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Abstract The impact of climate on topography, which is a theme in landscape evolution studies, has

been demonstrated, mostly, at mountain range scales and across climate zones. However, in drylands,
spatiotemporal discontinuities of rainfall and the crucial role of extreme rainstorms raise questions and
challenges in identifying climate properties that govern surface processes. Here, we combine methods to
examine hyperarid escarpment sensitivity to storm-scale forcing. Using a high-resolution DEM and field
measurements, we analyzed the topography of a 40-km-long escarpment in the Negev desert (Israel). We also
used rainfall intensity data from a convection-permitting numerical weather model for storm-scale statistical
analysis. We conducted hydrological simulations of synthetic rainstorms, revealing the frequency of sediment
mobilization along the sub-cliff slopes. Results show that cliff gradients along the hyperarid escarpment
increase systematically from the wetter (90 mm yr~!) southwestern to the drier (45 mm yr~!) northeastern sides.
Also, sub-cliff slopes at the southwestern study site are longer and associated with milder gradients and coarser
sediments. Storm-scale statistical analysis reveals a trend of increasing extreme (>10 years return-period)
intensities toward the northeast site, opposite to the trend in mean annual rainfall. Hydrological simulations
based on these statistics indicate a higher frequency of sediment mobilization in the northeast, which can
explain the pronounced topographic differences between the sites. The variations in landscape and rainstorm
properties across a relatively short distance highlight the sensitivity of arid landforms to extreme events.

Plain Language Summary Identifying the link between climatic properties and topography

helps to elucidate key controlling processes affecting Earth's landscape evolution. In drylands, however, it is
harder to associate topography with average climate as surface processes are significantly affected by spatially
disconnected, discrete and short-duration rainstorms. In this study, we investigate whether variations in
rainstorm properties can account for topographic differences along a 40-km-long hyperarid escarpment. Results
indicate that in the drier parts of the escarpment, cliffs are steeper, and slopes are covered by finer sediment.
Rainstorm statistical analysis indicates that the drier part of the escarpment is associated with extreme
rainstorms characterized by higher rainfall intensities. We demonstrate that these storms mobilize sediment
more frequently in the drier part of the escarpment, which can explain the pronounced topographic differences
along the escarpment. This study presents a rarely-recognized link between small-scale variations in arid
rainstorm properties and topography and highlights the susceptibility of arid landscapes to extreme rainstorms.

1. Introduction
1.1. Climate-Topography Feedbacks

Earth's surface is shaped by the climate's influence on erosion processes (Garrels, 1983; Perron, 2017; Tucker &
Slingerland, 1997), motivating the search for correlations and associations between climate proxies, sedimentation
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rates, and erosion patterns over various spatiotemporal scales (Herman et al., 2013; Molnar & England, 1990;
Peizhen et al., 2001; Zhang et al., 2001). Part of this is exploring links between topography and climatic gradients
(e.g., gradients in temperature and rainfall). Correlations of this type have been recognized where pronounced
gradients exist in mean daily to decadal climate properties, such as monthly or mean annual precipitation (Adams
et al., 2020; Bookhagen & Strecker, 2012; Ferrier et al., 2013; Olen et al., 2015; Stark et al., 2010; Thomson
etal., 2010). However, the connection between mean conditions (e.g., mean annual rainfall) and erosion rate is not
always simple (Langbein & Schumm, 1958; Tucker & Bras, 2000; Yair, 1983; Yair & Lavee, 1985). In drylands
(hyperarid to semi-arid regions), topography-rainfall interactions are complicated by substantial variability in
heavy rainfall (Marra et al., 2017; Morin et al., 2020). The mean daily rainfall in drylands can be very close to
zero, while rare, heavy rainstorms may discharge tens of mm of rainfall in less than 1 hour (Goldreich, 1994;
Goodrich et al., 1995; Sharon & Kautiel, 1986). This highlights the concept that the average conditions at a given
site may not be relevant to what drives surface processes. In particular, fundamental questions remain concerning
the sensitivity of arid landscapes to spatiotemporal variations in precipitation at the scale of individual storms.
In this research, we examine the morphology of arid cliffs and slopes along a ~40 km escarpment and mecha-
nistically test whether storm-scale spatial variations are reflected in topography considering that climate changes
during the Quaternary may have an influence.

1.2. Rainfall Characteristics and Measurement Challenges in Arid Settings

The high variability of rainfall in arid landscapes is the outcome of the quasi-random appearance of convective rain
cells and of the spatial and temporal properties of rainstorms (Nicholson, 2011; Schick, 1988; Segond et al., 2007;
Sharon, 1972). The characteristics of convective rainstorms play an important role in infiltration, runoff gener-
ation, flow discontinuities, transmission losses, and sediment mobilization in drylands (Dunkerley, 2012, 2019;
Rinat et al., 2018; Yair & Lavee, 1985; Yair & Raz-Yassif, 2004; Yakir & Morin, 2011; Zoccatelli et al., 2019).
Studies have demonstrated that erosion processes in drylands could be more sensitive to the properties of extreme
rainstorms than to the long-term mean rainfall (DiBiase & Whipple, 2011; Enzel et al., 2012; Schick, 1988;
Smith et al., 2019). Even at a longer timescale of landscape evolution, changes in the frequency-magnitude of
extreme rainstorms have been hypothesized to trigger substantial hydrogeomorphic changes in drylands (Boroda
etal., 2011; Ely et al., 1993; Enzel et al., 2012; Miller et al., 2010).

Understanding the role of rainfall characteristics in arid landscape evolution requires high-resolution rainfall data.
However, due to the convective nature of rainfall in arid areas and the limited number of available observations,
detecting spatiotemporal gradients in rainfall is extremely difficult. Rain gauge networks can provide reliable esti-
mation for specific locations, but are sparse in many arid regions and tend to miss important storm characteristics
(Goodrich et al., 1995; Marra & Morin, 2018). Where such measurements do exist, their total time span is often
too short to derive meaningful statistics of the heaviest storms (Morin, 2011). Hope for bridging this gap lies in
radar precipitation estimates, which provide spatial information and are increasingly integrated in dryland studies
(Armon et al., 2020; Marra & Morin, 2018; Morin & Gabella, 2007; Rinat et al., 2018; Zoccatelli et al., 2020).
However, the accuracy of radar estimates is heavily influenced by several sources of error, depending on location
and the gauged data used for calibration, which restricts its use in remote areas (Villarini & Krajewski, 2010;
Villarini et al., 2008).

An alternative source of spatially-distributed rainfall “records” is represented by a high-resolution, numerical
weather prediction (NWP) models (e.g., El-Samra et al., 2017; Rostkier-Edelstein et al., 2014). A major advan-
tage of NWP simulations is that they are potentially continuous in time and their spatial extent is only limited
by computational power. High-resolution weather models explicitly resolve the convective processes (convec-
tion-permitting models) responsible for a large portion of the precipitation during extreme rainstorms. However,
estimates derived from NWP models can suffer from statistical bias, and the modeled convective cells are often
incorrectly positioned with respect to the observations (e.g., Roberts, 2008). Thus, to make accurate predictions,
it is recommended to incorporate data assimilation (e.g., Gustafsson et al., 2018) or probabilistic approaches
(Vincendon et al., 2011) to correct the bias, while examining the data at finer scales of tens to hundreds of kilom-
eters (e.g., Armon et al., 2020). Nevertheless, NWP models reproduce physical processes forced by real boundary
conditions and are therefore expected to correctly reproduce the statistics of precipitation (e.g., Liu et al., 2017).
Indeed, such models have been successfully employed for rainfall intensity and frequency (Ban et al., 2014;
Ludwig & Hochman, 2021; Schir et al., 2016), including analyzing precipitation extremes in drylands (Armon
et al., 2022; Dayan et al., 2021; Kunz et al., 2018; Liu et al., 2021; Rinat et al., 2021).
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Figure 1. (a) Location of the study area. (b) Aerial photograph of the Ramon crater. The crater is outlined by a dashed line. (c) Topographic transects from the
Mediterranean Sea to the southwestern and northeastern parts of the Ramon escarpment (transects locations are shown by dashed lines in panel (d). (d) Isohyets (black
lines, in mm year~') of mean annual rainfall (IMS, 1980-2010) over the southern and central Negev (Israel).

1.3. Cliffs and Sub-ClIiff Slope Morphology as Climatic Indicators

Escarpments are common in arid lands and are often characterized by cliff-forming hard rocks overlying more
erodible layers. These erodible layers beneath the cliff are typically covered by a thin debris apron, composed of
sediments produced by physical and chemical weathering processes operating on the cliff face, such as freeze-
thaw cycles (Bruthans et al., 2017; Schumm & Chorley, 1966), salt weathering (Goudie et al., 1997; Pawlik, 2013)
and differential thermal stress (Lamp et al., 2017). Sheet-flow is infrequent, but constitutes a dominant mecha-
nism for the transport of sand and gravel-size material along the slopes (Michaelides & Martin, 2012; Parsons
et al., 2009; Schmidt, 2009). It is generated mostly during high-intensity rainstorms when the infiltration rate is
lower than the rainfall intensity.

A general hypothesis holds that alternating climate conditions could change the ratio between the rate of debris
production from the cliff to the rate of breakdown and transport downslope. Under a scenario in which a sedi-
ment production is faster than debris evacuation, the cliff will be buried by its own debris (Selby, 1982), while
enhanced debris removal promotes slope dissection, cliff undermining and the generation of talus slopes that
become detached from the cliff (i.e., talus flatirons, Elorza & Martinez, 2001; Gerson, 1982; Schmidt, 1996).
Several studies provide chronology that points to climatic variations as the first-order factor modulating the
evolution of escarpments (Boroda et al., 2011; Elorza & Martinez, 2001; McCarroll et al., 2021). However, it
remains unclear what kind of variations in climate properties would be needed to alter the sediment budget and
lead to geomorphic changes, and at what spatiotemporal resolution such variations might operate.

Here, we investigate the cliffs and slopes of the Ramon erosional crater, located in the Negev desert (Figure 1).
The northern rim of the crater is a ~40-km long escarpment, which has been forming since the Pliocene
(Zilberman, 2000). Talus slopes and disconnected talus flatirons have developed below the cliffs as a result of
climatic forcing, given no indication of significant tectonic activity in this area since the early Pleistocene. Thus,
the Ramon escarpment is a natural experiment, where rainfall properties may differ along the cliff (Nativ &
Mazor, 1987) and the coupling of rainfall and topography can be interrogated.

Our efforts address two fundamental questions: (a) How do cliff morphology and climate properties (primarily
rainfall) change along an arid escarpment and over what spatiotemporal resolution? (b) Could the current spatial
differences in climatic properties mechanistically account for observed morphologic variability? To answer these
questions, we analyzed cliff and slope morphology using aerial LiDAR topography and field measurements of
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sediment grain size. In addition, we characterized extreme, short-duration rainstorms based on sub-hourly rainfall
data from a high-resolution NWP model and a novel statistical method. We used these data sets (field measure-
ments, topographic data and rainfall statistics) to constrain a hydrologic model, which we used to predict surface
runoff and the frequency of sediment mobilization along the slopes following synthetic storms. We thus quantify
spatial changes in cliff morphology and rainstorm properties and examine whether the observed topographic
differences can be mechanistically explained by the present-day rainstorm properties and erosion frequencies
integrated over Quaternary timescales.

2. Geologic and Climatic Settings
2.1. Geology and Geomorphology

Ramon erosional crater (locally known as Makhtesh Ramon, in Hebrew) is situated along the crest of a NE-SW
asymmetric anticline (Figure 1) and is the largest of three similar craters in the Negev desert. Despite its name, the
crater was formed following tectonic folding and erosion and not due to an impact or volcanic activity. The Negev
anticlines are part of the Syrian-Arc Fold Belt (SAFB; Krenkel, 1924), which started forming in the Early Seno-
nian (Avni, 1991; Bentor & Vroman, 1952; Garfunkel, 1964) and were active at least until the Middle Miocene.
The flanks of these asymmetric anticlines consist of a hard, Upper Cretaceous (Cenomanian-Turonian) sequence
of mostly limestone and dolostone [Judea Group (Zilberman, 2000)], overlying much more erodible sandstone of
Aptian age [Hatira Group (Zilberman, 2000)] (Figure 2). The resistant carbonate sequence has been eroded along
the crests of the anticlines, exposing the erodible underlying sandstones (Zilberman, 2000) and forming a crest-par-
allel valley occupied by the Ramon drainage. Within the Ramon erosional crater, Early Cretaceous, Jurassic, and
Triassic sandstone and dolostone are now exposed, capped by carbonate cliffs. This erosion occurred during the late
Miocene or early Pliocene following the formation of the regional base level of the Dead Sea rift valley. A regional
tilt down-to-the-east of the central Negev in the late Miocene and Pliocene is responsible for the higher elevation
on the western side of the ~40 km long and ~12 km wide Ramon escarpment (Figures 1 and 2a). Since the early
Pleistocene, there has been no indication of significant tectonic activity in this area. Along the northern rim of the
escarpment are vertical and sub-vertical cliffs a few to tens of meters high, consisting of hard carbonate rocks and
without significant spatial lithological differences. The outlet of the Ramon channel is located at 420 m above sea
level, whereas Mount Ramon at the southwestern edge of the Ramon erosional crater is 1,037 m a.s.l (Figure 2a).

2.2. Climate

The Ramon erosional crater is located in the hyperarid Negev desert. Precipitation is characterized by discrete show-
ers with extremely high inter-seasonal and annual variability and associated with three main synoptic-scale patterns:
(a) Mediterranean cyclones (MC)—extratropical low-pressure systems routinely passing in wintertime through the
eastern Mediterranean (Armon et al., 2018; Belachsen et al., 2017; Kahana et al., 2002), (b) Active Red Sea troughs
(ARST) —surface pressure troughs extending from east Africa/Arabia toward the Red Sea that occasionally gener-
ates local, convective rain cells (Dayan & Morin, 2006; de Vries et al., 2013; Kahana et al., 2002), and (c) Tropical
Plumes (TP)—rare synoptic type that produces relatively widespread and prolonged rainfall accompanied by a
significant geomorphic response in large watersheds (Armon et al., 2018; Rubin et al., 2007; Yokochi et al., 2019).

Rain gauges able to measure short-duration intensities are sparse in this region, in some cases >50 km apart.
Based on the Mitzpe Ramon station (Figure 1), situated on the northern rim of the Ramon cliffs, the mean annual
rainfall is 70 mm (Israel Meteorological Service, IMS; 1980-2021). Approximately 65% of the rain falls during
the winter (December—February), and 94% of the rainfall between October—March. Winter temperatures rarely
reach freezing conditions (~1 day in 2 years based on minimum daily temperature, IMS; 1980-2021), while
in summer, the temperatures are often >30°C. The ephemeral Ramon stream is usually dry, with 2.5 floods
occurring on average per year, with a maximum recorded peak discharge of 72 m? s~! for the 250 km? Ramon
watershed (Israeli Hydrological Service; 1982-2021). Thin Reg soils (Amit & Gerson, 1986) cover the slopes in
the region and the rare vegetation is confined mainly to the channels.

3. Methods
3.1. Rainfall Data

Rain gauges and weather model simulations (Zingl et al., 2015) were used to characterize rainfall across the
region and along the Ramon escarpment. Although the record from the weather model we use here is relatively
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Figure 2. (a) Hillshaded map of the Ramon escarpment as derived from the aerial LIDAR survey (note the LiDAR extent does not cover the entire crater). Gray lines
represent the drainage network. Black rectangles mark the western (SWS) and eastern (NES) sites. (b) Lithological map along the Ramon escarpment. (c) Gradients
along the escarpment. LiDAR data were resampled with a 500 x 500 m? window (10° pixels) in (c) to better visualize the spatial pattern of the gradients. Gradient
values presented are median window values.

short (8 years, see below), it provides unique spatial information on rainfall in this arid area, including explicit
representation of convective processes that currently cannot be obtained by other instruments.

3.1.1. Rain Gauge Measurements

We used a combination of cumulative and intensity-recording rain gauges. Six intensity rain gauges with a 10-min
temporal resolution are located 0-50 km from the escarpment and operated by the Israel Meteorological Service
(IMS) (Figures 1b and 1d). The records of these gauges extend over 8-10 years between 2010 and 2020. Ten
cumulative rain gauges 0-9 km from the escarpment (Figures 1b and 1d) with records extending over 4-5 years
provide total rainstorm precipitation (i.e., they are measured once after each storm) and are operated by the Arava
Drainage Authority. Both data sets were used to validate the weather model-derived rainfall record (see below),
for both short (sub-hourly) and long (annual) durations.

3.1.2. Convection-Permitting Numerical Weather Prediction Model

We produced a gridded rainfall record for the Ramon region by the limited-area configuration of the ICOsahedral
Non-hydrostatic (ICON) model (Zéngl et al., 2015, for a further description regarding the ICON, see Text S1 in
Supporting Information S1). Here we examine the effectiveness of the ICON rainfall products in the forecasting
mode for rainfall analysis. We conducted simulations over the eastern Mediterranean domain of 25-39E/26—
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36N (hereafter, ICON-IL) spanning the period between 01 September 2013 and 01 September 2021 (Khain
et al., 2020). We initialized the simulations on a daily basis at 00 UTC and consisted of 78 hr forecast range. We
used a convection-permitting resolution of ~2.5 km with 65 vertical levels and an output temporal resolution of
10 min. We obtained initial and boundary conditions from the Integrated Forecasting System (IFS) model run by
the European Center for Medium-Range Weather Forecasts (ECMWF) at a resolution of ~9 km with 137 vertical
levels. For each day, we used the forecast initialized at the beginning of the day (00 UTC) as the record for this
day, that is, forecast lead times are 0—23 hr. We validated the ICON-IL rainfall against measured cumulative and
intensity rainfall records in the region (see below).

3.2. Rainfall Statistical Analysis

We performed a pixel-based rainfall statistical analysis. In the first step, we calculated the mean annual rain-
fall and the maximum intensities for different durations for each model-based pixel. Then, we examined the
frequency of sub-daily rainfall intensities to see if we could observe gradients in the rainfall intensities for differ-
ent return levels, particularly during extreme events. We calculate sub-daily rainfall frequency using the Simpli-
fied Metastatistical Extreme Value approach (SMEV, Marra et al., 2019), a non-asymptotic statistical method
based on the analysis of ordinary events, that are the independent realizations of the process of interest (details
in Marra et al., 2020; Serinaldi et al., 2020). Considering the short record available (8 years) and the limited
number of storms per year (~10) in this region, this concept is more appropriate than traditional extreme value
analysis methods for two reasons: (a) it facilitates the usage of all the available data as opposed to traditional
methods that use one or two data points per year (Zorzetto et al., 2016); and (b) it explicitly considers the small
number of storms per year in contrast with traditional extreme value theory, which assumes an infinite number of
storms occurs every year (Fisher & Tippett, 1928). This method proved highly accurate in reproducing daily and
sub-daily rain intensities corresponding to rare exceedance probabilities in the study region (Marra et al., 2020).

We calculate pixel-based return levels, which are the intensities corresponding to specific non-exceedance proba-
bilities or return periods, for durations of 10, 20, 30, 60, and 120 min and for return periods (RPs) of 2,5,10,20,50,
and 100 years. We adopted a bootstrapping procedure to overcome the stochastic sampling uncertainties due to
the short record available (e.g., Goudenhoofdt et al., 2017). We randomly sampled (with replacement) 1,000 sets
of 8-year-long intensity records from a 5 X 5 pixel window around the pixel of interest. We used these sets to
estimate the SMEV distribution parameters and evaluate the rainfall intensities for all durations and return periods
described above. Out of the 1,000 sets, we selected the 50th quantile (Q50) as the representative value for the pixel.

Following the method presented in Marra et al. (2020), we define storm-based ordinary events as wet intervals
separated by >6 hr dry intervals. Ordinary events are then defined as the maximal intensities of each independent
storm for the duration of interest. To quantify intensities associated with rare yearly exceedance probabilities,
we explicitly consider their yearly occurrence frequency once the intensity distribution describing their tail is
known (Zorzetto et al., 2016). We define the tail of ordinary events as the largest 45% events (i.e., events >0.55th
percentile event), following the results in Marra et al. (2019). We used a stretched-exponential model (Weibull,
as proposed by Wilson & Toumi, 2005 and confirmed by observations in the region by Marra et al., 2019; Marra
et al., 2020; Marra et al., 2021a) to describe the tail, so that the yearly exceedance probability of extreme inten-
sities could be written as

p(x; A, k) = [1 - e_G) ] (1)

where n is the yearly average number of storms, A is the scale parameter and k is the shape parameter of the
Weibull distribution. We computed the parameters of the tail for each duration by left-censoring the lowest
55% of the ordinary events and using least-squares regression in Weibull transformed coordinates. The codes
used for the SMEV analyses are freely available (Marra et al., 2020). To validate the estimated parameters, we
compare the calculated parameters with those derived from the available intensity gauges (Figure S1 in Support-
ing Information S1).

3.3. Topographic and Morphologic Analysis

We performed topographic and morphological analyses using a LiDAR-derived digital elevation model (DEM)
of the Ramon escarpment, slopes, and channel network. The DEM has a pixel size of 0.5 X 0.5 m, with vertical
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accuracy and effective precision of +0.15 m and +0.05 m, respectively. We focused our topographic analyses
on selected sites along the southwestern and northeastern parts of the escarpment. We resampled the DEM of
the study region to 1 X 1 m resolution for more efficient computation and used MATLAB TopoToolBox v2.0
(Schwanghart & Scherler, 2014) and QGIS (QGIS, 2019) to perform topographic analyses.

3.3.1. Cliff Gradient and Gully Density Along the Ramon Escarpment

We calculated the steepest descent slope and cumulative drainage area for each pixel using the 1 m DEM. We
extracted stream networks using a drainage area threshold (10* m?) based on breaks in the slope-area scaling and
the locations of a few channel heads that were recognized in the field based on wash marks and bank morphology
(Figure S2 in Supporting Information S1). After generating the stream network, we calculated the density of
gullies beneath the cliff by counting the number of gully pixels (using the DEM) along lines spaced 10-m from
each other and paralleling the cliff strike, across a band 150-350 m from the cliff top, which runs below the
exposed bedrock cliff but above first-order stream confluences.

3.3.2. Geomorphic Analysis of the Southwestern and Northeastern Sites Along Ramon Escarpment

We analyzed two sites representing end members along the Ramon escarpment: a southwestern site (SWS) and
a northeastern site (NES) lying 0-5 km and 30-35 km from Mount Ramon, respectively (Figure 2). At each of
these sites, we mapped active talus slopes, talus flatirons (disconnected slopes) and pediment slopes (surfaces
characterized by lower gradient, straighter longitudinal profiles, and smaller clasts relative to talus flatirons)
according to surface and sedimentological characteristics. We constructed topographic profiles of active talus
slopes perpendicular to the escarpment from the cliff top to a notable break in slope in the pediment or a stream-
line as the mean of >1,000 topographic lines perpendicular to the cliff, spaced 1-m apart.

In addition, we measured the b-axis size distribution of cliff-derived clasts at 10-cm intervals along two ~20-m
long transects parallel to the cliff and spaced 0.5 m apart at each of the SWS and NES sites (Wolman, 1954).
In each of the transects, we randomly collected and measured ~200 clasts (Neely & DiBiase, 2020; Shmilovitz
et al., 2020, 2022; Verdian et al., 2021).

Finally, we measured infiltration characteristics and saturated hydraulic conductivity in the sub-cliff slopes using
a tension infiltrometer (mini-disk, by METER environment) at each of the study areas. We conducted infiltration
measurements at inter-rill areas at the lower part of the slope, with gradients ranging from 2° to 5°. We measured
on a dry surface, at least 2 weeks after the last rainstorm to match the sparse number of precipitation events in a
year in this region (15, on average at-a-point), which usually fall on a relatively dry surface. We applied a constant
level of suction head to mitigate the effects of macropores on the infiltration and then recorded the volume of
infiltrated water with time. The values of hydraulic conductivity (Ks) and sorptivity (S) were obtained from each
infiltration time series using the method described by Zhang (1997).

3.4. Hydrological Modeling of Extreme Events

To evaluate the hydrologic and geomorphic responses of the slopes to rainstorms of different return periods, we
applied hydrological simulations using synthetic storms, which were defined using intensity-duration-frequency
relations. These storms were designed to represent specific frequencies of events and therefore enable us to simu-
late the hydrogeomorphic response under extreme rainstorms. We computed the storm intensities according to
the alternating block method (Chow et al., 1988) for a total storm duration of 30 min (based on an average storm
duration of ~30 min measured in the Ramon station), in 10 min rain intensity segments, based on the SMEV
frequency analysis (see above). We designed five storms for the SWS and NES (10 in total), corresponding to
return periods of 2- (50%), 5- (20%), 10- (10%), 50- (2%), and 100-year (1%). For each of the storms, the maxi-
mum intensity for any duration represents the equivalent intensity according to the SMEV frequency analysis.

The hydrological model used is based on the Landlab toolkit (Barnhart et al., 2020; Hobley et al., 2017), an open-
source Python library that facilitates building and modifying two-dimensional grid and process-based numerical
models. A 2D grid of 1 X 1 m was created for the SWS and NES based on the characteristic longitudinal profile
of the cliff and sub-cliff slope, with uniform topography running parallel to the cliff. The temporal resolution of
the model is <1 min. In each storm simulation, we assume that rain falls on the grid uniformly and runoff gener-
ation is a function of the infiltration rate calculated by the Green-Ampt equation (Kidwell et al., 1997). Water
propagation on the slope was described by a simplified inertial approximation of the shallow water equations,
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the hydrological model see Text S2 in Supporting Information S1). The basal
shear stress z;, [%], for each grid node i, at each simulation time step ¢, is

m

determined by:
Ty =p-g his - Si 2

where S, is the gradient [m m~'], &, is the water depth [m], p [kg m™] is
the water density and g is gravitational acceleration [m s~2]. The maximum

shear stress 7, ; [m—l\;], per storm for each grid node i along the slope was

Channel density [1 km™]

converted to a critical transportable grain size d,.; [m] using Shields equation
(Shields, 1936):

1 5 1 1 1 1 O
0 10 20 30 d o Tmax,i
. i = T ——— 3)
Distance from Mt. Ramon [km] (ps = p) - & Tex
Figure 3. Cliff gradient (left axis, red squares) and density of colluvial where p [kg m~3] is the clast density and 7. is the critical Shields stress. We
channels (right axis, purple line) as a function of the distance eastward from explore the range of transportable grain sizes, with the range chosen to repre-
Mount Ramon (location in Figures 1 and 2). The red squares represent the sent uncertainty in the governing parameters including 7. ranges from 0.05

median gradient and the lower and limits of the upper gray lines represent the to 0.07 (Buffington & Montgomery, 1997; Shields, 1936), and Manning's n

25 and 75 quantiles, respectively (range of values from all the 0.5 X 0.5 m
pixels within a 500 X 500 m? window). White dots and purple line represent
median channel density and the shaded purple area represent the minimum and

roughness coefficient. The latter is used in the water propagation algorithm
and is considered here to range between 0.05 and 0.08 (Sadeh et al., 2018). In

maximum densities for all calculated distances from the cliff. addition, we employ a range of hydraulic conductivities in the Green-Ampt

equation based on the range of values from the infiltration tests at each site.

4. Results
4.1. CIiff and Talus Slope Morphology

The mean gradient of the cliffs along the Ramon escarpment increases systematically from southwest to northeast
(Figures 2c and 3), with the mean gradient in the SWS [32.3° + 0.01 (SE)] significantly lower (Wilcoxon rank-sum
test, p << 0.0001) than the mean gradient at the NES [39.5° + 0.01 (SE)]. Furthermore, the gradient along the SWS
sub-cliff slopes is also lower (Figure S3 in Supporting Information S1), and these slopes are almost fully debris-man-
tled (Figure 4d). The characteristic slope profile in the west is longer (330 vs. 200 m in the east) (Figure 5a), and the
SWS profiles are slightly less concave than the NES profiles, as indicated by their normalized profiles (Figure 5b).

Grain size decreases downslope at both sites (Figure 5c). The d, at the SWS decreases from 60 mm at 50 m above
the caprock base, to 31 mm at 160 m downslope. At the NES, the d, decreases from 32 mm at 40 m above the
caprock base, to 18 mm at 140 m downslope. For any given distance along the slope, the median grain size of
cliff-derived sediment in the SWS is larger relative to the corresponding grain size in the NES. Large boulders
(>1,000 mm) rarely appear at distances >100 m from the cliff face along the NES slopes. Conversely, in the SWS,
large boulders are common at distances >100 m from the cliff (Figure 4d). Based on infiltration tests, the saturated
hydraulic conductivity in both sites varies between 1 and 13 mm hr~! (Table S1 in Supporting Information S1).

Talus flatirons, which are no longer connected to the cliff, cover 7% of the SWS area (between the cliff top
and a parallel line in a distance of 400 m below), whereas in the NES they cover 12% (Figure S4 in Supporting
Information S1). These relict slopes are separated from the cliff by gullies. A general increase in the density of
gullies toward the NES is responsible for a more dissected landscape (Figures 3 and 5d; Figure S4 in Supporting
Information S1).

4.2. The Spatial Distribution of Rainfall
4.2.1. Mean Annual Rainfall

The modeled (ICON-IL) annual rainfall amount matches the gauge-based rainfall (RMSD = 13.7 mm, Figure 6).
The simulated regional pattern of mean annual rainfall decreases from north (~100 mm) to the south (<30 mm)
as expected (Goldreich, 2003). Along the Ramon escarpment, it decreases by 37%—-50% from 80 to 90 mm near
Mount Ramon (the southwestern part of the escarpment) to 45-50 mm in the northeast.
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Figure 4. Topography and the main morphological units in the studied sites. (a, b) Hillshaded topography and slope maps of the NES and SWS, respectively. Red and
cyan lines roughly paralleling the cliff strike, in (a and b), respectively, mark the locations of topographic transects shown in Figure 5d. (¢, d) Representative photos of
cliff and sub-cliff slopes in the NES and SWS, respectively.

4.2.2. Spatial Distribution of Rainfall Extremes

In order to verify that the ICON-IL produces realistic rainfall in the study area, we compare the exceedance prob-
ability (i.e., one minus the cumulative probability; Figure S5 in Supporting Information S1), from the ICON-IL
model to the 10 min rainfall from intensity gauges. Over 75% of the observed frequency curves at high intensities
of >12 mm hr~! are within the range of the ICON-IL intensities. For low intensity (<6 mm hr~"), the ICON-IL
rainfall underestimates the frequency in comparison with all the gauge measurements. However, these differences
are relatively small (note the log-log scale of Figure S5 in Supporting Information S1) and should have minor
influence on surface processes driven by extreme events.

We utilized the SMEV method for each pixel of the ICON-IL record to derive spatial distributions of rain intensi-
ties for different return periods and durations (Figure 7). For a 2-year return period (Figure 7¢), rainfall intensity
in the region decreases from north to south in parallel to the spatial pattern of annual rainfall. At the SWS, the
mean rain intensities for 10, 20, 30, 60, and 120 min are 19, 14, 11, 7, and 4 mm hr~! respectively, similar to
the NES intensities: 18, 14, 11, 7, and 4 mm hr~!, respectively (Figure 7, based on 4 pixels within each of the
domains). However, large differences between the sites emerge for longer return periods; specifically, the eastern
and drier part of the escarpment is characterized by higher rain intensity (Figure 7d). For example, the mean rain
intensities of a 100-year return period storm for 10, 20, 30, 60, and 120 min are 76, 53, 31, 25, 17 mm hr~! for the
SWS (Figures 7a, 7c, and 7e) and 100, 74, 56, 33, 21 mm hr~! for the NES (Figures 7b, 7d and 7f).

4.3. Sediment Mobilization Under Storms of Different Return Periods

To link synthetic storm events to resultant erosion, overland flow events associated with storms of different return
periods were modeled at the SWS (mean annual rainfall 70-90 [mm]) and NES (mean annual rainfall 45-55 [mm]).
At both sites, the maximal transportable grain size along the slope shows a similar pattern (Figures 8c and 8d).
The transportable grain size (based on the median values of the uncertainty range, see colored curves in Figures 8c
and 8d) reaches a maximum at a distance of 100-150 m downslope, due to high gradients and high-enough water
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Figure 5. (a) Topographic profiles perpendicular to the cliff for the SWS (blue) and NES (red). (b) Topographic profiles normalized by total relief. (c) Measured grain
size in the SWS and NES. The horizontal green line represents the 50 quantile (d,) and the lower and upper box limits represent the 10 and 84 quantiles (d,, dg,). (d)
Detrended topographic transects along lines roughly paralleling the cliff strike (transect locations are shown by red and cyan lines in Figures 4a and 4b, respectively).
Red and blue circles represent locations (x-axis only) of gully pixels along the NES and SWS transects, respectively.

levels (Figure 8). The smaller maximal transportable grain size in the uppermost parts of the slope results from the
shallower flow depth. At the lowermost parts of the slope, the smaller maximal transportable grain size is controlled
by the reduced topographic slope. For 2- and 5-year return period storms, the maximal transportable grain size in the
NES is ~10 mm (Figure 8d). No runoff is generated in the SWS for the 5-year return period storm, indicating that
the average frequency for runoff generation in the SWS is between 5 and 10 years, on average (Figures 8c and 8d).

Comparing the maximal transportable clast size and the measured clast size (d,, gray circles) for >5-year return
period storms show substantially different behavior between the SWS and the NES. In the SWS (wetter), the
maximal transportable grain size computed for a 50-year storm do not exceed the measured clast size and for a
100-year storm, the maximum transportable grain sizes are larger than the measured clast sizes only at distances
>200 m away from the cliff (Figure 8c). This indicates that sediment is relatively immobile in the SWS, being
transported only under the most extreme modern storms (return period >50-year) at the lower parts of the slope.
In contrast, hydrologic simulations indicate that the transportable clast sizes in the NES (drier) under the 100- and
50-year storms are larger than the measured clast sizes all the way from 50 to 200 m from the cliff. Based on our
overland flow modeling, the frequency of large-grain mobilization in the NES is between once in 10 and once in
50 years (Figure 8d).

5. Discussion
5.1. Contrasting Climate of the Western and Eastern Ramon Escarpment

Across a distance of ~40 km along the Ramon escarpment, the mean annual rainfall decreases from ~90 mm in
the southwestern part to ~45 mm in the northeastern part, confirming the pattern inferred from sparse, previ-
ous rainfall measurements (Nativ & Mazor, 1987). The rainfall in the area is dominated by Mediterranean
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(Goldreich, 1994). However, since the escarpment roughly parallels both the

30.75°N 90 e Mediterranean coastline to the northwest (a distance of ~100 km along the
80 é length of the crater rim) and is perpendicular to the general track of MCs
30.6°N — (Alpert et al., 2016; Romem et al., 2007), the distance from the Mediter-
70 JE ranean sea can be ruled out as an explanation for the smaller-scale rainfall
£ gradient along this rim.
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< Most rain days in this region occur during the last stages of the passage
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40 < of an MC is commonly lighter and prolonged, conditions favorable for
30.15°N orographic enhancement (Enzel et al., 2008; Minder et al., 2015; Yuter &
30 Houze, 1995). Orographic rainfall tends to have longer durations and lower
—20%—‘ . L5 rain intensity over short (<1 hr) durations, and higher intensity over long
34.5°E  34.65°E 34.8°E  34.95°E 35.1°E durations (>6 hr) (Marra et al., 2021b; Roe, 2004). Since the western part
b) of the escarpment is ~400 m higher than its eastern part, it produces more
100 ST orographic rainfall, and indeed the western escarpment is the first major
‘E 80 oo o g 2%~ topographic rise encountered by air flowing from the sea. In contrast, the
£ 60 o ./,.!" 2 eastern side lies downwind from another mountain range (Mount Boker,
% ° . 8-~ o Figure 1c). Therefore, passing from the sea to these inland sites, air can
Q 401 g /_!‘ “m be drained out of moisture upwind of the eastern side of the escarpment.
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events. In fact, the western and eastern sites exhibit similar rainfall inten-

Figure 6. (a) Mean annual rainfall calculated using the ICON-IL record over sities for the 2-year return period and thus, the difference in the annual
the Ramon region (8-year). Colored circles and squares mark the locations of  amounts is more likely due to differences in the number of storms per year

intensity and cumulative rain gauges, respectively. (b) Comparison of the mean
annual rainfall derived from the gauges in (a) and the corresponding ICON-IL

pixels.

(~13 vs. ~8 for the SWS and NES, respectively, Figure S1 in Supporting
Information S1), a parameter that could be controlled by the orographic
effect.

In contrast, the impact of orography on short-term, sub-daily extremes in this

region is much less well understood. Marra et al. (2021a, 2021b) quantified
the impact of orography on sub-daily precipitation extremes related to MCs by identifying a reverse orographic
effect (Allamano et al., 2009; Avanzi et al., 2015; Formetta et al., 2022) in which rainfall intensity declines with
increasing elevation for storm durations of 10-60 min. A decrease in the extreme tails with rising elevation was
also recently recognized in the eastern Italian Alps (Formetta et al., 2022). These previous studies proposed that
rainfall intensity decreases with elevation for longer durations because precipitation redistribution toward strati-
form-like processes smooths the intensity structure within the storms. At the Ramon Escarpment, we document
a reduction in the extreme intensities with elevation also for durations of 10-30 min.

In addition to MCs, ARSTs can also contribute to differences between rainfall intensities over the escarpment.
Under ARST-borne storms, moisture is potentially supplied from other directions in addition to the Mediterra-
nean Sea, namely from the Red Sea south of the study area or from the SW at the mid-upper troposphere (Armon
et al., 2018). As a result, convective rainstorms develop (Ashbel, 1938), which potentially intensify with temper-
ature; that is, they can be stronger specifically in the southern and eastern Negev, where temperatures are higher
(Kahana et al., 2002). This is also in agreement with the higher correlation of rain days with ARST occurrences
toward the southeastern Negev (Marra et al., 2020, 2021a, 2021b). The convective nature of precipitation during
ARSTs, emphasizes the dominance of short-duration high-intensity rainfall. Thus, under ARST conditions, the
northeastern part of the Ramon crater could experience higher extreme short-duration intensities relative to the
southwestern part.
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Figure 7. The spatial frequency analysis of rainfall intensity over the Ramon area. (a, b) Boxplots present the statistics of 10, 30, and 120 min for (a) 2-year and

(b) 100-year intensities for the western (blue) and, eastern (red) part of the Ramon escarpment calculated using bootstrapping. The green dot presents the mean, the
horizontal line presents the 50 quantile and the lower and upper box limits present the 25 and 75 quantiles, respectively. (c, d) 30-min rainfall intensities for 2- and
100-year return periods, respectively. Blue and red rectangles bound the pixels included in the analyses of the western and eastern sites, respectively. (e, f) 30-min
rainfall intensity for 2-year and 100-year return periods (respectively) versus the mean annual rainfall (Figure 5) for pixels (denoted by gray plus signs in panels (c and
d) along the Ramon escarpment northern rim. Note the similarity of the 2-year intensity along the escarpment and the significantly different intensity for the 100-year

return period.

5.2. Implications for the Influence of Past Climates on Cliff Weathering, Slope Dissection, and the
Formation of Talus-Flatirons

The present-day differences in climate, rainstorm characteristics, and erosion frequency along the Ramon escarp-
ment correlate with the topographic differences and specifically with the increase in apparent fluvial activity,
dissected slopes, and talus flatiron distribution in the NES. Cliff-slope evolution, and especially the generation
of talus-flatiron sequences, was previously discussed in the context of Quaternary climate-cycles in arid areas.
The climate has been hypothesized to influence the ratio between the outflux of transported debris along the
slope versus the influx of debris from back-wearing of the cliff (e.g., Elorza & Martinez, 2001; Grossman &
Gerson, 1987; Gutiérrez et al., 1998; Schmidt, 1996). Thus, potential temporal variations in the Negev climate,
which, in turn, induce changes in the cliff weathering rate and erosion frequency during the Quaternary, could
affect the topography of cliffs and sub-cliff slope along the Ramon escarpment.

Previous studies that dated talus flatirons in the eastern Negev argued that disconnected slopes were not formed
during discrete phases of glacial-interglacial climatic cycles (Boroda et al., 2011, 2013). These authors stress the
importance of hydroclimatic properties, flow frequency, and extreme events in modulating this landform, rather
than general trends or cycles in mean climate. This notion is supported by evidence of permanent hyperaridity in
these regions since the early Middle Pleistocene (Amit et al., 2006; Enzel et al., 2012). A rise in the frequency
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Figure 8. (a, b) An example of simulated water depth (bottom y-axis) during storms of different return periods (2-, 5-, 10-, 50-, and 100-year return periods, upper
y-axis). The water depth is of a grid-node located 150 m from the cliff top along characteristic cliff-talus longitudinal slopes in the western and eastern sites (black lines
in panels c and d, respectively). (c, d) Characteristic topographic profiles and maximal transportable grain size for storms of different return periods. The measured
grain size (ds, right y-axis, the same data that presented in Figure 5c) along the slope is shown as gray circles. Shaded areas denote the range of potential water depth
(a, b) and maximal transportable grain size (c, d) incorporating uncertainties in Manning's n, the critical shear stress, and hydraulic conductivity. Colored curved are the

median values of the uncertainty range.

of ARST-associated storms would result in rainstorms with higher intensity that could affect the evolution of the
slopes. However, a higher ARST frequency would not necessarily result in an increase in the mean annual rainfall
(e.g., Enzel et al., 2012), which is controlled primarily by the MC-associated precipitation events (e.g., Ahlborn
et al., 2018). Also, according to present-day climatology, ARST-associated rainstorms contribute more rainfall to
the northeastern part of Ramon escarpment than to the southwestern part (Marra et al., 2021a, 2021b). Therefore,
the scenario of increased activity of ARST-associated storms would imply enhanced slope processes and fluvial
activity in the northeastern part of the escarpment relative to the southwestern part.

Together with rainfall properties, temperature might have an important effect on the sediment budget along
the cliffs due to frost action and freeze-thaw cycles by affecting the sediment production rate (e.g., Elorza &
Martinez, 2001) and erosion frequency/magnitude (Sheehan & Ward, 2018; Ward et al., 2011). Under the current
climate, cold days in the Negev are often associated with clear skies and low humidity. However, in the SWS,
cold days sometimes occur when a high level of air moisture is observed (mainly during MC-associated events),
which is rare in the eastern part of the escarpment. For example, the number of days with temperature below
freezing measured at the Mitzpe Ramon station (located in between our west and east sites, Figure 1) is, on aver-
age, ~1 day in 2 years (based on the minimum daily temperature, 1980-2021, https://ims.gov.il/en/ClimateAtlas).
The ICON-IL temperature and humidity fields can be used to assess differences along the escarpment: the NES
does not experience below-freezing days (a day with at least 1 hour below-freezing) with high humidity (hourly
relative humidity over 90%), while the SWS experiences on average one such day every 2 years (Figure S6 in
Supporting Information S1).

Frost action events were probably more frequent during the Last Glacial Maximum, considering a 6—8°C drop in
the regional mean annual temperature (Keinan et al., 2019; Ludwig & Hochman, 2021; McGarry et al., 2004).
Specifically, at the higher elevation site (SWS, ~1,000 m), a relatively minor decrease in temperature could
significantly increase the number of days with below freezing temperature. At the lower elevation northeastern
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part (NES, ~600 m), however, this number would probably remain quite similar to the present conditions. For
example, assuming no change in the variance of winter temperatures and humidity, with a 2°C decrease in the
mean temperatures of the ICON-IL record, 2 days per year, on average, are predicted in the southwest, but only
1 day in 9 years is predicted for the northeast (Figure S6 in Supporting Information S1). A rising number of days
with temperatures below freezing and high humidity in the southwest could lead to a higher rate of sediment
deposition on the sub-cliff slopes in the SWS relative to the NES. An increase in days with high humidity and
cold temperatures in the southwestern part of the escarpment is not necessarily compensated by the changes in
rainfall extremes we discussed above, as the latter is associated mainly with ARST, which contributes mostly
to the eastern part of the Negev. Considering a similar frequency of sediment mobilization (>100 years), an
increase in the sediment influx from the cliff in the SWS will cover the sub-cliff slopes with sediment debris
(Selby, 1982). The long and un-dissected slopes in the SWS may point to such a scenario. In addition, the pres-
ent-day more effective extreme storms in the NES, as well as the potential for a higher frequency and magnitude
of extreme storms under paleo-climatic conditions, can explain the shorter and dissected slopes in that area.

5.3. Rainstorm Characteristics Control Sediment Mobilization Beneath Cliffs

Slope hydrology simulated using synthetic storms based on modern rainstorm characteristics reveals that, along
the NES, sediment mobilization occurs every >10-50 years (2%—10% yearly probability) (Figure 8d). In contrast,
at the SWS, sediment is mobilized only under 50-100-year storms (1%-2%) (Figure 8c). It is possible that under
past conditions, selective removal of the finer clasts during more frequent events occurred and led to coars-
ening of the materials on the slopes in a process called soil armoring (e.g., Cohen et al., 2009; Sharmeen &
Willgoose, 2006). Under such a scenario the frequency of sediment mobilization of clasts in the SWS was prob-
ably still lower relative to the NES as the finer fractions of the clasts in the SWS are larger (i.e., d,,, Figure 5c).
The low frequency of sediment mobilization by runoff in the SWS stems from the properties of the rainstorms
(Figure 7), their hydrological interactions with the surface under the observed hydraulic conductivity (Table S1
in Supporting Information S1), and the relatively large size of clasts of their cliff-derived debris (Figure 5c). The
persistence of the low erosion frequency in the SWS over Quaternary timescales might explain the observed
longer and undissected slopes with greater debris cover (Selby, 1982). Accordingly, persistent of more frequent
erosion during the Quaternary in the NES could explain the greater degree of channelization on the NES slopes
(e.g., Sweeney et al., 2015) and higher exposed vertical cliffs (Figures 4 and 5).

Rainstorm impact on the Ramon escarpment warrants a comparison with other Negev sites. In the eastern Negev,
numerous table-mountains (mesas) exist parallel to the western Dead Sea escarpment, which has been formed by
significant down-cutting of streams draining into the Dead Sea basin (Haviv et al., 2010). These mesas are capped
by resistant Campanian (Late Cretaceous) cherts that overlie softer Santonian chalk. Sub-cliff chalk slopes in
the eastern Negev are sparsely vegetated (or practically barren) and heavily dissected by rills and gullies. This
is similar to the eastern escarpment of the Ramon. The similarity between these two sites is attributed here to
the geomorphic impact of extreme rainfall events, most probably born out in both areas from Active Red Sea
Troughs. The mean annual rainfall in the eastern Negev and eastern Ramon escapement is quite low (<60 mm),
and extreme rainstorms (return period >10 years) are associated with very high maximal intensities for short
durations (>80 mm hr~! for 10 minutes, Figure 7b, and Figure 6 in Shmilovitz et al., 2020). Similar to our results
here, it has been shown that such extreme storms are the only effective storms in terms of runoff generation and
mobilization of sediment on sub-cliff slopes in the eastern Negev (Shmilovitz et al., 2020). Having examined the
eastern Negev chert table-mountains as well as the Ramon escarpment (central Negev), we conclude that extreme
rainstorms have a significant influence on sediment mobilization and gully activity beneath cliffs.

In a manner similar to our conclusions from the Negev, rainstorm properties, event frequency-magnitude relation-
ships, and erosion thresholds have long been hypothesized to have significant impacts on erosion and landscape
evolution (Wolman & Gerson, 1978; Wolman & Miller, 1960). Previous results from numerical experiments have
shown that, in the presence of erosion thresholds, rainstorm and discharge variability could influence erosion
rates more than the mean condition (DiBiase & Whipple, 2011; Istanbulluoglu & Bras, 2006; Tucker, 2004).
This is especially important for cases where most of the runoff events cannot erode the material on the bed
(Tucker, 2004), such as coarse-grained sub-cliff slopes and gravel channels in drylands. In such cases, the inter-
action of rainstorm properties, hydrological forcings, and grain size could play a key role in setting erosion rates
and the transition between colluvial and fluvial processes (Neely & DiBiase, 2023). This is demonstrated by the
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increase in sub-cliff channel density and decrease in slope length toward the
northeastern side of the Ramon escarpment (Figures 3-5).

5.4. Insight Into Climatic Impacts on Cliff-Slope Morphology Along
Escarpments in Drylands Beyond the Negev

Lower Higher . . ap e .
Cliff debris grain size Many previous stufhes have focused on quantifying the effect of spatial
Larger Smaller variations in climatic properties on topography and erosion rates over large
spatial scales, such as in mountain ranges (e.g., Adams et al., 2020; Leonard
Figure 9. A conceptual model of the potential response of arid cliffs and & Whipple, 2021), where variations in daily rainfall/discharge can be

sub-cliff slopes (talus slopes) to rainstorm regime and weathering pattern as
reflected by cliff debris grain size. (a) Low-intensity rainstorm regimes and/
or large cliff debris grains. The cliff-derived debris covers a large part of the

pronounced. Less attention has been paid to hillslopes located in dry regions,
where finer changes in spatiotemporal processes could cause significant

caprock (above the lithological contact) and the debris layer is thick. The changes in the magnitude of surface processes. For soil-covered hillslopes,
sub-cliff slope is long with a concave longitudinal profile. The sub-cliff slope bedrock weathering rates increase with the transition from arid and hyperarid
is slightly incised in the lower parts. (b) Cliff-slope morphology under a high-  regjons (mean annual rainfall >100 mm) to semi-arid zones where the impor-

intensity rainstorm regime and/or small cliff debris grains. The debris cover
is thin, and the slopes are linear, short, and highly dissected. Intense gully
activity led to cliff-detached talus slopes (talus flatiron).

tance of chemical and biotic-driven weathering increases relative to slow salt
weathering (Owen et al., 2011). Toward the sub-humid regions (>700 mm),
the increase in annual rainfall also drives changes in overland flow patterns
and sediment transport mechanisms, including increased bioturbation and
throughflow, thereby affecting hillslope length, gradient and catchment dissection (Chadwick et al., 2013).
Schmidt (2009) presented a compilation of morpho-types for layered, cliff-associated rocky hillslopes as a func-
tion of annual rainfall (ranging between ~150 and ~600 mm year~!; beyond the mean annual rainfall over the
Ramon escarpment) and altitude. Based on his data, with increasing annual rainfall, the sub-cliff slopes are less
dissected and are longer relative to sub-cliff slopes in drier areas, highlighting the role of vegetation cover. While
these studies highlight the mean climate as a potential trigger for changes in hillslope surface processes, in our
sites, the differences in annual rainfall are small and cannot account for the observed topographic difference. We
demonstrate how significant changes in cliff-slope form in a hyperarid setting (<100 mm) can be explained by
the spatial variation in the sub-hourly rainfall intensity of extreme events.

Based on our results, we suggest a conceptual model for the evolution of cliff and sub-cliff slopes along arid
escarpments (Figure 9), where areas with higher storm intensity, and/or smaller cliff-derived grain size, are
characterized by less extensive debris cover, more dissected sub-cliff slopes and, preserved vertical cliffs. These
morphologic transitions could occur opposite to the general trend in annual precipitation. As drylands are well
known to be associated with higher rainfall and runoff variability (Molnar et al., 2006; Morin, 2011; Rossi
et al., 2016; Schick, 1988; Yair & Lavee, 1985), and statistically tend to experience higher extreme rainstorm
events (Marra et al., 2017; Marra & Morin, 2015), this conceptual model emphasizes the possibility that the
morphology of other dryland escarpments, such as in southern Morocco (Littmann & Schmidt, 1989), the Book
Cliffs in the Colorado Plateau (McCarroll et al., 2021) and cliffs along the great Victoria desert in southern
Australia (Ollier & Tuddenham, 1962), record climatic signals on a similar fine-scale resolution. Additional
worldwide field observations could provide analogs for the potential impacts of temporal climatic changes. These
effects include cliff-slope morphology, cliff retreat rate, and talus-flatiron formation.

6. Conclusions

We examined the sensitivity of a 40 km long hyperarid escarpment to storm-scale forcing at the sub-regional
scale using a combination of methods including topographic analysis of escarpment morphology, storm-scale
statistical analysis, and hydrological simulations of synthetic storms. A pronounced gradient in the mean annual
rainfall exists along the escarpment controlled by the orographic effect. Storm-scale statistical analysis reveals
that extreme, short-duration, high intensity storms (return periods >10 years) increase toward the drier part of
the escarpment. Based on hydrological simulations, sediment is mobilized every 10-50 years on the eastern
drier sub-cliff slopes under the present climate. However, at the western wetter part of the escarpment, clasts are
transported only under >50-year storms. Exposed cliff bedrock patches, shorter sub-cliff slopes, and increased
gullying activity on the drier side are all possible consequences of the higher frequency of sediment mobilization.
Our findings indicate that in this arid environment, escarpment topography correlates better with short duration
(sub-hourly) extreme rainstorms than with mean annual precipitation. This can be explained by the high impact
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of discrete and rare rainstorms on runoff generation and sediment mobilization. We conclude that within the
present hyperarid conditions, significant variations in rainstorm properties exist along a relatively short distance
(<40 km), and these rainstorm properties leave a significant imprint on escarpment morphology. We propose that
the evolution of dryland escarpments worldwide may be affected by small-scale climatic variations, especially
those associated with rainstorms. [lluminating these links are needed to better understand landscape evolution in
dry regions under Quaternary climate change.
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We used the open-source TopoToolBox MATLAB software for topographic analysis. All functions used for the
hydrological simulations are based on the open-source Landlab modeling library and the code used in this study
for hydrological simulations is available in an online repository: yuvalsmilo (2023), https://doi.org/10.5281/
zenodo.8161362. Rain gauges data were provided by the Israel Meteorological Service (https://ims.gov.il/en)
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