median of
1.401 m® s™', 1.403 m® s~ ' and 1.406 m3 s~ ', respectively) but
these differences, considering CV = 0.1 as the reference, are very
small (<1%, not shown). No change was detected when comparing
the low flows emerging from the same CV scenarios (median of
0.038 m® s~!, 0.038 m® s~! and 0.035 m> s~!, respectively).
However, for the peak flow, a positive bias (up to 12%) was noticed
between the streamflow emerging from CV = 0.1, 0.3 and
0.5 (median of 8.51 m®s™!,9.05 m*> s~ ' and 9.56 m® s™!, respec-
tively, Fig. 5b). There is a consistency in the influence of rainfall
heterogeneity on streamflow.

3.2. Stream morphology

Examining the stream patterns at the end of the simulation (after 300
years) shows differences between the homogeneous (Fig. 6a) and the
heterogeneous (Fig. 6b) rainfall scenarios. The impacts of rainfall spatial
structure on stream morphology are not uniform and change along with
the channel longitudinal profile. Consequently, we analyze the effects of
the rainfall spatial structure on stream morphology in four different
zones along the mainstream (Fig. 6¢): at the watershed head (WH), at
the upstream and downstream production areas (P, and Py, respectively),
and at the alluvial deposition (AD) area next to the outlet of the catchment.

The WH zone is primarily influenced by sediment erosion and trans-
port, with deposition a minor component. The discrepancies in erosion
rates at the WH zone between the rainfall spatial scenarios are small, as
can be seen comparing the stream profiles A and B (Fig. S5) and in
Fig. 6¢. In P, zone, the increase in heterogeneity of rainfall leads to a
smaller vertical incision and larger lateral erosion that is expressed in a
widening of the mainstream (profile C in Fig. S5 and Fig. 6¢). In contrast,
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Fig. 5. (a) A cumulative probability distribution of daily streamflow larger than 1 m? s~

for the most homogenous and most heterogeneous spatial rainfall scenarios (CV = 0.1
and CV = 0.5, respectively; n = 11,608). (b) Boxplots representing the maximum
annual daily streamflow for 150 years (centre line is the median, box edges are the
quartiles, and whiskers are the 1-99th percentiles).

the increase in rainfall heterogeneity in P4 zone causes a deeper incision
and a smaller widening of the mainstream (Fig. 6¢). The magnitude of dif-
ferences in stream morphology between the two rainfall scenarios is
greater in the P4 zone compared to P, and WH zones.

In assessing the effects of rainfall spatial pattern on sediment erosion
and deposition at the entire watershed, we found that increasing rainfall
heterogeneity resulted in a greater erosion area but lesser deposition area
(Table 3). There is, however, a distinct pattern in the spatial distribution of
the deposition along the virtual catchment (Fig. S6). The smaller deposi-
tion area in the scenario with higher rainfall heterogeneity is mainly
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Table 3
A summary of the erosion and deposition area and totals after 300 years of simulation.
CV=0.1 CV =05 Difference
Net erosion area (km?) 9.52 10.38 9%
Net deposition area (km?) 6.38 5.52 —13.5%
Total erosion (10° km?) 11.57 12.31 6.4%
Total deposition (10° km?) 8.38 8.98 7.2%

due to the fact that fewer sediment is deposited in Py. In fact, compared
to the homogeneous rainfall scenario, more sediment is produced in Py
and transferred to AD (Fig. 6¢c) where they are deposited in an alluvial
fan that is thicker and laterally extended (Fig. S6).

As shown in Fig. 7, erosion and deposition rates increase linearly as
rainfall spatial heterogeneity increases. When comparing the most het-
erogeneous rainfall scenario to the homogenous one, both erosion and
deposition rates increase by up to 55%. Also, in the scenario CV = 0.1,
27.6% of the eroded sediments were transported out of the catchment,
while 27% of the eroded sediments were removed from the catchment
in the CV = 0.5 scenario. This difference is minor but can indicate that
increasing rainfall heterogeneity results in more localized flows that
move sediment internally, while more homogeneous rainfall results in
more spatially continuous streamflow that are more effective in remov-
ing material from a catchment.

3.3. Gully patterns

The effect of the spatial heterogeneity of rainfall on a gully system,
composed of main and secondary gullies, was examined for a gully lo-
cated near the transition point between the upstream and downstream
production zones (Fig. 6) at the end of the 300 years of simulation. The
main gully is found to be more developed when rainfall is more hetero-
geneous in space; in general, it is deeper, longer, and with more
branches (Fig. 8a—e and Table S2). We note that the main gully can be
equally long and developed when comparing two specific rainfall spa-
tial scenarios (e.g. Fig. 8a and d); but even in this case the depth of inci-
sion will still be greater for the scenarios with higher rainfall
heterogeneity. In contrast to the main gully, the secondary gully is ob-
served to shorten, deepen, and to have fewer branches as rainfall het-
erogeneity increases (Fig. 8a—e and Table S3).

Examining the whole gully system, it can be seen that rainfall het-
erogeneity affects the gully pattern (Fig. 8f and Table S4). This is
expressed by an increase in the gully vertical incision, the length of
the gully system, the number of branches, and by the increasing domi-
nance of the main gully over the secondary gully (Fig. 8f). These changes
in gully patterns are most visible when shifting from the homogenous
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Fig. 6. A plan view of the virtual catchment after 300 years of simulation for the most homogenous (a) and most heterogeneous (b) spatial rainfall scenarios (CV = 0.1 and CV = 0.5,
respectively). The difference in elevation between the two scenarios (CV = 0.5-CV = 0.1) is presented in (c). Positive values represent deposition. The channel in (c) is divided into 4
regions: WH — watershed head, P, — upstream production area, P4 — downstream production area, and AD — alluvial deposition area. The dashed circle points to the gully that is

analyzed in Section 3.3.
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rainfall scenario (CV = 0.1) to the middle-heterogeneous rainfall sce-
nario (CV = 0.3, Fig. 8f); afterwards, it is mainly expressed by the in-
crease in total gully length between the middle-heterogeneous rainfall
scenario (CV = 0.3) and most-heterogeneous rainfall scenario (CV =
0.5, Table S4).

It is worth noting that in all rainfall scenarios and model runs the
depth to bedrock (minimum depth of 10 m, see Fig. S1) is much deeper
than the largest amount of simulated incision, thus erosion and gully de-
velopment were not limited by the bedrock.

4. Discussion
4.1. Rainfall spatial scenarios

The rainfall spatial scenarios are intended to follow real-world rain-
fall patterns. Compared to regions mainly affected by stratiform rainfall,
those influenced by convective rainfall are expected to display higher
levels of heterogeneity as rainfall tends to cluster in multiple smaller
but more intense formations (Jaffrain and Berne, 2012; Peleg et al.,
2018). Orographic effects may also contribute to the heterogeneity of
rainfall in space (Nykanen and Harris, 2003). Examining rainfall pat-
terns at the km scale requires information from a dense rainfall network
or weather radars, thus this information is available for only limited lo-
cations worldwide. In a literature review, 16 locations were identified
that have spatial rainfall information at km and hourly scales
(Table 4); these sites are influenced by different types of rainfall and cli-
matic systems. For each of the locations, we associated one of the simu-
lated rainfall spatial scenarios that were used here. This was done using
the measure of rainfall spatial correlation at 2-km distance, that was
computed for each of the observed locations and for the simulated rain-
fall scenarios (the match between the CV scenarios and rainfall correla-
tion at 2-km is plotted in Fig. 7). We conclude that the range of spatial
rainfall structures observed in nature is covered by our rainfall scenar-
ios. It appears that the most homogeneous and heterogeneous rainfall
scenarios are less common in the observed data (only found once for
CV = 0.1 and CV = 0.5, Table 4), and that the most common scenario
is CV = 0.2 (56% of the total locations, Table 4). However, the locations
summarized in Table 4 cover only a tiny portion of the global variability
of rainfall spatial structure. Mountainous areas, which play an important
role in sediment production, are overlooked in this summary.

Rainfall erosivity is an index assessing the relation between rainfall
and erosion (soil loss) by quantifying the kinetic energy of raindrop im-
pact and rate of associated surface runoff. It is computed based on the
rainfall energy, considering the rainfall duration, magnitude and inten-
sity (Panagos et al., 2017), but not explicitly the rainfall spatial structure.
Plotting rainfall erosivity as a function of rainfall spatial heterogeneity
shows a positive correlation between the two components (Fig. 9).

Geomorphology 390 (2021) 107863

This correlation strengthens the results from the numerical experiment,
since it demonstrates that the higher erosion we simulate with hetero-
geneous rainfall agrees with increasing modelled rainfall erosivity rates
that are estimated for different locations and climates.

4.2. Rainfall heterogeneity, streamflow and sediment yields

The relationship between rainfall heterogeneity and sediment
erosion can be largely explained by surface runoff. Coulthard et al.
(2012b) identified a ‘geomorphic multiplier’ where a change in
streamflow results in a nonlinear (cubic) increase in sediment yields.
There are two effects of increasing rainfall heterogeneity — an in-
crease in the intensity of the peak rainfall and a clustering of rainfall
into smaller areas. Consequently, local streamflow is increasing, gen-
erating greater morphological responses. Because of the geomorphic
multiplier, these locally larger flows are able to erode and transport
more sediment than if those flows were more widely distributed
across the catchment. Increased rainfall heterogeneity showed
greater streamflow (99th percentile of the maximum annual daily
streamflow is 17.1 m®*s™!, 18 m® s~ !, and 19 m® s~ for CV = 0.1,
0.3 and 0.5, respectively; Fig. 5b), further enhancing this effect.

4.3. Implications of the results

Our results emphasize the role of the geomorphic multiplier in
translating changes in rainfall patterns into a hydro-morphological re-
sponse. This has important implications for planning for climate change.
The full hydro-morphological response from catchments to changing
rainfall patterns is still not well understood but non-linear relationships
have been shown relating to catchment volumes/intensities (Coulthard
et al., 2012b), and spatial distributions (Coulthard and Skinner, 2016;
Peleg et al., 2020). Where rainfall is predicted to become more intense
and/or more heterogeneous, the landscape will also become more dy-
namic with increased erosion rates. This has potential implications on
sediment delivery downstream and consequently on flood risk (Lane
et al., 2007; Slater et al., 2015; Slater, 2016).

The numerical experiment was carried out in a small, synthetic
catchment with a controlled rainfall and geological setting. Therefore,
we cannot assume the results can be generalized (linearly transferred)
to specific catchments and climates. It is reasonable to assume that the
hydro-morphological response to the level of heterogeneity of rainfall
will be different between locations. For example, arid regions are
more likely to be less sensitive to the rainfall spatial structure when
comparing two short rainfall events with the same volume of rainfall,
as the overland flow is primarily Hortonian (Best et al.,, 1998), meaning
most of the rainfall will be converted to runoff in both scenarios. This
natural variability in the hydro-morphological response to the rainfall
spatial structure is also apparent from Fig. 9; for instance, in the variabil-
ity in rainfall erosivity between sites (climates) at decorrelation dis-
tances of 0.9. Nevertheless, we expect the trends emerging from the
numerical experiment to hold in real catchments, i.e. we predict that
higher rainfall heterogeneity will lead to higher erosion and deposition
rates, and affect gully development. The numerical experiment demon-
strated the fundamental hypothesis that rainfall spatial structure influ-
ences the evolution of the landscape at small-scales. Further numerical
modelling of real catchments located in different geological regions
and different climates is needed to quantify the real-world impacts.

4.4. Geomorphological equifinality

The numerical experiment was confined to 300 years of simulation.
Ideally, long-term periods of 10°-10* years (or more) are desirable to
capture changes in landscape (Baartman et al., 2013; Tucker and
Hancock, 2010). We aimed to simulate the sediment erosion and trans-
port at high spatial resolution (10 m) to identify changes that occurred
at the gully scale, which required a long computational time (a month
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per scenario of rainfall using a common desktop). The chosen 300 years
is therefore a compromise between the need to simulate long periods
and the model running time.

Landscape models are sensitive to ‘geomorphological equifinality’
(Beven, 1996) issues because their evolution is heavily influenced by
the landscape topography itself; thus, these models have the potential
to be robust to input uncertainties over long-term simulations (e.g.
Hancock et al., 2016; Skinner et al., 2020). This would suggest that
while our results indicate considerable changes to the gully develop-
ment depending on the rainfall spatial structure, given enough time,
each of the rainfall spatial scenarios will eventually result in similar
changes in the stream pattern. However, this remains an unanswered
question since it exceeds our current ability to model landscape evolu-
tion at high spatial and temporal resolutions for such long-term periods.

5. Conclusions

A numerical experiment using a virtual catchment and pseudo-
climate was conducted to explore the hydro-morphological response to
different rainfall spatial scenarios on timescales of hundreds of years. Re-
sults demonstrated that both the hydrological and geomorphological
components are sensitive to spatial patterns of rainfall. In the rainfall sce-
narios with a higher degree of spatial heterogeneity, streamflow, erosion
and deposition rates were all enhanced and the main gully was found to
be more developed. The results also indicate that the influence on the
landscape dynamics likely depends on the location along the mainstream,
with the production zones being the most sensitive areas to changes in
storm properties. All of this suggests that the spatial structure of rainfall
may be a significant influence on catchment morphology.
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Table 4
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A summary of 16 sites with hourly rainfall spatial correlation information. CV [-] refers to the rainfall spatial scenarios simulated here. Rainfall erosivity [M] mm ha—' h=' y~'] data for each

location were obtained from Panagos et al. (2017).

Location Correlationat ~ CV Rainfall Period of observation Source
2-km erosivity
Iowa City Municipal Airport, lowa (US) 0.96 0.1 2700 Apr 1999-Aug 2000 Krajewski et al., 2003
Island of Rota (Guam) 0.91 0.2 May 1998-Jun 1999 Krajewski et al., 2003
Little Washita basin, Oklahoma (US) 0.95 0.2 2900 Jan-May 1999; May-Oct 2001; Krajewski et al., 2003; Ciach and Krajewski, 2006;
Mar-Nov 2002 Seo and Krajewski, 2011
Brue catchment (UK) 0.9 0.2 360 Sep 1993-Apr 2000 Villarini et al., 2008
Dalya catchment (Israel) 0.88 0.2 1100 Nov 2011-May 2012 Peleg et al,, 2013
Legionowo (Poland) 0.9 0.2 390 Jul 1998-Jun 1999 Moszkowicz, 2000
Arvalis-Institut-du-Végétal (France) 0.9 0.2 1050 Oct 2004-Oct 2005 Moreau et al., 2009
Brunswick (Germany) 0.89 0.2 330 2000-2006 Miiller and Haberlandt, 2018
Feldbach (Austria) 0.88 0.2 1100 2007-2016 Schroeer et al., 2018; O and Foelsche, 2019a
Calcasieu Parish, Louisiana (US) 0.9 0.2 6900 Jan 2017-Aug 2018 Sharif et al., 2020
Wallops Island, Virginia (US) 0.87 0.3 2900 Dec 2005-Dec 2007 Tokay and Ozturk, 2012
High Moorsley (UK) 0.86 03 290 2007-2010 Rico-Ramirez et al., 2015
Yangtze River Basin (China) 0.81 0.3 4800 Oct 2009-Sep 2011 Liet al, 2014
Melbourne, Florida (US) 0.79 0.4 6800 Aug-Sep 1998 Gebremichael and Krajewski, 2004
Rondonia (Brazil) 0.8 04 8000 Jan-Feb 1999 Gebremichael and Krajewski, 2004; Krajewski et al., 2003
Singapore 0.69 0.5 9500 1980-2010 Mandapaka and Qin, 2013

Next steps should involve analysis of hydro-morphological response
in catchments located in different climate zones and with different geol-
ogy, as well as extending the numerical experiment to longer timescales
to eliminate equifinality issues. This requires further development of
landscape evolution models to enable long-term simulations at a
lower computational cost while simulating the response at a high
spatial-temporal resolution.

Insights gained in this study have implications not just in the context
of landscape evolution, but also in the context of climate impact studies
in catchments where changes in the spatial structure of storms may en-
hance sediment yields and damage infrastructure, such as in-stream
structures located in mountainous regions. Therefore, we recommend
that the effects of climate change on hydro-morphological systems
will go beyond examining changes in rainfall intensity, frequency and
timing, which is the common practice, and include changes also to the
spatial structure of rainfall.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2021.107863.
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