
1. Introduction
Alluvial deposits and landforms record the response of Earth's landscape to changes in climate and tectonics over 
the Quaternary, and hence their dating is often used to study surface processes and to constrain rates of land-
scape evolution (Bull, 1991; Harvey et al., 1999; Malatesta et al., 2018; Tuzlak et al., 2022; Walk et al., 2020; 
Watchman & Twidale, 2002). Alluvial fans, for example, are widespread depositional landforms located along 
mountain fronts, where fluvial channels emerge from their mountainous catchments and transition to a less 
confined, lower-gradient flow regime that induces sediment deposition (Bull, 1991; Dimuth et al., 2020). Fan 
deposits are primarily comprised of relatively coarse-grained and poorly sorted sediments that aggrade episodi-
cally during mass-wasting or flood events (Blair & McPherson, 2009; Vincent et al., 2022). When alluvial depos-
its become disconnected from their upstream catchment, for example, due to flow diversion or down-cutting of 
the channel that transported them, they are commonly termed “abandoned” alluvial landforms. After abandon-
ment and cessation of alluvial sedimentation, the dominant geomorphic processes on these abandoned alluvial 
landforms typically include weathering, soil development, and gully incision (e.g., Blair & McPherson, 2009; 
Greenbaum et al., 2020; McDonald et al., 2003).

Abstract The age of abandoned alluvial surfaces is a key component in quantifying landscape evolution 
processes, tectonic activity, and paleoclimate. However, limited resources, restricted field accessibility, lacking 
dating material and analytical constraints are often encountered when dating such landforms. To help mitigate 
these limitations, we propose a new and complementary surface dating approach that is based on calculating the 
duration of gully incision into a surface since its abandonment using a locally calibrated landscape evolution 
model. The approach consists of calibration of incision model parameters for abandoned alluvial surfaces with 
known age and then using the calibrated model to calculate the time required for gully profiles to form on 
nearby undated alluvial surfaces as a proxy for surface abandonment. The approach was tested on previously 
dated late Pleistocene (34 and 70 ka) alluvial terraces in the hyper-arid Negev desert (Israel). Calibrated model 
parameters were within the range reported for incision models in arid regions worldwide and late Pleistocene 
surface abandonment ages were recovered to within 10% accuracy. In contrast, modeled durations for gully 
incision into an older mid-Pleistocene surface previously dated to 230–549 ka were grossly underestimated at 
<120 ka. Field observations and approach tests indeed indicated that late Pleistocene model parameters should 
not be extrapolated as-is to model gully incision farther back through geologic time. Because the validity of the 
proposed ages depends on extrapolating the locally calibrated parameters of the incision model, we recommend 
that such dating be conducted with care and where assumptions will probably be valid.

Plain Language Summary An important feature for reconstructing paleoclimate and tectonic 
activity is determining the timing of when stream deposits were disconnected from the stream that deposited 
them to become abandoned alluvial surfaces. Here, we propose a new method for dating the abandonment of 
alluvial surfaces based on the age of gullies (erosional channels) incised into the surface after its abandonment 
as computed using a landscape evolution model. As a first step, the method requires calibration of the model 
parameters for a surface with an a priori known age. Based on the calibrated parameters, the model is then used 
to calculate the duration of the incision required to form observed gully profiles on nearby surfaces of unknown 
ages. The new approach was tested and successfully validated on previously dated alluvial surfaces in the Negev 
desert (Israel).
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In tectonically quiescent arid conditions, abandoned alluvial surfaces can persist for millions of years (e.g., 
Matmon et al., 2009), whereas in tectonically active or wetter conditions, incision processes ultimately degrade 
these landforms away (Bull, 1991). Because both the aggradation stages and degradation processes of alluvial 
landforms are sensitive to changes in discharge and tectonic activity, the timing of their abandonment is a pivotal 
component in studies that explore the transition between aggradational (depositional) to degradational (erosional) 
conditions in response to changes in climate (Amit et al., 2006; McDonald et al., 2003; Neagu et al., 2020; Owen 
et al., 1997; Ritter et al., 2000) as well as tectonics (Amit & Yaalon, 1996; Chen et al., 2018; Wells et al., 1988; 
Zielke et al., 2015).

Absolute dating of abandoned alluvial surfaces is most commonly achieved through “in situ” dating of the 
surface and near-surface deposits, with methodologies such as optically stimulated luminescence (OSL, e.g., 
Aitken, 1998; Gellman et al., 2018; Villacorta et al., 2019; Yu et al., 2019; Zinelabedin et al., 2022), cosmogenic 
radionuclides (CRN, e.g., Bierman & Turner, 1995; Liu et al., 1996; Matmon et al., 2003; Peri et al., 2022). While 
these methods provide key constraints on the landform age, their application is inherently spatially limited by 
cost, labor, accessibility of sampling sites, availability of suitable dating material, and/or analytical complexities 
in sample processing. Hence, “in situ” ages from a small number of dated sites are often extrapolated across large 
areas. Previous studies have focused on developing quantitative approaches for applying such extrapolations 
using regional empirical calibration curves between in situ surface ages and physical surface attributes that can be 
measured from remotely sensed data, such as spectroscopy (Crouvi et al., 2006), ground-based LiDAR (Mushkin 
et al., 2014), airborne LiDAR (Frankel & Dolan, 2007; Regmi et al., 2014), space-borne radar (Hetz et al., 2016) 
and imagery (D'Arcy et al., 2018).

“Morphologic dating,” which typically builds on an optimized fit between measured and modeled topography of 
a geomorphic feature (Mayer, 1984; Nash, 1984), provides an additional complementary approach for estimating 
the age of abandoned alluvial surfaces. For example, Hsu and Pelletier (2004) showed that modeled duration of 
channel-bank diffusion in the southwest USA correlated well with the relative Pleistocene chronology of the 
abandoned alluvial surfaces hosting the gullies. Harkins and Kirby (2008) employed similar diffusion modeling 
concept to constrain the age of terrace risers and the tectonic slip rates they record along the Kunlun fault in China. 
In other settings, morphologic dating is also broadly utilized to constrain the timing of fault scarp formation 
(Amit et al., 1996; Andrews & Hanks, 1985; Hilley et al., 2010; Mayer, 1984; Nash, 1980; Pelletier et al., 2006), 
river profile development (Attal et al., 2011; Ferrier et al., 2013; Gran et al., 2013; Stock & Montgomery, 1999; 
Willett et al., 2014), and hillslope evolution processes (Lahusen et al., 2015; Petit et al., 2009; Roering, 2008). 
Accordingly, it appears that morphologic dating of abandoned alluvial surfaces, specifically in desert environ-
ments where landform preservation is commonly considered optimal, may benefit from recent advancements in 
the quality of topographic data and landscape evolution modeling (e.g., Temme et al., 2017).

Abandoned alluvial landforms in desert environments constitute a natural experiment of landscape evolution 
(Tucker, 2009) in which the external forcing (e.g., base-level change) and the initial condition (i.e., preincision 
topography) are relatively well constrained. In such settings, after the surface has been abandoned, an impervious 
layer of interlocking weathered clasts nested on a layer of aeolian dust (i.e., a “desert pavement”) develops and 
smooths the initial bar-and-swale topography (e.g., Amit & Gerson, 1986). The progressively decreasing perme-
ability and roughness of desert pavement surfaces can lead to increased discharge and fluvial shear stress in small 
rills that exceed the surface resistance to erosion during overland flow events, which in turn advances incision 
and formation of gullies (e.g., Greenbaum et  al., 2020). The evolution of such ephemeral gullies is typically 
characterized by head-cut propagation during episodic and severe rainfall events (e.g., Shmilovitz et al., 2020), 
and is modulated by changes in the local base-level (commonly defined by the active channel that bounds the 
abandoned surface) (e.g., Wieler et al., 2022). The residual soil moisture in these dry landforms is relatively 
minor due to the low frequency of rainfall events and decreasing soil permeability through time (Greenbaum 
et al., 2020), and thus, its effect on overland flow processes and erosion is negligible in contrast to gullies in 
wetter environments that are commonly influenced by subsurface flow and “top-down” erosion processes (e.g., 
piping, Bernatek-Jakiel & Poesen, 2018).

Building on these well-studied and understood geomorphic trajectories of abandoned alluvial surfaces, we present 
a new geomorphic dating approach for alluvial surfaces that builds on process-based modeling of fluvial incision of 
channels (referred herein as “gullies”) that internally drain abandoned alluvial surfaces. As desert pavement surfaces 
preserve the approximate (smoothed) elevation of the preincision topography of the abandoned landform (e.g., 
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Greenbaum et al., 2020; Hetz et al., 2016; Mushkin et al., 2014), the initial preincision surface can be effectively 
reconstructed using topographic interpolations between preserved sections of desert pavement (Wieler et al., 2022). 
Consequently, the total magnitude of incision at each point along the present-day gully profile can be calculated 
as the elevation difference between the gully bed and the reconstructed preincision surface. This constraint on the 
magnitude of incision along a gully enables the use of a locally calibrated landscape evolution model to calculate 
the time required to form the observed gully profiles as a proxy for the abandonment age of the surface they incise.

2. Approach
The fundamental geomorphic assumptions at the base of the proposed surface dating approach are as follows: 
(a) The lag-time between the surface abandonment and the initiation of incision is negligible relative to the age 
of the surface and therefore the duration of gully incision calculated by the landscape evolution model can be 
used as a proxy for the abandonment age of the surface incised. Incipient gullies incised into ∼5 ka surfaces in 
the study area (see Section 3 below), and well-developed gullies on ∼30 ka surfaces suggest that the lag-time 
between surface abandonment and incision is indeed relatively short. (b) The total base-level lowering that the 
gully experienced during its evolution can be estimated as the elevation difference between the reconstructed, 
preincision surface and the gully bed at its outlet into the active channel (i.e., the channel that bounds the abandoned 
surface, (Wieler et al., 2022)). The preincision surface can be reconstructed using a linear topographic interpola-
tion between preserved patches of desert pavement located on the surface of interest (e.g., van Gorp et al., 2015; 
Temme et al., 2017; Wieler et al., 2022, Section 4.2). Additional model assumptions depend on the geomorphologic 
transport function (GTF, Dietrich et al., 2003; Tucker & Hancock, 2010) that is used to describe the gully incision 
process. The GTF we used here was the stream power function (Howard, 1994; Whipple & Tucker, 1999) and hence 
we also assumed that: (c) The distribution of drainage areas along each gully has remained approximately constant 
since the time of surface abandonment (e.g., Attal et al., 2011), (d) Gully incision into the alluvial deposit is primar-
ily a detachment-limited process (i.e., incision is limited by the flow's ability to detach material from the bed) that 
can be formulated using the stream power equation commonly used to describe bedrock incision (Howard, 1994; 
Whipple & Tucker, 1999). These assumptions are supported by field observations in the study area (Section 4.3.1). 
An additional and fundamental working assumption employed is that the locally calibrated model parameters (e.g., 
erodibility coefficient that reflects the resistance of the surface to erosion. See Section 4.3.2 below) are applicable 
across time and space to the landforms we seek to date. In addition to field observations, internal consistency tests 
for the modeling results (Section 4.3.4) were used to evaluate the validity of these assumptions.

The proposed dating approach consists of 3 main stages (Figure 1). (a) Establishment of a morphostratigraphic 
alluvial landform framework for the study site and acquisition of high-resolution topographic data; (b) Gully 
selection and setup of initial and boundary conditions for the landscape evolution model, for example, delineation 
of gully profiles, their catchments, and preincision surface based on the preserved desert pavement on the surface 
of interest; (c) Model application: Step I—Local calibration of the incision-model parameters using the topog-
raphy of multiple gullies that incise an abandoned surface with an a priori known age; Step II—Model inversion 
in which the calibrated incision model is used to compute the duration of the incision required to form observed 
gully profiles on nearby “target” alluvial surfaces of unknown age (hereafter “target surfaces”).

3. Study Site
We tested the proposed approach in a hyperarid study site located in the southern Negev desert, along the southern 
segment of the Dead Sea Transform (Garfunkel et al., 1981) within the Arava valley in southern Israel (Figure 2). 
The region is a warm desert (subzero temperatures are rarely reached) with a mean annual rainfall of <30 mm 
(Israel Meteorological Service, http://www.ims.gov.il). Most rainfall occurs between October and May during 
discrete, high-intensity rainstorm events associated with high interannual and intra-annual variability (Sharon & 
Kutiel, 1986). The alluvial surfaces studied are part of the Shehoret fan, which has an upstream catchment area 
of ∼28 km 2 that drains from ∼west to east into the Arava valley (Figure 2). As the ephemeral Shehoret stream 
exits its mountainous catchment, it transitions into a gravelly alluvial fan with deposits that dip slightly to the 
east, subparallel to the active stream. The alluvial deposits are comprised of carbonate and magmatic clasts and 
form a set of abandoned Pleistocene-Holocene terraces (e.g., Gellman et al., 2018) that are typically covered by 
desert pavements (Amit et al., 1993) with gradually decreasing clast size with terrace age (Mushkin et al., 2014). 
Vegetation cover is sparse and occurs mainly within the gullies that incise the abandoned surfaces and the active 
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channels that bound these surfaces. The reg soils developed on abandoned alluvial surfaces in this region are 
up to ∼200 cm in depth and are characterized by an accumulation of salts (gypsum and halite), mainly in their 
C horizon (Amit & Gerson, 1986). The absence of a calcic horizon in the reg soils of this region suggests that 
the mean precipitation and vegetation cover have remained low and roughly constant since the early Pleistocene 
(Amit et al., 2006), supporting our assumptions about constant erosion parameters in time and space.

Six main generations of alluvial terraces were previously mapped and dated in the Shehoret fan: Qa01 
(549 ± 133 ka), Qa02 (230–549 ka), Qa1 (70 ± 6 ka), Qa2 (34 ± 3 ka), Qa3 (14 ± 2 ka), and Qa4 (4.6 ± 0.7 ka) 
(numbers represent average ages and standard deviations, Gellman et al. (2018); Porat et al. (2010), Figures 2 and 

Figure 2. Study area. (a) Satellite image overlay with a generalized morphostratigraphic map for the Shehoret fan terraces. 
Inset—location of the study site (red triangle) ∼10 km north of the Gulf of Aqaba and the city of Eilat. (b) Hillshade map of 
the Shehoret terraces examined in the present study.

Figure 1. Geomorphic dating of abandoned alluvial surfaces—method flow chart. Stage 1: Field work and establishment of a morphostratigraphic framework. 
Acquisition of high-resolution topographic data. Stage 2: Gully selection and delineation. Stage 3: Model application—Step I: calibration of the incision model 
parameters based on the topography of multiple gullies incised into a surface with a known age. Step II: Inversion of the calibrated model to compute the incision 
duration of multiple gullies on target surfaces.
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3 (Qa3 and Qa4 are not shown)). Tectonic tilting that initiated in the mid-Pleistocene caused a progressive reorgan-
ization of regional flow patterns (Gellman et al., 2018), such that while terraces Qa01, Qa02, Qa1, Qa3, and Qa4 
contain mostly carbonate clasts, Qa2 located in the southern parts of the fan has an 𝐴𝐴 ∼ equal proportion of carbonate 
and magmatic clasts. North-south striking normal faults associated with the Dead Sea Transform dissect the east-
ern parts of the Shehoret fan with a vertical throw that decreases northwards and accounts for ∼6 m base-level 
drop for Qa1 in the southern parts of the fan (Qa1-south) and ∼2 m of base-level drop for Qa1 in the northern parts 
of the fan (Qa1-north) (Enzel et al., 1996). Mature desert pavements and well-developed gullies characterize the 
surfaces of Qa2, Qa1, and Qa02 (Figure 3). Incipient gullies are observed in the downstream sections of the Qa3 
and Qa4 surfaces (Figure 4 in Porat et al. (2010)). While the banks of the gullies incising late Pleistocene terraces 
Qa2 and Qa1 typically intersect the terrace surfaces at fairly sharp angles, the banks of the gullies incising the 
mid-Pleistocene Qa01 typically grade into the terrace surface and form more “rounded” cross-sections (Figure S1 
in Supporting Information S1). In addition, the profiles of gullies incised in Qa1 and Qa2 are generally smooth, 
whereas the profiles of gullies incised in Qa02 are characterized by fluctuations in channel gradients.

4. Methodology
4.1. Fieldwork and Topographic Data

The morphostratigraphic framework for the Shehoret terraces used in the present study builds on a wealth of previ-
ous studies conducted at this site that focused on reg soil development (e.g., Amit et al., 1993), rock weathering, 
surface evolution (e.g., Mushkin et al., 2014), surface dating (Hetz et al., 2016; Porat et al., 2010) and tectonic 
geomorphology (Amit et al., 1996; Enzel et al., 1996). Fieldwork in the present study was focused on the character-
ization of the desert pavement surfaces and detailed surveys of the gullies that incise them. Topographic analyses 
were based on a 0.5 m pixel − 1 Digital Elevation Model (DEM) covering terraces Qa1-4 (Figure 2). The DEM was 
derived from airborne LiDAR data acquired at an average point density of 4 pts m − 2, an absolute vertical accuracy 
of ±0.15 m, and geo-referencing uncertainty of ±1.0 m. Vertical precision in the DEM was estimated at ±0.05 m.

Figure 3. Gullies incised into abandoned alluvial surfaces in the Shehoret alluvial fan (the locations are shown in Figure 2). 
(a–c) Hillshade maps based on LiDAR-derived DEMs for Qa2 (34 ± 3 ka), Qa1-south (70 ± 6 ka), and Qa02 (230–549 ka). 
Black triangles in a, b, and c mark the viewpoint of the corresponding drone, satellite, and field pictures shown in panels d, e, 
and f, respectively. DP refers to preserved surfaces covered by desert pavement that separate gully drainages from one another 
and are used for reconstructing the preincision surface. Examples of the match between the reconstructed preincision surfaces 
and the preserved gully divides are shown in Figure S2 in Supporting Information S1.
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4.2. Gully Selection Criteria and Model Initial and Boundary Conditions

Gully delineation was performed on the DEM. We selected overall 14 gullies, developed on one Qa02 surface, 
two Qa1 surfaces, and one Qa2 surface (Figure 2). The criteria for gully selection were as follows: (a) the gully 
catchment is minimally truncated by active channels (as these may indicate changes in catchment area) and (b) 
the upper gully catchment is not channelized, as this may imply that this upper part used to have a larger catch-
ment area. We used a D8 flow routing algorithm (using TopoToolbox MATLAB add-on functions (Schwanghart 
& Scherler, 2014)) to delineate the basins and longitudinal profiles of active gullies. To conservatively identify 
preserved surfaces in each gully basin, we queried DEM pixels of ungullied alluvial surfaces (hereafter termed 
“preserved surface pixels”) to be identified based on the drainage area threshold (<10 m 2) and distance from the 
gully outlets (within 10% of the maximal Euclidean distances from the outlet). We then visually inspected these 
surfaces on the high-resolution DEM to test and validate this automated procedure. By applying these conditions, 
eroded divide sections, which are more common toward the outlet of the basin, are not considered preserved 
surface pixels. To approximate the initial preincision topography of the alluvial surface into which the gully 
is incised, we fit a plane (two-dimensional linear regression) to the preserved surface pixels (see the preserved 
surface area separating gullies watersheds in Figure 3) and projected it over the entire gully drainage. The fitted 
planes in each drainage generally match isolated sections of preserved surfaces along the downstream portion of 
the gully's present divide (Figure S2 in Supporting Information S1). The initial, preincision topography of each 
gully was estimated from the profile of the reconstructed surface following the route of the present gully.

We assumed that gully incision into abandoned alluvial surfaces was controlled by the downcutting the active 
channel that bounds the abandoned surface and acts as a local base level. The total incision of the bounding 
channel was measured as the elevation difference between the reconstructed preincision surface and the present 
elevation at the gully outlet, where it drains into the bounding channel. Accordingly, in each simulation, we 
inferred the downcutting rate of the bounding channel by dividing the total incision by the prescribed simulation 
duration, with the implicit assumption that this rate is constant over time.

4.3. Model Application

4.3.1. Erosion Model

The gullies in the study area are characterized by a “v-shaped” cross-sectional profile, steep cut banks, areas with 
slope fluctuations (potentially indicative of knickpoints and/or reflecting head-cuts), thin sediment cover on their 
channel bed (Figure 3 and Figures S3–S7 in Supporting Information S1), and therefore likely evolved through a 
detachment limited incision process into the cohesive alluvium that underlies the abandoned surface (i.e., erosion 
rate controlled by the detachment rate of the cohesive alluvium). Given these characteristics, the GTF selected 
to simulate channel incision at Shehoret was the stream-power model (Howard, 1994; Whipple & Tucker, 1999):

𝐸𝐸 = 𝐾𝐾𝐾𝐾
𝑚𝑚
𝑆𝑆

𝑛𝑛 (1)

where E [L T −1] is the erosion rate, K [L 1−2m T −1] is a measure of incision efficiency (Lague, 2014) that depends 
on lithology, climate, and channel geometry, A [L 2] is the upstream drainage area, S [L L −1] is the topographic 
slopes, and m and n are exponents that acknowledge that the erosion rate may be a nonlinear function of A and S, 
respectively. For simplicity, to minimize the number of parameters used for calibration and modeling, we assume 
that diffusive processes within the channels are negligible, such that incision can be modeled by Equation 1 alone. 
We acknowledge that as the surface smoothens, its permeability and roughness decrease and thus the potential 
for runoff generation and gully incision may increase (Greenbaum et al., 2020; S. Wells et al., 2014; Yair & 
Klein, 1973; Yair & Lavee, 1976), yet, for simplicity, we assume that the hydrologic and lithologic characteris-
tics of the surface remain constant through time. Likewise, we recognize that the initial surface morphology is 
likely divergent (i.e., distributary). However, we implicitly assume that convergent topography (i.e., dendritic, 
Bowman, 2018) forms soon after surface abandonment and that once it is established, the distribution of drainage 
areas (A) along the gully remained approximately constant through time and can be mapped from the present-day 
topography (Ferrier et al., 2013; Stock & Montgomery, 1999).

Channel erodibility, K, and the exponents, m and n, were determined using the calibration procedure described 
in Section 4.3.2 below. For each time step, the elevation at each model node relative to the model boundary was 
updated by the following equation:

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝑈𝑈 − 𝐸𝐸𝐸 (2)
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where z [L] is elevation, t [T] is time and U [L T −1] is the uplift rate. Note that U is relative to the base level (i.e., the 
bounding channel at the outlet of the gully), and therefore its magnitude is equivalent to the aforementioned down-
cutting rate of the bounding channel. The model integrates Equation 2 through time using a fourth-to fifth-order 
explicit Runge–Kutta integration with time-stepping constrained by the Courant criteria (Press et al., 1992).

4.3.2. Step I—Model Calibration

To locally determine model parameters, K, m, and n (Equation 1), we used an inversion scheme that optimizes 
the fit between the simulated and observed gully topography on a “calibration” terrace, that is, a terrace with an a 
priori known age. Calibration was obtained through a comparison between the modeled and observed topography 
of the gully profiles, a common calibration procedure in studies that utilize landscape evolution models (e.g., 
Attal et al., 2011; Gran et al., 2013; Temme et al., 2017). The comparison relies on an objective function that 
transforms the elevation differences between modeled and simulated profiles into a scalar (RMSD):

RMSD =

√

∑𝑛𝑛

𝑖𝑖=1
(𝑧𝑧obs,𝑖𝑖 − 𝑧𝑧sim,𝑖𝑖)

𝑛𝑛

2

,
 (3)

where z(obs,i) and z(sim,i) are the observed and simulated gully elevations, respectively, n is the number of DEM 
pixels (and model nodes) along with the gully profile, and i is the node/pixel index.

The calibration procedure we employed utilizes a two-tier procedure to approximate a global minimum (optimum) in 
the objective function (Equation 3) and the K, m, and n values associated with it. The base-level lowering, U, at the 
model boundary (the outlet of the gully) is set to the elevation difference between the initial and current topography at 
the gully outlet, divided by the age of the surface, which is known a priori only for the calibration surface. The model 
was executed iteratively, over a period constrained by the surface age, to find the  combinations of K, m, and n that 
minimize the RMSD value. To identify parameter combinations associated with a global rather than a local minimum 
of the objective function (Equation 3), we used a sequential optimization method where first, a grid-search calibration 
is performed on a large parameter space to identify the area (within the parameter space) around the global minimum. 
Then, within this space and starting with a given random initial parameter combination, we iteratively search for the 
parameter combination that minimizes the RMSD (i.e., moving within the parameter space toward the area with lower 
RMSD) through a Nelder-Mead search algorithm (also known as downhill simplex method, Lagarias et al. (2006)). 
This method is based on a direct search comparison of the objective function (e.g., RMSD) and is commonly applied 
to nonlinear optimization problems. Because the resulting parameter combination may be sensitive to the initial 
choice of parameter combination, this search was repeated 100 times wherein each iteration the initial parameter 
combination is randomly selected (assuming uniform distribution) from the parameter space identified by the global 
grid-search. To account for uncertainty, the iterations that produced the lowest 2% of RMSD values (out of the afore-
mentioned 100 iterations) were considered feasible parameter combinations (e.g., Shmilovitz et al., 2020). To account 
for the general pattern of all gullies and avoid overfitting to a specific gully, the calibration was performed based on 
the mean of the RMSD values for all the gullies in the calibration surface (see below). Such “grouped” calibration 
accounts for the general pattern of all gullies and avoids overfitting to a specific gully profile. All calculations were 
based on MATLAB's simplex search-based optimization technique implemented through the fminsearch tool.

A subset of six gullies incised into Qa1-south (70 ± 6 ka, gullies A-F, Figures 2 and 3) were used for “grouped” 
calibration of the model parameters (i.e., Section 4.3.1). The grid-search calibration was performed for m and 
n ranging between 0.1 and 0.6, and 1–2.1, respectively, based on values presented by Harel et al.  (2016) and 
references therein. For K, we first performed a few trial-and-error estimations to narrow the range to 10 −5–10 −3 

𝐴𝐴
[

m
1−2m

year
−1

]

 , which is within the reported range of K in arid regions (Harel et al., 2016 and references therein).

4.3.3. Step II—Determining the Age of Target Alluvial Surfaces

The calibrated model parameters from step I were used in a landscape evolution model (Equation 1) to calculate 
the duration of incision that best predicts observed gully profiles on nearby target surfaces of unknown age. 
Three gullies were examined for each target surface to ensure internal consistency and to reduce bias from a 
given gully selection. First, the initial, preincision topography of the target surfaces was computed as described 
in Section 4.2. Then, using the calibrated parameters, the model was iteratively executed for different time-spans 
(i.e., duration of incision), starting with the approximated initial conditions. In each iteration, U is defined based 
on the prescribed model time-span and the observed elevation difference between the initial surface and the gully 
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outlet into the channel that bounds the abandoned fan. The objective function was used (Equation 3) to find the 
time-span that optimizes the fit between the observed and simulated gully profiles. To evaluate the range of 
feasible surface-ages, we repeated this procedure for all feasible parameter combinations (i.e., the aforementioned 
combinations that produced the best 2% of all RMSD values) for each of the simulated gullies.

The model parameters calibrated on surface Qa1-south (70 ± 6 ka, Section 5.2) were applied to calculate incision 
duration for the following: (a) Three gullies incised into surface Qa1-north (G, H, and I, 70 ± 6 ka); (b) Three 
gullies incised into surface Qa2 (YO, YM, and YN, 34 ± 3 ka), and (c) Three gullies incised into surface Qa02 
(OJ, OL, and OK, 230–549 ka). The previously determined ages for surfaces Qa1-north, Qa2, and Qa02 were not 
used as model inputs but were rather used as independent validation data for the model results.

4.3.4. Testing the Calibration Procedure and Internal Consistency Tests

To robustly evaluate the performance of the proposed dating approach, we tested (a) whether the calibration 
procedure succeeds in recovering the prescribed parameters, (b) whether the “group” calibration (Section 4.3.2) is 
internally consistent, and (c) whether the calibrated model parameters vary with the surface chosen for calibration. 
In the first test, we executed the calibration procedure in a fully controlled setting in which synthetic gully profiles 
were simulated over 70 ka using Equation 2, prescribed initial conditions, and an arbitrary set of preselected 
model parameters K, m, and n. We then applied the calibration procedure, using a simulation duration of 70 ka, 
to test how well the calibration procedure based on the optimal RMSD recovers the preselected model parameters 
that were used to simulate the synthetic gully profiles. In the second test, we used the calibrated parameter combi-
nations based on the 'group' calibration of gullies A-F (Section 4.3.2) to compute the incision duration for each of 
these gullies separately. An internally consistent system is expected to produce similar ages for all these gullies. 
In the third test, we applied the calibration procedure separately for: (a) three gullies incised into the Qa1-north 
surface (G, H, and I, 70 ± 6 ka) where the abandoned surface is elevated by approximately 2 m above the bound-
ing channel (in contrast with Qa1-south where the abandoned surface is elevated by approximately 6 m above the 
bounding channel) and, (b) three gullies incised into the Qa2 surface (YM, YN, and YO, 34 ± 3 ka) where the 
abandoned surface is elevated by approximately 2 m above the bounding channel, and (c) three gullies incised into 
the Qa02 terrace (OJ, OK, and OL, 230–549 ka) here the abandoned surface is elevated by approximately 10 m 
above the bounding channel (Figure S1 in Supporting Information S1). A setting where climate and erodibility are 
homogeneous in space and time is expected to generate similar calibrated parameters for all surfaces.

5. Results
5.1. Model Calibration at Shehoret

The calibration procedure results on Qa1-south gullies helped quantify the model sensitivity to variability in K 
[m 1−2m year −1] and the ratio m/n (Figure 4a). The best RMSD error was 0.26 [m] (Figure 4b), and the parameter 
combinations that are within 2% of the best-fit RMSD are 1.06*10 −4 (+1.64*10 −4, −5.5*10 −5), 0.48 (+0.07, 
−0.1) and 1.65 (+0.11, −0.06), for K [m 1−2m year −1], m, and n respectively (results are presented as the optimal 
value, followed by the maximum and minimum values of all feasible combinations, Table 1, Figure 4). The ratio 
m/n in all feasible parameter combinations ranged between 0.22 and 0.34.

5.2. Modeled Incision Duration and Surface Ages at Shehoret

Computed incision durations (Figure 6a) for gullies G, H, and I, on the Qa1-north surface, were 77 (+5, −5) ka, 66 
(+5, −3) ka, 68 (+9, −4) ka, respectively. RMSD values ranged between 0.09 and 0.11[m] and the mean modeled 
incision duration for the three gullies was 70 (+6, −4) ka (within 10% of the independently obtained surface-ages 
for the terrace (70 ± 6 ka). The computed incision ages for gullies YM, YN, and YO, incised into the Qa2 surface 
were 39 (+6, −5) ka, 33 (+11, −8) ka, and 36 (+8, −6) ka, respectively. RMSD values ranged between 0.11–0.21 
[m] and the resulting mean incision duration calculated for the three gullies was 37 (+9, −7) ka (within 10% of 
the independently obtained surface-ages for these terrace (34 ± 3 ka)). Computed incision durations for gullies 
OJ, OK, and OL, incised on the Qa02 surface were 116 (+27, −31) ka, 118 (+14, −16) ka, and 55 (+6, −3) ka, 
respectively. RMSD values ranged between 0.37–0.43 [m] and the resulting mean incision duration calculated 
for the three gullies was 97 (+15.7, −16.7) ka. Overall, incision durations calculated for the gullies incised on 
the Qa1-north and Qa2 surfaces were tightly clustered within 20% of the independently obtained surface-ages 
for these terraces (Figure 6). Incision durations calculated for the gullies incising the Qa02 surface were more 
scattered and significantly younger than the independently obtained surface-age for this terrace.
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5.3. Internal Consistency and Calibration Tests

The test of the calibration procedure shows that the recovered model parameters for the synthetic gully profiles 
(Section 4.3.4) were identical to the parameters used to generate them, indicating that from an analytical stand-
point, the calibration procedure can accurately recover the stream power parameters K, m, and n (Equation 1). 
The test of internal consistency between gullies within the same surface shows that the separately calculated 
incision durations for each of the gullies used for the 'group-calibration' (gullies A-F) (Section 4.3.2) are within 
10% of each other, indicating that the group-calibrated parameters are consistent with the topography of all 
these gullies (Figure S8 in Supporting Information S1). The test of consistency in calibrated model parameters 
between surfaces shows that calibration based on surfaces Qa1-north and Qa2 produces model parameters that 
were comparable to those of the calibration surface (i.e., Qa1-south), whereas model parameters calibrated for the 
Qa02 terrace were different (Table 1, Figure 5, test 3).

6. Discussion
6.1. Method Performance

Incision durations were calculated separately for each of the gullies examined on the late Pleistocene Qa1-north 
and Qa2 surfaces using the model parameters calibrated based on the Qa1-south surface (Sections 5.1 and 5.2). 
All these gully “incision ages” were tightly clustered and concordant (within 20%) with independently determined 
surface-ages for the respective terraces they incise (Figure 6), which in turn supports the fundamental assumption 
that calculated incision duration from the model can be used as a proxy for surface age. Furthermore, these results 
indicate that model parameters calibrated on a given surface of a known age can be spatially extrapolated to effec-
tively model gully incision on other nearby abandoned alluvial surfaces that have a different composition and may 
have experienced different tectonic conditions. For example, Qa2 comprises an equal proportion of carbonate 
and magmatic clasts, while the surface used for calibration (Qa1-south) is predominately composed of carbonate 
clasts, yet the model parameters calibrated based on Qa1-south yielded a Qa2 age that is within 10% of the a priori 

Figure 4. Model calibration. (a) A “solution” surface describing changes in the value of the objective function (RMSD) with changes in K and m/n space for 70 ± 6 ka 
gullies used for calibration (in surface Qa1-south in Figure 1). The black rectangle indicates the parameter space in which the local calibration was performed. The 
yellow squares represent endpoints of local calibration iterations that are within 2% of the minimal RMSD (optimum, red cross). (b) Measured (blue lines) versus 
simulated (red lines) and initial (black lines) gully profiles using the best-fit parameter set calibrated based on gullies A-F (K, m, and n of 1.06*10–4, 0.48, and 1.65, 
respectively).

Table 1 
Calibrated Parameters for Different Calibration Groups

K [m 1−2m year −1] m n m/n

Terrace-age [ka] Terrace ID Terrace ID Min Max Optimum Min Max Optimum Min Max Optimum Min Max Optimum

70 ± 6 Qa1-south 0.26 5E−5 2.7E−4 1E−4 0.38 0.55 0.48 1.59 1.76 1.65 0.22 0.35 0.29

70 ± 6 Qa1-south 0.13 6E−5 6E−5 6E−5 0.6 0.6 0.6 1.8 1.8 1.8 0.33 0.33 0.33

34 ± 3 Qa2 0.09 8E−5 5E−4 1.4E−4 0.52 0.60 0.59 1.82 2.22 1.97 0.24 0.32 0.30

230–549 Qa02 0.77 2E−6 3E−6 3E−6 0.58 0.62 0.59 1.00 1.11 1.02 0.55 0.59 0.58
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known age (according to the mean calculated incision duration of the three 
gullies in Qa2 group). Similarly, Qa1-north experienced ∼2 m of tectonically 
induced uplift (i.e., lowering of the bounding channel) over a period of about 
70  ka, while the Qa1-south calibration surface experienced ∼6  m of such 
uplift over the same period, yet the model parameters calibrated based on the 
Qa1-south surface enabled accurate dating of the Qa1-north surface (within 
10% of the a priori known age according to  the mean calculated incision 
duration of the three gullies in the Qa1-north group). In addition, the success 
in dating, as well as in calibration and internal consistency tests (Section 5.3) 
support the model assumptions, some of which are difficult to validate (i.e., 
the assumptions regarding short lag-time between surface abandonment and 
incision, and temporally constant drainage area distribution). While fully 
validating these assumptions will require further investigation, it appears 
that for the purpose of dating, the simplifying assumptions we make lead to 
reasonable results.

The success in dating surfaces Qa1-north and Qa2 with model parameters 
calibrated based on Qa1-south suggests that parameters calibrated based on 
the Qa1-north (70 ± 6 ka) or Qa2 (34 ± 3 ka) surfaces will be similar to those 
calibrated based on the Qa1-south surface (70 ± 6 ka). Indeed, K and m/n 
values calibrated based on these three surfaces are similar (Figure 5, Table 1). 
Overall, the results based on Qa1-south, Qa1-north, and Qa2 indicate that the 
proposed morphologic dating method produces ages that are consistent with 
independently determined ages obtained using other methods, and that the 
calibrated parameters are similar between abandoned surfaces of different 
ages and/or tectonic offset. This suggests that alluvial surfaces of unknown 
ages can be dated via geomorphic dating of gully incision based on locally 
calibrated model parameters. However, applying this methodology to date 
the nearby Qa02 surface (independently dated to 230–549 ka) yielded signif-
icantly younger ages (116 (+27, −31) ka, 118 (+14, −16) ka, and 55 (+6, −3) 

Figure 5. Calibrated model parameters based on sets of gullies from surfaces 
of different ages. Dots show the calibrated best-fit parameters and whiskers 
the minimum-maximum range for the feasible calibrated parameter (2% of the 
minimal RMSD).

Figure 6. Surface dating via geomorphic dating of gully incision. (a) The Gray shaded area represents the uncertainty in the optically stimulated luminescence (OSL) 
ages (x-axis only). Each boxplot represents the calculated age distribution per gully (boxes are slightly offset for clarity). In each box plot, the black dot represents 
the mean, horizontal lines represent the median, the colored area is bounded between the 25 and 75 percentiles and the whisker represents the minima and maxima of 
feasible values. The black line shows 1:1 relation between OSL surface age and morphologically dated gully incision duration. (b) Measured (blue line), simulated (red 
line) and initial (black line) gully profiles based on the best-fit parameter set. The gray-shaded area around the red lines marks the distribution of profiles for all feasible 
parameter sets (note that each profile is an end-of-simulation profile using one of the calibrated parameter sets over the time that provides the best-fit to the measured 
profile).
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ka, for gullies OJ, OK, and OL, respectively). Thus, it appears that extrapolation of the proposed dating method 
back in time beyond the age of the calibration surface should be taken with caution.

6.2. Mid-Pleistocene Terrace (Qa02)

To examine the disagreement between gully incision ages on the Qa02 surface (118, 116, 55 ka) and its inde-
pendently obtained surface-age (230–549 ka), we calibrated K, m, and n values based on gullies OJ, OK, and 
OL, assuming a minimum surface-age of 230 ka. We found that K was an order of magnitude lower and m/n was 
∼twice higher than those calibrated based on Qa1-south, Qa1-north, and Qa2 (Figure 5, Table 1, Figures S9–S11 
in Supporting Information S1). Lower K values for Qa02 compared to Qa1 and Qa2 are also produced when the 
values of m and n are held constant across all surfaces (Figure S12 in Supporting Information S1). The relatively 
low K value for Qa02 explains the younger incision age obtained for the gullies incising this surface when using 
model parameters that were calibrated to the late Pleistocene (70 ± 6 ka) Qa1-south surface (gullies A-F).

Qa02 is topographically distinct from all other surfaces, which may point to changes in tectonic or climatic condi-
tions that violate the assumptions of temporally uniform K, m, n, and base-level lowering rate (Sections 2). These 
characteristics include the rounded surface of Qa02 compared to the flatter surface of Qa1 and Qa2 (Figure S1 in 
Supporting Information S1), a feature that questions the preservation of the initial, preincision surface topography 
and suggests that it was modified by hillslope processes. Furthermore, the presence of slope fluctuations along 
the gullies OJ and OK incised into the Qa02 surface relative to other surfaces (Figure 6b and Figures S3–S7 in 
Supporting Information S1) may reflect temporal variations in the base-level lowering rate and/or variations in 
lithologic composition. In addition to these topographic characteristics, the distinctively broad range of inversed 
incision ages between gullies in the Qa02 surface (i.e., 118, 116, 55 ka) compared to all other surfaces also hints 
at the complex evolution of this surface (Section 5.2).

The possibility of temporal changes in the base-level lowering rate for Qa02 is supported by the findings of 
Gellman et al. (2018), who recognized a shift in the direction of fluvial flows in the Shehoret drainage in the 
late Pleistocene–Holocene and attributed it to regional northward tilting. This tilting could increase the mean 
base-level lowering of the Qa1 (70 ± 6 ka) surface compared to that of the Qa02 (230–549 ka) surface. Such an 
increased base-level lowering rate would violate the assumption of a temporally constant base-level lowering rate 
that underlies the proposed morphologic dating and could conceivably explain the morphologically young gully 
profiles in Qa02. A possible hint for such complexity may be observed in gullies OJ and OK (Figure 6b), which 
have a higher RMSD (Section 5.2) and are characterized by fluctuations in slope along with the gully profile 
(Figure 6 and Figure S7 in Supporting Information S1), which may represent knickpoints of different ages formed 
through temporal changes in base-level lowering rate.

Alternatively, the mismatch between calculated gully incision durations and the surface age of Qa02 may reflect a 
change in the hydro-climatic settings and possibly erosion rates between the abandonment of Qa1 at 70 ± 6 ka and 
Qa02 at 230 ka, leading to changes in erosion parameters (Whipple & Tucker, 1999). In the southern Negev, stud-
ies have proposed an increase in extreme storm and flood magnitudes during the Last-Glacial-Maximum (Enzel 
et al., 2012; Yokochi et al., 2019). An increase in the storm intensities after ∼70 ka, would potentially increase 
the storm erosion efficiency and the frequency of erosive events (Dunkerley, 2018; Shmilovitz et al., 2020; Wang 
et al., 2016) which can explain the higher calibrated K value based on the gullies incised into Qa1 (70 ± 6 ka) 
and Qa2 (34 ± 3 ka) compared to the ones incised into Qa02 (230–549 ka) surface (Figure 5, Table 1). Changes 
in frequency-magnitude relations of extreme rainstorms were previously suggested to trigger alterations between 
incision and deposition phases in arid areas, impacting alluvial and colluvial landforms (Boroda et al., 2011; 
Enzel et al., 2003, 2012; McCarroll et al., 2021; Miller et al., 2010).

In addition to climatic and tectonic changes, differences in surface and soil characteristics may cause a mismatch 
between modeled and OSL-based ages of the gullies incised into the Qa02 surfaces. Differences in surface clast 
size can cause a mismatch in the modeled surface age, as clast size affects erosion threshold on dryland slopes. 
Mushkin et al.  (2014) have shown that surface clast size on these surfaces decreases during the first ∼50 ka, 
asymptotically reaching a ∼constant value after 100 ka. However, the proposed method succeeds in dating the 
Qa2 surface (34 ± 3 ka, when clast size is rapidly changing with time) based on parameters calibrated on the Qa1 
surface (70 ± 6 ka, when clast size approaches a constant value), but fails to date the Qa02 surface (>230 ka, when 
clast size is approximately constant). Thus, we conclude that clast size does not meaningfully affect the method's 
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results. Differences between Pleistocene and Holocene Reg soils can cause different erosion rates. Pleistocene 
reg soil in the study area is characterized by a pronounced accumulation of secondary gypsum and a thicker salt 
layer compared to the Holocene soils (Boroda et al., 2011). Such gypsum and salt can increase soil cementation 
and thus cause a time-varying erosion rate, which can explain the lower calibrated K values we obtain for Qa02 
relative to Qa1 and Qa2 (Figure 5). The presence of more resistant horizons in the reg soil of older surfaces could 
also cause comparably large fluctuations in the slope along gullies incised into Qa02 (Figure S3–S7 in Supporting 
Information S1). The unsuccessful dating of Qa02 may also be explained by temporal variations in vegetation 
cover. However, as these alluvial surfaces are not covered by vegetation under current conditions and were prob-
ably not covered by vegetation since the Pleistocene (Amit et al., 2006), changes in vegetation cover are unlikely 
to cause this mismatch in age.

Attempting to determine the exact conditions under which the gullies of the Shehoret fan have developed is 
beyond the scope of this study. Nonetheless, the pronounced differences in the values of calibrated parameters 
between Qa02 and the younger surfaces, together with the proposed climatic and tectonic changes in this region, 
suggest that recovering incision model parameters for a priori dated surfaces (Figure 5) can potentially help detect 
temporal or spatial changes in tectonic and/or climatic conditions.

6.3. What can we Learn From the Calibrated Model Parameters?

The theoretical development of the stream power concept argues that the concavity index (i.e., m/n) should typi-
cally range between 0.35 and 0.6 (Tucker & Whipple, 2002), which is higher than the range of values computed 
in this study (calibrated m/n values range between 0.22 and 0.34, Figure 5, Table 1). However, large-scale compi-
lations (Chen et al., 2019; Harel et al., 2016) indicate that lower m/n values (e.g., 0.2–0.3) can occur in arid areas 
such as the Shehoret catchment. In such hyper-arid settings, low m/n values may reflect a hydrological regime 
in which overland flow events are rare and spatially discontinuous, and sediment is mobilized primarily during 
extreme events (Whipple & Tucker, 1999). The calibrated K and m/n values reported here are also aligned with 
the values reported by Harel et al. (2016) for arid areas. This may reflect the low vegetation cover and the higher 
likelihood of rainfall events that diverge from mean conditions (Marra et al., 2021; Marra & Morin, 2015, 2018), 
as well as high erosion efficiency (Dunkerley, 2019; Wolman & Miller, 1960; Yue et al., 2020). The calibrated n 
values, which were greater than 1, may support the notion that incision and sediment transport in these areas are 
threshold controlled and may depend on the stochastic distribution of rainstorms and floods (Adams et al., 2020; 
Lague, 2014).

6.4. Limitations of the Proposed Dating Method

In the examples for successful dating of surfaces shown here (Figure 6), the proposed surface dating approach uses 
Equation 1 as the geomorphic transport function (GTF) that describes gully incision. This selection implies that 
gully incision is primarily detachment limited and that the contribution of transport-limited or threshold-controlled 
erosional processes is negligible. Whereas Equation 1 is widely used in fluvial geomorphology and its predictions 
are often consistent with empirical findings (Darling et al., 2020; Lague, 2014), it is unlikely to capture the full 
complexity of the natural incision and sediment transport process (Baynes et al., 2020; Venditti et al., 2020). Yet, 
despite the relative simplicity of the approach we propose and its underlying assumptions, its success in repro-
ducing the gully profiles (i.e., low RMSD values relative to the relief of gully profile), and in constraining the 
age of the Qa1-north (70 ± 6 ka) and Qa2 (34 ± 3 ka) surfaces (Figure 6), suggests that it relies on a reasonable 
approximation for the conditions and processes under which the analyzed gullies are incised.

An important part of the proposed method is the calibration of model parameters. Given the potential sensitivity 
of these parameters to changes in climate and soil characteristics (i.e., Section 6.2), the proposed method is most 
suitable in settings where these characteristics remain approximately constant over the approximate age of dated 
features. Although this is a major limitation of the proposed approach, in settings where these conditions hold, 
dating can be accomplished over large spatial scales and a variety of abandoned alluvial surfaces, at a relatively 
low cost and effort.

The proposed method can be strengthened by addressing some of these simplified assumptions in future work. 
For instance, including erosion and deposition under transport-limited conditions (e.g., Gasparini et al., 2007; 
Hobley et al., 2011), as well as a streamflow variability and GTFs that account for a threshold for channel erosion 
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may better describe the natural process forming these gullies, resulting in improved age constraints as recent 
studies pointed to the significant influence of hydrological processes on the erosion patterns over a long time 
scale (Barnhart et al., 2020; Deal et al., 2018). However, we note that using such GTFs will require calibration of 
additional model parameters that may increase uncertainties and computation time. Likewise, assigning differ-
ent erodibility coefficients to different soil and alluvial horizons and including additional (if existed) erosion 
processes (e.g., bank failures and “top-down”piping) may also improve the accuracy of the method.

7. Conclusions
This study presents a new method for dating alluvial surfaces that is based on an inverse modeling approach 
that calculates the time required to obtain gully profiles that match the observed profiles of gullies incised into 
abandoned alluvial surfaces. The dating method uses the stream power function as the geomorphologic transport 
function (GTF) utilized to simulate the temporal evolution of the gully profiles. Model parameters need to be 
calibrated based on gully profiles from an independently dated surface and can then be used to compute gully 
incision ages on nearby abandoned surfaces with unknown ages. We tested the method on a set of the previously 
dated mid to late Pleistocene terraces in southern Israel. The model parameters were calibrated based on gullies 
incised into a 70 ± 6 ka terrace. Using the calibrated parameters, we computed surface-ages of 70 (+6, –4) ka 
and 37 (+9, –4) ka for neighboring alluvial terraces of diverse lithologic composition and base-level lowering 
rates that were previously dated to 70 (±6), and 34 (±3) ka, respectively. However, when attempting to use model 
parameters calibrated on a 70 (±6) ka terrace to date an older terrace, where field observations indicated that 
the method's underlying assumptions were violated, the proposed method yielded significantly younger incision 
ages of 97 (+15.7, −16.7) ka than the independently dated age of this surface (230–549 ka). We conclude that 
the proposed modeling approach can be used to effectively date alluvial surfaces at a regional scale as long as the 
method's underlying assumptions are met.

Data Availability Statement
We used the open-source TopoToolBox 2 MATLAB software (Schwanghart & Scherler, 2014) for topographic 
analysis. The functions used for the proposed method application are available at: https://github.com/yuvalsmilo/
GullyIncisionOnAlluvialSurface.git.
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