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Abstract: The geomorphological impact of base-level lowering on ephemeral alluvial streams has
been extensively investigated through fieldwork, experimentation, and modeling. Yet, the under-
standing of hydrological parameters governing the dynamics of the stream’s geometry during discrete
flood events is lacking due to limited direct measurements of flood-scale erosion/deposition. The
emergence of novel remote sensing methods allows for quantifying morphological modifications
caused by floods in alluvial streams. This study utilizes drone surveys and hydrological data to
quantitatively investigate the relation between channel evolution in alluvial tributaries draining to the
receding Dead Sea and the hydrological characteristics of flash floods. Drone-based photogrammetric
surveys were conducted before and after 25 floods, over a period of four years, to generate centimeter-
scale Digital Elevation Models (DEM) and orthophoto maps of two major streams. The outcomes
of these DEMs are maps of ground elevation changes (erosion/deposition), thalweg longitudinal
profiles, and channel cross sections, revealing the incision/aggradation along and across the streams.
Statistical comparison of results with flow hydrographs identified potential relations linking the
hydrological characteristics of each flood and the corresponding geomorphological modifications.
Peak discharge emerged as the primary factor influencing sediment removal, leading to more efficient
sediment evacuation and a negative sediment budget with increased discharge. Water volumes
of floods also exhibited a secondary effect on the sediment budget. The chronological order of
floods, whether first or later in the season, was identified as the primary factor determining incision
magnitude. Knickpoints formed at the streams’ outlets during the dry period, when lake-level drops,
amplifying the impact of the first flood. These findings have potential implications for infrastructure
planning and environmental management in the context of climate change and altered water runoff.
The research highlights the efficiency of drone-based photogrammetry for cost-effective and timely
data collection, providing invaluable flexibility for field research.

Keywords: Dead Sea; fluvial geomorphology; base-level change; photogrammetry; alluvial streams;
incision; bank collapse; sediment budget

1. Introduction

Over the past few decades, a significant proportion of the world’s largest lakes have
experienced alarming volume loss which is an expression of reducing inflows compared
to evaporation [1]. This trend is a major concern due to the potential for negative impacts
on the environment, infrastructure and human populations. The water volume decrease
is associated with: (i) increased water consumption in the lakes’ drainage basins [2–5];
(ii) climate-related changes, including elevated evapotranspiration rates and reduced water
run-off [6–10], and (iii) combinations of the abovementioned factors [11–14].

The reduction in lake volumes results in a drop in the elevation of their water surfaces,
which serve as the base level for the surrounding tributaries. Concurrently, shore regression
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leads to the exposure of former lake floor to various sub-aerial geomorphological processes
such as erosion and sediment deposition [15]. These modifications can potentially activate
fluvial mechanisms that propagate upstream through the drainage basin, originating from
the outflows of the tributaries [16–19]. Notably, incision and deposition can be extremely
fast near the outlets of alluvial streams, due to the easily entrained nature of their banks
and bed [20]. This presents novel challenges to infrastructure planning, as previously
relatively stable fluvial systems now confront rapid morphological alterations such as
channel deepening and widening, and planform modifications.

The geomorphological impacts of lake or sea level lowering on alluvial tributaries
flowing into these water bodies have been extensively investigated through a combination
of fieldwork, experimentation, and modeling frameworks, employing a diverse array of
empirical and physical methodologies [18,19,21–31]. Nonetheless, it is noteworthy that the
temporal scope of the field-based studies spans from decades to millennia. Furthermore,
the applicability of flume-based studies in comprehending the responses of natural river
systems to discrete events is constrained due to the inherent scaling down and simplification
involved in such experiments [32,33]. Consequently, our understanding of the pace of
erosion and deposition, associated with base-level lowering along with the hydrological
governing parameters, remains deficient, particularly in the context of annual or discrete
flood-event timeframes. Although hydrological data for discrete flood events are routinely
obtained through various hydrometric disciplines, direct measurements of bedload inflow
and outflow in ephemeral alluvial streams are limited and challenging to obtain [34]. The
emergence of novel and cost-effective remote sensing methods provides opportunities
for measuring sediment budgets and consistently quantify morphological modifications
in alluvial streams caused by floods. As a result, approaching the issue of discrete flood
events no longer requires down-scaling and can be accomplished at the actual field scale,
as demonstrated in the research presented here.

This study addresses the identified knowledge gap through the utilization of drone
surveys and hydrological data. Its objective is to quantitatively investigate the relation-
ship between discrete flash flood events and sediment budgets, as well as rates of ero-
sion/deposition in ephemeral alluvial tributaries undergoing base-level lowering. The
research employed frequent drone-based photogrammetric surveys, resulting in a highly
detailed database with exceptional resolution. This dataset facilitated statistical analyses
to establish connections between peak flood discharge, total water volume, timing of the
event, and resulting geomorphological modifications in the streams. While the primary
focus was on tributaries draining into the receding Dead Sea, the findings presented here
hold relevance for various coastal environments, both in scenarios of decreasing base level
and climatically induced modifications.

1.1. Steady Equilibrium of an Alluvial Stream

The morphology of alluvial streams, commonly known as transport-limited streams, is
predominantly shaped by the energy of the flowing water, given that the available sediment
exceeds the stream’s capacity for efficient transport. In scenarios where the drainage basin
of such a stream experience tectonic and climatic stability over a considerable period,
the stream can reach a state of equilibrium. Within such streams, the volume of bedload
supplied by the upstream reaches matches the volume delivered downstream to the base
level (Figure 1A), resulting in a lack of net sediment deposition or incision, except for
lateral sediment displacement [35]. Commonly, the complexity of natural drainage systems
prevents achieving static equilibrium [36,37], and alluvial streams attain steady equilibrium
that enable the geomorphological system to overcome temporal deviations through a
mechanism of negative or positive feedbacks [36]. This behavior is particularly pronounced
in ephemeral streams, where significant variations exist among discrete flood events in the
hydrological parameters outlined below.

The capability of a stream to transport bedload arises from conversion of the water’s
potential energy into kinetic energy [38]. This conversion is manifested by the stream power
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exerting on the bottom and sides of the stream channel [39]; the stream power is dependent
on hydrological parameters such as the mass density of water, water discharge, and the
energy gradient of the water [40]. Furthermore, the rate of bed load transportation, coupled
with the stream’s capacity to detach pebbles from the channel boundaries, relies on other
sedimentological and geomorphological parameters [41]. These parameters include factors
such as grain size and mass density, the cohesive properties and roughness of the channel
bed and banks, and channel width [22,39,42–44]. The relation between the stream ability
to transport bedload at various points along the channel bed and the above-mentioned
parameters is expressed in Equation (1) (assuming that the quantity of available bedload is
not constraining) [45]:

qs = KS (1)

where qs is sediment flux (sediment discharge per unit width of the channel) at a given
point along the channel, K is a coefficient dependent on the hydrological, sedimentological
and geomorphological attributes except of the energy gradient of the water, and S is that
gradient in the downstream direction.

In a state of steady equilibrium, an alluvial stream exhibits a distinct sediment dis-
charge arriving from the drainage basin upstream, along with typical values for channel
width and the K coefficient. Consequently, it establishes a characteristic energy gradient that
mirrors the prolonged behavior of the stream, rather than transient values associated with
individual flood events [37]. The energy gradient closely approximates the channel bed
gradient [43]. Hence, any modification imposed to this slope, while keeping the other vari-
ables in Equation (1) unchanged, will inevitably deviate the stream away from equilibrium,
prompting a geomorphological response to restore the original slope [22,29,46].

1.2. Lake Level Lowering and Its Geomorphological Implication for Alluvial Tributaries

As a stream emerges from the confined walls of a canyon to a coastal expanse near
a lake, it often forms a fan-shaped delta upon entering the water body, referred to as a
fan delta [47]. Within this fan delta, a portion of the sediment carried by the stream is
deposited in the subaerial domain, while the remaining sediment is transported to the lake,
contributing to the progradation of the fan delta toward the basin [48]. This progradation
involves the accumulation of steep foresets in the distal part of the fan delta (Figure 1B). The
gradient of the channel bed atop the subaerial fan delta is influenced by the steady-state
slope of this braided alluvial stream [49,50]. However, the gradient of the submerged
fan delta front is determined by a steeper angle of repose of the unconsolidated alluvial
material [51]. In scenarios of lake level lowering, if the rate of shoreline regression exceeds
the progradation of the fan delta, the steep front becomes exposed subaerially basinward
of the former stream outlet. This process leads to the formation of a convex longitudinal
profile in the stream, marked by a knickpoint at the inflection point (Figure 1C).

In instances of forced regression, modifications are limited to increase in the stream
bed gradient exclusively, without affecting other hydro-geomorphological parameters.
Within these scenarios, the increased shear stress at the knickpoint can trigger incision,
coupled with the upstream migration of the knickpoint and the rotation of the face below
it (Figure 1D) [22,25,36,52]. Occasionally, this process may result in bank collapse and
widening the channel [20], as well as an increase in sinuosity [17,31]. These changes, when
combined with the incision process, contribute to a negative sediment budget within the
modified segment of the stream. The rotation of the knickpoint results in a reduction
of the channel bed gradient, leading to a decrease in local sediment transport capacity.
Both incision and knickpoint retreat rates exhibit exponential decay with respect to time
and distance from the lowered base level [43]. Therefore, incision rate in the downstream
domain of the stream will be higher than upstream. Potentially, incision terminates when,
at any specific point along the channel, the sediment transport capacity no longer exceeds
the influx of sediment from upstream. Conversely, when base-level lowering continues
and coincides with the addition of downstream steep segments (Figure 1E), the gradient
and convexity of the longitudinal profile may increase over time, resulting in further



Remote Sens. 2024, 16, 1346 4 of 30

deviation of the longitudinal profile from steady equilibrium, continuous incision and
overall negative sediment budget (Figure 1F).
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Figure 1. Incision of alluvial stream resulting from continuous forced regression. (A) The stream
flows atop a fan delta in a state of steady equilibrium, where sediment flux (qs) from upstream equals
sediment flux transported downstream. (B) Deposition and fan delta progradation occur during slow
forced regression. (C) Knickpoint formation occurs due to subaerial exposure of the steep fan delta
front during rapid forced regression. Sediment flux downstream of the knickpoint exceeds sediment
flux arriving at it. Red and yellow dashed lines represent the current longitudinal profile and the new
steady equilibrium profile, respectively. (D) Incision occurs, accompanied by upstream migration
of the knickpoint and a reduction in gradient below it. (E) Additional rapid regression leads to the
formation of a new knickpoint at the stream outlet, coupled by ongoing incision upstream. The
stream profile increasingly deviates from a state of steady equilibrium as a new equilibrium profile
emerges (depicted by the white dashed line), while the stream has not yet attained the equilibrium
profile that formed after the previous regression (indicated by the yellow dashed line). (F) Over
time, the stream further deviates from steady equilibrium, with the longitudinal profile gradually
becoming more convex. This encourages incision and bank collapse throughout the entirety of the
streambed, typically leading to an overall negative sediment balance.
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1.3. The Study Area

The Dead Sea, situated in the lowest part of the Dead Sea basin, is an elongated
terminal lake. Its current shoreline (2024), at an elevation of approximately 438 m below sea
level (mbsl), stands as the Earth’s lowest contemporary terrestrial elevation [53]. Enclosed
by tectonic escarpments from the west and east, the lake is primarily nourished by the
Jordan River from the north (Figure 2A) and numerous smaller tributaries that carve
canyons through the escarpments. The drainage basins on of the tributaries west of the lake,
where this study took place, exhibit diversity both in terms of their spatial extent (from
several km2 to 290 km2) and the climate zones that they occupy (Mediterranean to arid,
Figure 2B). A wide alluvial expanse, stretching up to several kilometers in width, extends
between the western escarpment and the lakeshore, featuring fan deltas at the outlets of
the tributaries [54,55].
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Figure 2. (A) A satellite image of the Dead Sea rift, the Dead Sea, and the Judean Mountains and
desert. The location of the escarpment bordering the rift is indicated by the purple dashed line.
The black rectangle denotes the position of the map presented in (B). (B) An altitude map of the
Judean desert, focusing on the Darga and Arugot drainage basins. Contour lines indicate average
annual precipitation values in mm. Black dots labeled as EG and MS denote the two communities of
Ein Gedi and Mizpe Shalem, respectively. Blue lines indicating the main tributaries. The drainage
basin of the Darga stream is shaded in semi-transparent orange and divided into three sub-basins:
Darga tributary, Teqoa tributary, and the combined Darga stream downstream of the former two. The
confluence of the Darga and Teqoa tributaries is marked by a white triangle. The drainage basin of
the Arugot stream is highlighted in semi-transparent white. Yellow stars indicate the hydrometric
stations whose data was utilized in this study.

Since the mid-20th century, extensive water diversion from the Dead Sea drainage
basin has led to a decline in the lake level of over 35 m (Figure 3) [3]. While natural fluctua-
tions in lake levels have occurred throughout the Holocene due to climatic shifts [56,57], the
contemporary rate of decline (currently 1.2 m/y) is notably unprecedented. Consequently,
the fast shore regression exposed the steep fronts of many fan deltas sub-aerially [19,58].
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The exposed steep topography, combined with wave abrasion that created wave-cut steps
and sub-vertical faces [53], has led to the formation of knickpoints at the outlets of streams.
These streams have incised canyon-like channels into the alluvial surface [29]. This incision,
accompanied by subsequent widening of the channels, occurs during flash floods, primarily
between October and May. Since the base-level decline is continuous, the streams do not
reach a new steady equilibrium, but rather deviate from it over time. Consequently, the
streams are presently characterized by the incision of the stream bed and the widening of
channels, which lead to downstream sediment evacuation and an overall negative sediment
budget.
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Given that the current decline in the lake level is not associated with hydroclimatic
changes in the Dead Sea watershed [4], the recently formed canyons provide a unique
opportunity to explore the hydrological factors affecting the rates of geomorphological
modification in alluvial channels experiencing continuous base-level lowering. The incision
process itself stems solely from the decrease in lake level [20,29], which has remained
relatively consistent over the past decade (Figure 3). However, the rates at which these
modifications occur are distinct for each stream and vary with discrete flood events. This
study focuses on two ephemeral streams, Nahal Darga and Nahal Arugot (referred to
as ‘Darga’ and ‘Arugot’ streams, respectively). These streams were selected due to the
presence of hydrometric gauging stations, which provided access to detailed hydrographs;
their deep incised channels within the alluvial domain of their course and their tendency
to experience more frequent flood events compared to most other tributaries of the Dead
Sea. Both streams originate in the Judean Mountains and desert, draining into the Dead
Sea (Figure 2B). With lengths of 43 km and 46 km, respectively, Darga and Arugot streams
each drain an area of 230 km2. However, differences in precipitation levels within their
drainage basins result in distinct average annual rainfall volumes. Specifically, the average
precipitation in the Darga basin is 320 mm/y, while in the Arugot basin it is 435 mm/y. The
streams have been incising close to their outlets since the 1970s, with both channels reaching
now a maximum incision depth of approximately 30 m. The widths of the new channels
are 120 m and 90 m for Darga and Arugot streams, respectively; the active channels are
narrower, given the presence of remnant terraces along the channel banks (Figures 4–7). In
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the past decade, the average gradients of the incising channels have been approximately
5% for Darga and 2.3% for Arugot. The Dead Sea highway crosses the streams several
hundred meters upstream of their outlets, and concrete ramps have been constructed in
both channels downstream of the highway to protect it from incision (Figures 4–7). These
ramps serve as a stable, local base level for the channel upstream. Consequently, the
channel segments downstream of the ramps undergo incision and widening due to the
lake level drop, while the segments upstream of the ramps remain unaffected by changes
in the lake level. Therefore, the study area constitute solely of the natural channel segments
downstream from the artificial ramps in both channels (Figures 5 and 7).
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Figure 4. An orthophoto map of Darga stream between the Dead Sea highway and the Dead Sea
shore. The upper edge of the channel banks is denoted by the blue dashed line. The channel is incised
into the hydrologically abandoned surface of the fan delta. Downstream of the highway, a visually
apparent artificially modified segment is observable, featuring a ramp at its lower section. The white
rectangle marks the study area in Darga stream.
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Figure 5. (A) An elevation map of the alluvial segment in Darga stream, derived from a photogram-
metric survey conducted in July 2023. The blue lines indicate the positions of the cross sections
presented in the results section. The yellow dashed line denotes the location of the projection line for
the longitudinal profiles. Red arrows indicate the viewpoint direction of the photographs in (B,C).
(B) An oblique aerial photograph capturing the studied channel in the upstream direction. (C) An
additional oblique aerial photograph focusing on the ramp situated at the upstream boundary of the
studied channel.
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Figure 6. An orthophoto map of Arugot stream between the old Dead Sea highway and the Dead
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Figure 7. (A) An elevation map of the alluvial segment in Arugot stream, derived from a photogram-
metric survey conducted in June 2023. The blue lines indicate the positions of the cross sections
presented in the results section. The yellow dashed line denotes the location of the projection line for
the longitudinal profiles. Red arrows indicate the viewpoint direction of the photographs in (B,C).
(B) An oblique aerial photograph capturing the studied channel in the upstream direction, during a
flood in February 2022. (C) An additional oblique aerial photograph focusing on the ramp situated at
the upstream boundary of the studied channel.
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2. Materials and Methods

The methodology employed in this study incorporated drone-based surveying, pho-
togrammetric analysis, the extraction and quantification of geomorphological modifications
between surveys, and the amalgamation of these results with flood hydrological data to
conduct a comprehensive statistical analysis. A visual representation of this workflow is
presented in Figure 8.
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Figure 8. Workflow progression, with drone-based photogrammetric survey in the top left corner,
followed by the generation of Digital Elevation Models (DEMs) and orthophoto construction through
photogrammetric analysis. Subsequent DEMs are compared through subtraction to create maps
indicating elevation changes (red and blue colors represent decrease and increase in elevations,
respectively). These maps are utilized to calculate a numerical value (represented by the symbol
#) indicating the sediment budget between successive surveys. Longitudinal profiles are derived
through DEM analysis, and an average thalweg elevation change between surveys is quantified (also
represented by the symbol #). The workflow culminates in the amalgamation of sediment budget
and thalweg elevation change data, along with flood hydrological information, into a comprehensive
statistical analysis (bottom right).

2.1. Surveying

The study specifically concentrated on the incising sections of the alluvial stream
channels of Darga and Arugot, extending from the artificial ramps described above to
the Dead Sea shoreline. These segments measure approximately 450 m and 250 m for
Darga and Arugot, respectively. Over a four-year period from 2019 to 2023, drone-based
photogrammetric surveys were systematically conducted following most flood events.
Additionally, a baseline photogrammetric survey was conducted at the commencement of
the research in October 2019.

Two types of drones were employed throughout the study period: the DJI Phantom 4
from October 2019 to March 2021, and later, the DJI Phantom 4 RTK. During the surveys,
nadir photos with a 75% overlap were captured, maintaining a flight altitude of 40 m above
ground at the take-off spot. To ensure accurate geo-referencing for the non-RTK Phantom
4 surveys, 15 ground control points (GCP) were established, and their locations were
determined through ground RTK GPS measurements. However, due to time constraints,
GCPs were not placed in all surveys. Instead, the post-processing workflow described
by Cook and Dietze [59] was employed for geo-referencing, demonstrating exceptional
accuracy, comparable to the precision achieved through direct GCP referencing. During the
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Phantom 4 RTK surveys, a base station connected to a custom network RTK server was
utilized.

Construction of DEMs and orthophotos from the acquired photos was carried out
using Agisoft Photoscan Professional software v.1.6.4. Photo alignment involved key and tie
point limits set at 40,000 and 4000, respectively. Tie points with a reconstruction uncertainty
exceeding the value of 30 were removed, and the alignment was optimized using the nine fit
parameters calibrated through the Agisoft lens calibration procedure. Employing medium
quality and moderate depth filtering, dense point clouds were generated. The resulting
DEMs had a resolution of 5–8 cm, while the orthophotos had a resolution of 1.5–2 cm per
pixel. Accuracies of 2–5 cm for locations and 2.5–5 cm for altitudes were achieved. In
instances of a constant vertical discrepancy between two subsequent DEMs, the altitude
difference was determined in areas where no altitude differences were expected between
the surveys, and this value was effectively used to correct the discrepancy.

2.2. Calculation of the Geomorphological Responses

To quantify the geomorphological impact of flood events, two parameters were uti-
lized: the sediment budget between the banks, representing the amount of sediment
deposited or evacuated between the banks, and the average elevation change along the thal-
weg, indicating the magnitude of incision or aggradation. The calculations were executed
using ArcMap software v.10.8.2. For the sediment budget, elevations in two consecutive
Digital Elevation Models (DEMs) were subtracted on a pixel-by-pixel basis to determine the
elevation change. This change was then multiplied by the pixel area, and the results were
summed across the entire studied channel segment to obtain the overall volume change,
constituting the sediment budget. Thalweg locations were mapped using the ArcMap
software v.10.8.2 hydrology toolset. Longitudinal profiles were extracted and projected
onto a common line to minimize the influence of sinuosity changes (refer to the location of
the projection lines in Figures 5 and 7). Altitudes of points, spaced at 1 m intervals along
the projected profile, were then calculated. The elevation change at each point between con-
secutive surveys was determined, and the results were averaged to quantify the magnitude
of incision or aggradation.

2.3. Hydrological Record

The study assessed the impact of three hydrological and temporal parameters on
geomorphological responses: (1) peak water discharge during the flood, (2) total water
volume transported during the event, and (3) the relative timing of the event in the flood
season (first flood or later). In instances where multiple floods occurred between successive
surveys, these floods were treated as a single event with multiple waves. Specifically, the
highest discharge value within these floods and the cumulative water volume across the
events were used to represent the overall flood characteristics between the surveys.

The flood hydrographs utilized for the study were recorded by the Hydrological
Survey of Israel. The data utilized for the Darga stream were collected from two gauging
stations located along its primary tributaries (referred to as Darga tributary and Teqoa trib-
utary), which converge 6 km upstream from the study area to form the main Darga stream
(see Figure 2B). The first gauging station, located on the Darga tributary, is situated 1.5 km
upstream from the convergence point and covers a drainage area of 75 km2 (Figure 2B).
The second station, positioned on the Teqoa tributary, is located 2.5 km upstream from the
convergence point and encompasses a drainage area of 139 km2 (Figure 2B). A HEC-RAS
v.6.3 model, incorporating data from both gauging stations, was used to calculate the flow
hydrograph in the main Darga stream (downstream of the tributaries’ convergence). It
is crucial to note that there is an area of 23 km2 downstream from the gauging stations,
draining into the main Darga stream, which is not monitored. This additional region repre-
sents the most arid part of the drainage basin, characterized by an annual rainfall of 70 mm.
Despite its aridity, this area can experience intense rainfall events. Therefore, the calculated
peak discharge and total water volume for specific flood events may be underestimated
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due to the exclusion of flows originating downstream of the gauging stations. For the
Arugot stream, the gauging station is located a mere 900 m upstream of the studied channel
segment (see Figure 2B). Notably, the flow hydrograph observed at this station reflects the
flow within the studied segment.

2.4. Statistical Analysis

The data was statistically analyzed using SPSS v.14.0 (SPSS, IBM, Chicago, IL, USA).
Multicollinearity among the predictors, namely peak discharge, total water volume, and
the relative timing of the flood, was assessed using variance inflation factor. The goal of the
test was to determine whether there is a significant correlation between peak discharge and
total water volume. In this context, a statistical connection between variables exhibiting
interdependence is referred to as “correlation”. If only one variable is dependent on the
other but not vice versa, the term used is “relation”. Upon finding no multicollinearity,
a generalized linearized mixed model (GLMM) with a gamma probability and log link
function was employed. Dependent variables were either sediment budget or thalweg
elevation change, with stream identity as the subject. This approach allowed us not only
to verify the presence of a statistically significant relation but also to establish a hierarchy,
distinguishing primary, secondary, and minor factors governing the geomorphological
response of the streams to flash floods.

3. Results
3.1. Flood Record

During the study period, Darga stream experienced 15 discrete flash flood events,
while Arugot stream encountered 20 such events. Throughout this timeframe, we con-
ducted 16 and 15 photogrammetric surveys in Darga and Arugot streams, respectively.
Notably, there were two instances in Darga and five in Arugot streams, where multiple
floods occurred between two successive surveys. Values of flood dates and their respective
peak discharges and total water volume are presented in Tables 1 and 2.

Table 1. Dates of floods in the Darga stream, along with their associated peak discharges and total
water volumes, are presented with a blue background. The dates of drone surveys, the calculated
volume of evacuated sediment, and the average thalweg incision between consecutive surveys are
denoted with a white background. In cases where multiple floods occurred between consecutive
surveys, the peak discharge used in the statistical analysis was the highest among them, marked with
an asterisk.

Flood Season Date Peak Discharge
(m3/s)

Total Water
Volume (103 m3)

Evacuated
Sediment Volume

(103 m3)

Average Thalweg
Incision (m)

20
19

–2
02

0

1 October 2019 New flood season survey
9 December 2019 0.4 4
23 December 2019 0.3 0.11
27 December 2019 0.9 8

1 January 2020 0 0.02
9 January 2020 7.2 109

16 January 2020 4.6 0.02
6 March 2020 26.3 97
12 March 2020 19.9 0.18

20
20

–2
02

1 1 December 2020 New flood season survey
18 February 2021 6.3 94

1 March 2021 1.8 0.37
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Table 1. Cont.

Flood Season Date Peak Discharge
(m3/s)

Total Water
Volume (103 m3)

Evacuated
Sediment Volume

(103 m3)

Average Thalweg
Incision (m)

20
21

–2
02

2

25 January 2022 New flood season survey
27 January 2022 1.8 55
31 January 2022 1.1 0.18
5 February 2022 2.9 2
8 February 2022 1.9 0.45
19 February 2022 2.7 11
22 February 2022 −0.1 −0.1

20
22

–2
02

3

26 October 2022 New flood season survey
1 November 2022 43.6 * 118

16 November 2022 0.1 2
21 November 2022 11.2 0.53
26 December 2022 3.8 80

3 January 2023 0.3 0.04
7 February 2023 7.7 116
9 February 2023 11.8 0.52
14 March 2023 0.4 9
20 March 2023 0.4 6
29 May 2023 2.3 * 17
20 July 2023 3.9 0.02

Table 2. Dates of floods in the Arugot stream, along with their associated peak discharges and total
water volumes, are presented with a blue background. The dates of drone surveys, the calculated
volume of evacuated sediment, and the average thalweg incision between consecutive surveys are
denoted with a white background. In cases where multiple floods occurred between consecutive
surveys, the peak discharge used in the statistical analysis was the highest among them, marked with
an asterisk.

Flood
Season Date Peak

Discharge (m3/s)

Total Water
Volume
(103 m3)

Evacuated
Sediment

Volume (103 m3)

Average Thalweg
Incision

(m)

20
19

–2
02

0

28 October 2019 New flood season survey
9 December 2019 1.3 8
18 December 2019 0.47 0.23

5 January 2020 1.2 14
9 January 2020 4.9 * 118

12 January 2020 0.1 0.08
18 January 2020 0.1 4
24 January 2020 1.8 * 16
5 February 2020 0 0.02
25 February 2020 9.9 76

6 March 2020 64.8 * 228
13 March 2020 3.7 137
17 March 2020 4.18 0.11

20
20

–2
02

1

5 December 2020 44.3 145
13 December 2020 3.35 0.74
17 December 2020 0.2 3
4 February 2021 4.9 56
18 February 2021 27.8 * 419

1 March 2021 1.02 0.26
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Table 2. Cont.

Flood
Season Date Peak

Discharge (m3/s)

Total Water
Volume
(103 m3)

Evacuated
Sediment

Volume (103 m3)

Average Thalweg
Incision

(m)

20
21

–2
02

2

21 November 2021 37.0 171
23 December 2021 2.36 0.58

27 January 2022 4.7 62
31 January 2022 0 0.06
5 February 2022 0.4 5
8 February 2022 0 0
19 February 2022 21.5 122
22 February 2022 0.11 0.17

20
22

–2
02

3

26 October 2022 New flood season survey
2 November 2022 75.9 243

16 November 2022 3.45 0.52
7 February 2023 7.7 122
9 February 2023 0.14 0.21
14 March 2023 1.5 19
12 April 2023 3.1 62
28 May 2023 24.8 * 205
26 June 2023 0.49 0.17

The floods displayed a wide range of magnitudes, with peak discharge values span-
ning from 0.1 to 43.6 m3/s in the Darga stream and 0.1 to 76 m3/s in the Arugot stream.
The median, lower interquartile and upper interquartile values for peak discharge in the
Darga and Arugot streams were 3.4, 2.2, 6.9 m3/s and 21.5, 4.7, 37.0 m3/s, respectively. The
total water volumes transported between surveys varied between 2000 and 118,000 m3

in the Darga stream, and 3000 and 419,000 m3 in the Arugot stream. The median, lower
interquartile and upper interquartile of the water volumes in Darga were 68,000, 10,000
and 100,000 m3, respectively; in the Arugot stream, the volumes were 132,000, 62,000 and
243,000 m3, respectively.

3.2. Seasonal Dynamics of Lake Level Change and Stream Outlet Morphology

The research spanned four flood seasons and the three intervening dry seasons. The
most substantial reduction in lake level occurred during the dry seasons, averaging 0.94 m,
in contrast to the 0.28 m observed during the flood season (Figure 9A). Furthermore, the
dry season exhibited the highest daily drop rate, averaging 0.41 cm/day, compared to the
0.19 cm/day recorded during the flood season (Figure 9A). Notably, wave abrasion during
the dry seasons led to the formation of sub-vertical knickpoints at the outlets of the streams,
reaching heights of up to 1 m (Figure 9B). These knickpoints persisted until the occurrence
of the first flood of the floods/winter/wetter season.
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3.3. Geomorphological Modifications during the Floods

Four erosion mechanisms were identified, encompassing (1) channel bed incision,
(2) bank collapses, (3) erosion of remnant terraces, and (4) bar erosion. These processes,
combined with sediment deposition, collectively influenced the modifications in the chan-
nels resulting from the floods. The first floods of each flood seasons are primarily associated
to major channel incision, often accompanied by bank collapses along the channel sections
where the bed was incised (for example Figures 10A,E,F,I and 11A,E,G,K). Later floods
in the season are characterized by both erosion and aggradation, involving bar migration
with the removal and deposition of sediment (such as in Figures 10C,D and 11M). Addi-
tionally, sediment accumulated at the feet of collapsed banks or eroded terrace remnants
(for example, see Figures 10D and 11D,L). If the later floods featured high peak discharge,
they were linked to major and extensive bank collapses with minor or no deposition (e.g.,
Figures 10G,K and 11F). A few weaker floods, characterized by low peak discharge and
small water volumes, resulted in no discernible morphological alterations (for example,
Figures 10B and 11C,I), or even net sediment aggradation (Figure 10H).

Throughout the four-year study period, the Darga stream experienced an overall
negative sediment budget of 56,900 m3, significant lateral modifications, formation of
remnant terraces, and an average thalweg lowering of 2.34 m from the lake to the ramp
(Figure 12). The average thalweg gradient for Darga ranged between 5.0 and 5.3%, and
the longitudinal profile exhibited convexity (Figure 12). In the case of the Arugot stream,
there was a net sediment loss of 15,700 m3, a widening of the lower section from 35 m
to 55 m, and an average thalweg elevation lowering of 3.17 m (Figure 13). The average
thalweg gradient for Arugot varied from 1.6 to 2.4%, and its longitudinal profile displayed
concavity (Figure 13).

Between consecutive surveys, sediment evacuation volumes ranged from zero to
19,900 m3 in Darga stream and zero to 4180 m3 in Arugot stream. Tables 1 and 2 outline the
sediment evacuation volumes and the magnitude of average thalweg elevation changes be-
tween consecutive surveys. Generally, the Darga stream had a higher volume of evacuated
sediment. The median, lower interquartile and upper interquartile of evacuated volume
in the Darga stream was 1900, 300 and 6300 m3, respectively; in the Arugot stream these
values were 470, 100 and 2360 m3, respectively. Interestingly, one flood event in Darga on
19 February 2022 resulted in a net deposition of 100 m3, contrary to evacuation.

The average thalweg lowering between discrete surveys in the Darga stream ranged
from 0.02 to 0.53 m, while in the Arugot stream, it varied from zero to 0.74 m. The median,
lower interquartile and upper interquartile lowering values for the Darga stream were
0.15, 0.02 and 0.39 m, respectively; for the Arugot stream the values were 0.17, 0.08 and
0.26 m, respectively. Again, the flood on 19 February 2022 in the Darga stream stands
out—it culminated in an average thalweg rise of 0.1 m.
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Figure 10. Ground elevation change maps between successive surveys (A–L). Dates of the surveys
presented at the top of each frame. The abbreviations used are: In = Incision; BC = Bank Collapse;
RTE = Remnant Terrace Erosion; BE = Bar Erosion; Dep = Deposition. The color scale, presented
in map 11A, indicates that reddish colors signify a decrease in altitude, reflecting incision, bank
collapse, remnant terrace erosion, and bar erosion, while bluish tones represent an elevation increase
denoting deposition. The orthophoto maps in the background correspond to the latest of the two
surveys compared. The map location is marked in Figure 4. The terms “First flood” and “Later
floods” distinguish whether a flood is the first in the flood season or a later flood in the season.
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presented at the top of each frame. The conventions used are the same as in Figure 10. The maps
location is marked in Figure 6.
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Figure 12. Cross-sections (A–C) and longitudinal profiles (D) of the Darga stream, surveyed at the
beginning of the study (blue line) and following each flood season. The locations of the sections
are marked in Figure 5. The y-axis values are evenly spaced in the three cross-section plots, and
all maintain a consistent vertical exaggeration of 2.5. The inset rectangles highlight the middle
portions of the sections with higher vertical exaggeration, providing a clearer view of cross-sectional
modifications.



Remote Sens. 2024, 16, 1346 21 of 30
Remote Sens. 2024, 16, x FOR PEER REVIEW  22  of  32 
 

 

 

Figure 13. Cross-sections (A–C) and longitudinal profiles (D) of the Arugot stream, surveyed at the 

beginning of the study (blue line) and following each flood season. The locations of the sections are 

marked  in Figure 7. The y-axis values are evenly spaced  in  the  three cross-section plots, and all 

maintain a consistent vertical exaggeration of 2.2. 

Between  consecutive  surveys,  sediment  evacuation volumes  ranged  from  zero  to 

19,900 m3 in Darga stream and zero to 4180 m3 in Arugot stream. Tables 1 and 2 outline 

Figure 13. Cross-sections (A–C) and longitudinal profiles (D) of the Arugot stream, surveyed at the
beginning of the study (blue line) and following each flood season. The locations of the sections
are marked in Figure 7. The y-axis values are evenly spaced in the three cross-section plots, and all
maintain a consistent vertical exaggeration of 2.2.

3.4. Statistical Analysis

In the statistical analysis, it was determined that the variance inflation factor for peak
discharge and total water volume is 1.684. This low value indicated the absence of signifi-
cant multicollinearity between the variables in the model, implying that peak discharge and
total water volume are not significantly correlated. As a result, the generalized linearized
mixed model (GLMM) could be applied to both predictors.

The analysis revealed a robust positive impact of peak discharge on the volume of
evacuated sediment (GLMM, F(1,16) = 18.767, p = 0.001), indicating a relation between higher
peak discharges and a negative sediment balance. Total water volume also played a role in
sediment evacuation, with larger volumes corresponding to increased evacuation, although
this effect was relatively marginal compared to peak discharge (GLMM, F(1,16) = 4.416,
p = 0.052). The evident relation between peak discharge and water volume with evacuated
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sediment is visually apparent in Figure 14A,B. The timing of the floods affected the streams
differently (GLMM, F(1,16) = 0.635, p = 0.437). While in the Darga stream later floods in the
season were associated with increased sediment evacuation (Figure 14A,B), there was no
statistically significant difference in evacuation rates between the first and later floods in the
Arugot stream (interaction between stream and timing, GLMM, F(1,16) = 18.732, p < 0.001).
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Figure 14. The relations between flood hydrology and the corresponding geomorphological responses
in the Darga (left column) and Arugot (right column) streams. The graphs are organized in two
columns and four rows, labeled (A–D). Rows (A,B) present the relation between peak discharge or
total water volume and the volume of evacuated sediment (negative sediment budget). Rows (C,D)
illustrate the relation between peak discharge or total water volume and the average thalweg incision
(elevation lowering). Dots denote discrete flood events, while dashed lines represent trend lines.
Colors represent the relative timing of the events.

The timing of the flood had the most notable effect on incision magnitude (GLMM,
F(1,17) = 4.928, p = 0.040). First floods exhibited significantly higher incision rates, with
a median, lower interquartile and upper interquartile of 0.45, 0.22 and 0.55 m between
consecutive surveys, respectively, compared to later floods (0.08, 0.02 and 0.18 m/flood)
for both streams. No interaction between the timing and the stream identity was found
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(GLMM, F(1,17) = 1.928, p = 0.183), indicating that both streams exhibited the same trend of
higher incision rates during the first floods of the season. While a relation between peak
discharge and water volume to incision is visible in Figure 14C,D, this effect lacks statistical
significance (peak discharge (GLMM, F(1,17) = 0.238, p = 0.632); water volume (GLMM,
F(1,17) = 1.614, p = 0.221)). Therefore, these factors only play a minor role in governing
incision compared to the timing of the flood within the wet season.

4. Discussion

This study investigated the geomorphological response of two ephemeral alluvial
streams, Darga and Arugot, to a continuous base-level lowering induced by the rapid
decline of the Dead Sea level. The study showcased the efficiency of drone-based pho-
togrammetry, underscoring its advantages in terms of both time and cost. The ability to
swiftly generate high-resolution orthophotos and DEMs shortly after a flood event, without
the need for external professional assistance, provided the flexibility required for field
research of this nature. The overall affordability of drones and photogrammetric software
marks a revolutionary breakthrough, enabling tasks that previously demanded significantly
greater resources to be accomplished more efficiently.

The Darga and Arugot streams exhibit common characteristics. They both undergo
similar changes in their lower boundary conditions as they drain to the same decreasing
base level (during the four years of the study, the lake level declined by 4.5 m), and the
exposed bathymetry at their outlets has a gradient of 15–20% [60,61]. Moreover, the equi-
librium gradients of the channel beds fall within the range of 2–2.5%, and the composition
of their bed and banks consists of alluvial sediment with similar cohesion, grain size,
and lithological composition [60,61]. Despite these similarities, the two streams differ in
their upper boundary conditions, particularly concerning the hydrological attributes of
their flash floods and their frequency. Variations in channel width and human-induced
adjustments contribute to their differences. Consequently, the data collected from both
streams provide insights into the common factors influencing their response to base-level
lowering while also highlighting the distinctive characteristics of each channel that effect
the response.

4.1. Parameters Governing Sediment Budget during a Flood
4.1.1. Peak Discharge

Peak discharge emerged as the primary factor influencing sediment removal in the
examined streams. An increase in discharge is associated with higher stream power [62],
resulting in stronger shear stress applied to the channel bed and banks [63]. This increased
shear stress significantly improves the efficiency of sediment removal and transporta-
tion [64]. Erosion occurs when the shear stress exceeds the critical value required to detach
a pebble from the bed and banks. Once a pebble is detached, a lower stream power is re-
quired to continue transporting it as bedload. Consequently, sediment may not necessarily
deposit when discharge subsides after reaching its peak; instead, it continues downstream.
Hassan et al. [65] found a positive connection between peak discharges of flood events and
the transportation distance of pebbles in stream segments spanning a few hundred meters.
In the case of the alluvial stream segments of Darga and Arugot, a mere few hundred
meters suffice to carry the pebbles all the way to the Dead Sea, resulting in their evacuation
to the lake and a negative sediment budget.

In a transport-limited stream, the sediment budget turns negative when the bedload
volume arriving from upstream is less than the water’s transport capacity. In such instances,
the water downstream transports a greater volume of sediment than the volume being
deposited within it; this occurs through bed and bank erosion. Two primary explanations
account for the observation that 24 out of 25 flood events concluded with a negative budget,
a trend that intensified with increasing discharge:

1. The channel bed gradient is steeper downstream of the ramps than upstream, due to
the steep bathymetry exposed at the outlet [60]. This increased gradient leads to a
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higher transport capacity, resulting in the removal and evacuation of sediment. As per
Equation (1), transport capacity is directly related to channel gradient and a coefficient
dependent, among other factors, on discharge. Therefore, any increase in discharge
(acting as a proxy for the coefficient) raises the transport capacity in proportion to the
slope, leading to higher rates of erosion; the steeper the gradient, the more significant
the increase in transport capacity and its surplus from the sediment volume arriving
from upstream.

2. Channelization of the streams due to incision into the fan deltas. While the studied
channel segments are considered transport-limited, most of their upstream sections
pass through bedrock canyons. Streams that flow over bedrock are classified as
“detachment-limited”, since their morphology is dependent mainly on the character-
istics of the rock forming their bed and banks, rather than their transport capacity.
In these streams, the volume of sediment transported depends on the availability
of alluvium, rather than the water’s transport capacity of the water, as observed in
transport-limited streams. Consequently, the water might be ‘starved’ of bedload [66].
In typical natural environments, streams would abruptly widen at the canyon outlets,
leading to a reduction in stream power and the deposition of alluvial fans. These
sedimentary bodies are topped by unconfined, braided channels. Along the Dead
Sea shore, the channelization initiated by the lowering of the base level and subse-
quent incision [60], confines flows to the same width as their detachment-limited
sections upstream (50–150 m), but without limitations on the available alluvium for
erosion. An increase in discharge will not necessarily increase the bedload volume
arriving from the sediment-starved segments upstream, thereby increasing the deficit
in sediment and creating potential for higher rates of erosion.

In alluvial streams, the sediment contributing to the bedload is sourced not only from
downward incision but also from wall collapses, involving banks along the sides of the
channels, bars and remnant terraces within the channel (Figure 15). When an alluvial wall
collapses directly into the flood flow, the required shear stress for downstream transport is
lower than the critical stress for detaching pebbles from their initial position, increasing
the likelihood of transport to the Dead Sea. Hooke [67] identified two primary processes
responsible for bank collapses in alluvial streams: direct erosion by flowing water and
sediment, and failure due to gravitational collapse. According to Hooke [67], direct erosion
is predominantly controlled by the hydrological properties of floods, with peak discharge
as the primary influencing factor. The main variable influencing gravitational failure is the
moisture content of the banks, where higher humidity is associated with more collapses.
The floods’ water level, dependent on peak discharge, determines the wetted section area.
Higher discharges increase this area, elevating the probability of a collapse. This mechanism
aligns with the relations found in this study between peak discharge and sediment budget
(Figure 14A) and observations of large-scale bank collapses during or after floods with high
peak discharges (Figures 10 and 11).

4.1.2. Water Volume

The relation between the total water volume during a flood and its sediment budget
indicates that higher water volumes are associated with more sediment evacuation and a
negative sediment budget (Figure 14B). However, this connection is relatively minor when
compared to the impact of peak discharge. The absence of a significant correlation between
water volume and peak discharge implies that the primary factor influencing water volume
is likely the duration of the flood event. Due to continuous base-level lowering at stream
outlets, there is a diversion from geomorphological equilibrium, and a longer flood event
provides the stream more time to incise and approach a new equilibrium. In addition, an
extended duration of floodwater contact with alluvial walls provides time for the water
to permeate the pores between pebbles, increasing moisture content within the walls and
initiating gravitational collapse. Nonetheless, a prolonged duration alone cannot generate a
stronger shear stress that surpasses the critical stress, nor can it wet walls and banks beyond
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the flow’s reach (Figure 15). Consequently, it is reasonable to assert that peak discharge
plays a more prominent role in governing sediment budget.
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Figure 15. Illustration highlighting the hierarchy among peak discharge, water volume, and flood
timing in influencing the geomorphological response to floods. On the left, the influence on sediment
budget is presented (represented by changes in channel cross section). On the right, thalweg incision
is shown, with the first flood of the season at the top and subsequent floods below. Dashed lines
indicate the pre-flood cross section and longitudinal profiles.



Remote Sens. 2024, 16, 1346 26 of 30

4.1.3. Season and Timing of the Flood

In the Dead Sea basin, floods resulting from active Red Sea troughs (ARSTs) and
active subtropical jets (STJs) typically exhibit high peak discharges, whereas floods orig-
inating from Mediterranean cyclones (MCs) tend to be longer but with lower peak dis-
charges [68,69]. Both ARSTs and STJs primarily occur during transitional seasons, while
MCs characterize the winter [70]. Consequently, based on the aforementioned findings,
it can be inferred that flood events with the most pronounced net erosion are likely to
occur during the transitional seasons. The results of this study align with this trend. In the
Darga stream, the two floods with the highest peak discharge took place during transitional
seasons—March 2020 and November 2022. These floods also featured the first and third
highest rates of sediment evacuation (most negative sediment budgets). Similarly, the
four floods with the highest peak discharge in Nahal Arugot occurred during transitional
seasons—March 2020, December 2020, November 2021 and November 2022. These events
also coincided with the highest rate of sediment evacuation. These observations, while
insightful, are based on a limited period of four years and in drainage basins experiencing
significant annual variability. Therefore, they should be approached with a degree of
caution. Given that ARSTs and STJs occur at both ends of the flood season, there is no
relation between their occurrences and whether they were the first floods of the season or
later (i.e., fall or spring storms). Thus, this study did not establish a consistent relationship
between the sediment budget and the chronological order of flood events (Figure 15).

4.2. Parameters Governing Incision during a Flood

The chronological order of the floods, whether a specific flood is the first event in
the season or later, stands out as the primary factor determining incision magnitude. The
reason for that is the shape of the longitudinal profile at the onset of the flood season,
as the majority of the Dead Sea level drop transpires during the dry and warm period
between flood seasons (Figure 9) [4,53]. During this interval, subaerial exposure of a
steep bathymetry, coupled with wave abrasion, results in the formation of sub-vertical
knickpoints at the stream outlet. Figure 9B illustrates this knickpoint at the Darga stream
a few weeks before the initial flood of winter 2023–2024. During the first flood, the sub-
vertical wall beneath the knickpoints undergoes rotation, causing a decrease in its gradient.
Moreover, both incision and knickpoint retreat rates decline with distance from the original
outlet location [43]. Consequently, the incision rate and magnitude during the first flood
surpasses that of later floods in the season, even if the stream power during the latter was
significantly higher, as they lack the incision-driving force (Figure 15).

While an apparent positive relationship exists between peak discharge, floodwater
volumes, and incision rate (Figure 14), this association lacks statistical significance. This is
attributed to the more pronounced influence of the chronological order of floods (Figure 15).
Additionally, stochastic events, such as bar migration and bank collapse, exert a substantial
impact on the two-dimensional longitudinal profile of the thalweg. This is in contrast to
the sediment balance, a three-dimensional parameter, which is not impacted by lateral
sediment movements.

4.3. Impacts of Changes in Surface Runoff on Alluvial Stream Morphology

In a climate change scenario characterized by reduced precipitation but increased
rain intensities, as evidenced in studies such as Armon et al. [70], there is a probability of
increased peak discharges. This likelihood is further accentuated by the ongoing trend of
augmented human-induced surface runoff resulting from impervious land cover, like roofs,
concrete, and asphalt. Importantly, this phenomenon applies even to streams not draining
to a lowering base level. The resulting geomorphological responses carry substantial
implications for the planning of infrastructure interfacing with alluvial streams.

With higher peak discharge, the channel bed and banks will experience an increased
shear stress, resulting in incision and bank collapses. Initially, this process will drive chan-
nelization of the stream. For braided streams, it will involve the hydrological abandonment



Remote Sens. 2024, 16, 1346 27 of 30

of the previous flow surface. In shallow channels, incision may lead to a decrease in the
occurrence of full bank discharge and the hydrological abandonment of the floodplain.
The occurrence of bank collapses could set off a feedback mechanism, potentially modify-
ing sinuosity or accumulating sediment as bars, thereby contributing to additional bank
collapses [71–73]. The processes of incision and widening will eventually cease, with the
stream reaching a new steady equilibrium characterized by reduced shear stresses, likely
due to a gentler gradient and/or a wider channel where water depth is shallower.

Increased discharge has the potential to modify the water-bedload ratio, initiating com-
plex geomorphological responses. As previously explained, in detachment-limited streams
the supply of sediment might limit the bedload discharge, irrespective of an upsurge in
water discharge. This stands in contrast to transport-limited streams, where increased
water discharge typically corresponds to an increase in bedload discharge. Therefore, in
scenarios where an upstream stream segment, which is detachment-limited, experiences an
increase in water discharge, a downstream transport-limited segment is likely to undergo
erosion. Conversely, in streams with upper reaches confined by steep canyon banks, in-
tensified rainfall can lead to a substantial rise in sediment supply to the channel, driven
by increased magnitude and frequency of slope failure events [74]. This phenomenon
can encourage aggradation and bring about a shift in the flow pattern towards a braided
configuration [75].

5. Conclusions

This study explored the geomorphological responses of two ephemeral alluvial
streams, Darga and Arugot, to discrete flood events over a four-year period. Both streams
are subject to continuous base-level lowering due to the rapid decline of the Dead Sea.
While these streams share similar lower boundary conditions (slope of the stream mouth,
and rate of base-level change), variations in the upper boundary conditions, particularly
regarding the hydrological attributes of floods events, render them an excellent case study
for a comparative hydrological-geomorphological investigation. The research highlights
the efficiency of drone-based photogrammetry for cost-effective and timely data collection,
providing invaluable flexibility for field research.

The study revealed relations between peak discharge and water volume in a flood,
the relative timing of the flood event in the flood season, and subsequent sediment budget
and thalweg incision, all of which are shared by both streams. Peak discharge emerged
as the primary factor influencing sediment removal, where increased discharge led to
more efficient sediment evacuation and a negative sediment budget. While a link between
higher water volumes and negative sediment budgets exists, it is overshadowed by the
impact of peak discharge. The duration of flood events probably plays a role, providing the
stream more time to erode, approach a new equilibrium, and influence sediment budget.
Flood events during transitional seasons, often characterized by high peak discharges, are
likely to result in the highest negative sediment balance. The chronological order of floods,
whether an event was the first or later in the season, was identified as the primary factor
determining incision magnitude. Knickpoints formed during the dry period drive incision,
making the first flood more impactful.

In scenarios where climate change is accompanied by increased peak discharges
due to intensified rain intensities, augmented by human-induced surface runoff, these
processes will modify stream morphology and flow patterns. This can increase or reduce
sinuosity, initiate incision or sediment accumulation, and might lead to bank collapses and
channelization. These findings carry significant implications for infrastructure planning
and environmental management. Potential future research could focus on stream power
distribution along and across the stream channels. Such investigations can incorporate
the advantages of high-resolution drone-based photogrammetry, coupled with detailed
hydrographs to accurately delineate the spatio-temporal modifications of the stream bed
and banks during discrete floods. Additionally, a future study could involve developing
dynamic geomorphological models to simulate the evolution of ephemeral alluvial streams
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under varying climate change scenarios, including climatically induced base-level lowering,
while the present study focused on a scenario of forced regression.
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