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A B S T R A C T   

This research provides insights into the formation of the coastal cliffs comprising the staircase morphology along 
the western coast of the Dead Sea as a result of its anthropogenic, regressive modern (last ~50 years) lake-level 
fall. The analysis of this morphology is based on observations and measurements of the impact of seasonal lake- 
level rises of 0–0.2 m and 0.7–2 m in normal versus exceptionally wet winters, respectively. We conducted 
repeated detailed topographic surveys of the shores for characterizing the evolving morphology with time, and 
coupled them with wind speed and wave amplitude during cliff formations. The detailed lake-level curve and the 
almost monotonic level decline allow associating each cliff with the exact year and season of its formation. This 
detailed chronology allowed, in turn, to identify and associate the pronounced and well-documented seasonality 
in the lake-level fall with the wind and wave data during specific seasons, years, and multi-year episodes. As a 
result, we can point at the controlling processes and environmental conditions for cliff formation. Under the 
regional Mediterranean climate with its distinct seasonality, winters are characterized by eastern Mediterranean 
low-pressure systems, generating the Jordan River flow in its northern headwaters and its discharge into the lake; 
this discharge controls the level fluctuations. At the Dead Sea area, these winter systems precipitate little. 
However, they generate high winds and storm waves that erode an additional coastal cliff at the base of the 
preexisting staircase every winter. Therefore, at the seasonal scale, a clear separation exists between (a) indi
vidual, cliff-forming, stronger wind storms operating only during winters under relatively stable water levels, and 
(b) the ~1-m annual lake-level fall, mostly during summers. This pronounced seasonality in both the wind and 
lake level (a) dictates the seasonal pace of cliff formation at vertical intervals similar to the magnitude (~1 m) of 
the annual lake-level fall by evaporation and artificial brine diversion, and (b) facilitates the cliff separation in 
the landscape. This regular pacing by winter storms, the minor lake-level rises, and the annual evaporation and 
diversion support the preservation of the individual cliffs that assemble into the staircase morphology in the 
coarse-clastic delta fronts and mudflats characterizing the recently emerging coast. Anomalous lake-level rises 
during exceptionally wet winters are more erosive, even with regular wind storms; they create the largest lateral 
erosion. Under the emerging shore topography, which results from the steep bathymetry, the outcome is cliffs 
often much higher than the respective amplitude of their causative lake-level rises. This depends on the duration 
of the rise and of individual storms and indicates that under the variance of the modern hydroclimatology, the 
abnormal seasonal lake-level rises operating with regular winter storms, can aggressively erode the shore. 

Proposed plans to stabilize or raise the falling water level of the Dead Sea would induce coastal erosion and 
stream incision, which would threaten the existing highway and other infrastructure built close to its shore.   

1. Introduction 

Coastal cliffs are widespread landforms around the world's shores 
(Emery and Kuhn, 1982). These landforms are studied for understanding 

their formation, maintenance, and evolution, and, in part, because of 
their storm- to decadal-scale erosional retreats, which affect coastal 
communities, infrastructure, and historical sites (e.g., Sunamura, 1988; 
Bray and Hooke, 1997; Stewart and Vita-Finzi, 1998; Dickson et al., 
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2007; Naylor et al., 2010; Wong et al., 2014; Young and Carilli, 2019; 
Mushkin et al., 2019; Young et al., 2021). Coastal cliff erosion is a global 
challenge enhanced by global warming, its associated sea-level rise, and 
frequency changes in extreme wind and storm waves. This growing 
concern for coastal environments (e.g., Hackney et al., 2013) and esti
mating coastal erosion under sea-level changes (e.g., Walkden and Hall, 
2005; Dawson et al., 2009; Nicholls and Cazenave, 2010; Mushkin et al., 
2016) can benefit from a better understanding of the controlling wind 
and waves generated by the extreme storms (Young et al., 2021). Efforts 
toward this goal are based on detailed modern surveys and historical 
data (Katz and Mushkin, 2013; Young et al., 2021), predictive empirical 
or process-based computerized modeling (see early summary by Bray 
and Hooke, 1997; Walkden and Hall, 2005), up-scaling from laboratory 
physical experiments, or observations of coastal cliff associated with the 
10–150-m eustatic, glacial-interglacial scale (i.e., 103–106 years) of sea- 
level changes, sometimes associated with large-scale tectonics (Stewart 

and Vita-Finzi, 1998; Mackey et al., 2014; Huppert et al., 2020; Mala
testa et al., 2021). Most available measurements are based on modern 
coastal cliffs and their respective shore platform, generated under minor 
sea-level changes and/or tides (Bray and Hooke, 1997; Hall et al., 2002; 
Walkden and Hall, 2005; Dickson et al., 2007; Collins and Sitar, 2008; Le 
Cossec et al., 2011; Katz and Mushkin, 2013; Barnard et al., 2014; Hurst 
et al., 2016; Vitousek et al., 2017). Such observations drive coastal- 
erosion predictions but are still limited by the resolution of vertical 
and lateral erosion. 

Coasts surrounding inland terminal and especially around ampli
fying lakes (sensu Street-Perrott and Harrison, 1985) can provide 
additional insights. They are formed, maintained, and change under 
relatively large amplitudes (1 to >100 m) of seasonal to millennial 
water-level changes, and preserve evidence for coastal erosion 
throughout their history (Bowman, 1971; Abu Ghazleh and Kempe, 
2009; Abu Ghazleh et al., 2011; Oviatt et al., 2015; Jewell, 2016; 

Fig. 1. (A) Location map of the Dead Sea (DS), its watershed, 
and the extent of its predecessor, The Late Pleistocene Lake 
Lisan during its highest stand (blue line), covered the area 
from the northern Arava valley and the Sea of Galilee (SG). 
Note that the main discharge to the Dead Sea arrives from the 
wetter watersheds of the Yarmouk and upper Jordan Rivers 
through the lower Jordan River (B) locations of specific study 
sites at the delta of Nahal Darga and at Mineral Beach (MB) 
located along the western shores of the deep northern basin of 
the Dead Sea. (C) Annually measured modern Dead Sea level 
curve (masl = meters above sea level) (Israel Hydrological 
Service, 2015). The current Dead Sea level is at 437 m below 
sea level. Note that the diversion of water begun in 1964 (and 
level since is marked in red) with a large diversions from the 
Sea of Galilee and the Yarmouk River caused the lake level to 
drop faster since ca. 1970. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web 
version of this article.)   
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Fig. 2. (A) Cliff staircase morphology (in 2019) of the Nahal (Wadi) Darga delta front (location of Nahal Darga is in Fig. 1B within the area marked as Fig. 6; view is to the south) developed since the exposure of the delta 
front in the early 1970s. The smallest scarps are ~1 m high (photograph by Liran Ben Moshe, Geological Survey of Israel). (B) DEM showing the latest Pleistocene shorelines and coastal cliffs developed on the coarse 
clastic delta front of Nahal Hever and the escarpment of the Dead Sea rift during the falling of Lake Lisan from its last glacial maximum high stand. (C) and (D): Photographs of the steep delta front of the Nahal Darga and 
its shorelines and wave-cut cliffs in late winter of 2007. Note that Fig. 2A shows the same delta front in 2019 and the large, 4-m-high 1991–1992 cliff that formed following the relatively large (>2 m) lake level rise of 
wet and stormy winter (see text). The ~2.5-m high 2003 cliff was produced by a 0.7-m lake-level rise. The other cliffs were formed by minor winter storm waves and minor winter season level rises (e.g., the 2007 cliff). 
Yellow ellipsoids marks the same gravel in 2C and 2D. (E) Wave-cut cliffs in the mudflat of Nahal Zeelim (See 5E in Fig. 1). The ~3.5-m-high cliff (maximum height) was formed during an erosional transgressive lake- 
level rise in 2003. This cliff stands out along the western shores of the Dead Sea. Horizontal lines mark the location and height of respective shores taken from the lake-level curve and from topographic surveys. The 
dashed lines mark the 2001 and 2002 shorelines (in the air) before their erosion by the 2003 rising lake. (F) A minor, regular winter cliff in the relatively steep eastern edge of a mudflat was observed during its final 
formation in the winter of 2015. Note the abandoned 2014 cliff and terrace. (G) and (H) are general views of the coast taken from south of the delta front of Nahal Arugot (Fig. 1B) to south and north at the vicinity of Ein 
Gedi (Both by Liran Ben Moshe, Geological Survey of Israel). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Y. Enzel et al.                                                                                                                                                                                                                                    



Geomorphology 408 (2022) 108237

4

Schuster and Nutz, 2018; Roland et al., 2021). Because of, yet, limited 
observations, their widespread availability remains an untapped 
resource for enriching the insights into controlling processes and 
changes during diverse rising and falling lake-level trends. Here, we turn 
to the Dead Sea (Fig. 1A, B), an observation-rich fluctuating terminal 
lake, with several advantages for such research (see Section 2, below). 
Enzel et al. (2006), Enzel and Bar-Yosef (2017), and Stein and Goldstein 
(2020) presented information-rich updated background on the Dead 
Sea, its levels and chronology, including of its predecessor Late 

Pleistocene Lake Lisan (Fig. 1A); these summaries also include current 
and past regional climates and the characteristic sedimentology. 

Our goal here is to understand and quantify the governing drivers of 
coastal erosion along the Dead Sea shores and respective cliff forma
tions. Specifically, such lake-based research can provide diverse analogs 
documenting the (a) responses of shores to hydrological budget reflected 
in positive and negative water-level (Fig. 1C) changes, and (b) climatic 
forcing of wind and waves that generate these cliffs at a sub-seasonal to 
multi-year temporal scales. Our research questions include: (a) At which 

Fig. 3. (A) and (B): Topography and aerial photograph of the Nahal Darga and Mineral Beach sites (locations in Fig. 1B). (C) Two selected topographic profiles (with 
locations in (A) and (B)), presented without (in blue) and with 8× vertical exaggeration (in red and black lines). Note the steep delta front of Nahal Darga (in red) 
with the 1992 cliff and the pronounced 2003 and 2010 cliffs in the mudflat (in black). masl = meters above sea level. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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temporal scale do cliffs form, erode, and retreat landward, and, as a 
result, amplify their heights? (b) What are the impacts of rising and 
falling lake levels on cliff formation? We stress that in the case of the 
Dead Sea these water levels' rise and falls are associated, respectively, 
with transgressions and regressions. (c) What is the role of individual 
large storms? (d) What is the role of the regional hydroclimatology that 
generates cliff formation? 

We first introduce the Dead Sea and its coastal environments (Section 
2). Section 3 summarizes our approach and the methodologies applied. 
Then, in Section 4, we examine and quantify impacts of individual 
storms, demonstrating the sub-seasonal to annual pattern of coastal 
erosion under the regressive Dead Sea level lowering in the last five 
decades to complement these storm-scale erosions. In Section 5, we 

documented impacts of relatively rare, modern, transgressive sub- 
seasonal to annual lake-level rises under wet winters. These rises are 
exceptions to the decades-long, lake-level lowering, regressive phase 
and teach us the potential of transgressive erosion. Later, in Section 6, 
we view the staircase morphology of the last decades as a whole. In 
Section 7, we discuss how regional hydroclimatology, level changes, 
windstorms, and waves drive modern coastal erosion in the Dead Sea. 
Finally, in Section 8, we point to implications for processes operated at 
other friable or unconsolidated sediment coastal cliffs including pres
ervation in the Quaternary geological record of major coastal features 
and sediments and to the debated Red-Dead Project. 
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Fig. 4. (A) Laterally-shifting alluvial fan segments 
(1–3) of Nahal Darga north of the 1980s to present 
edge of the incised channel. Surface 4 is related to 
the initial exposure of the delta front (and a few 
subsequent years) and Surface 5 is the last channel 
before the 1980s channel incision. Also mapped are 
the recessional shorelines developed on the steep 
delta front since the early 1970s. Specifically marked 
are the two largest cliffs, which were formed during 
the wet winter seasons of 1979–1980 and 
1991–1992, respectively. Note the convergence of 
these two shorelines. (B) The A-A′ topographic cross- 
section (marked in Fig. 4A) in brown was measured 
with EDM and presents selected Dead Sea levels (and 
recognized shores and cliffs). Note (i) the association 
of these segments with the coeval late 1960s to 
earliest 1970s mapped shorelines, (ii) fine-grained 
lagoon deposits L1 and L2 (1961 and 1969, respec
tively), were deposited when a transgressive shore
line blocked the flow on the alluvial fan. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the web version of 
this article.)   
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2. Field setting: the coastal environments of the Dead Sea 

The Dead Sea is currently a 280-m-deep hypersaline terminal lake 
with a current water density ≈1.24 g cm− 3 (Arnon et al., 2016; Sirota 
et al., 2016) occupying the lowest area on the continental Earth (Enzel 
et al., 2006). Its current water level (2021) is at − 437 masl (meters 
above sea level). The Dead Sea is characterized by fluctuating lake levels 
at much greater rates than the levels of oceans and seas. The changes in 
the vertical and lateral positions of the Dead Sea shores are larger than in 
laboratory experiments, and therefore, they can provide detailed, well- 
measured analogs and insights on the processes controlling the forma
tion of the ubiquitous modern coastal cliffs (e.g., Fig. 2). 

Along the western and eastern edges of the lake, there are distinct 
shorelines that formed during high stands, falling, and fluctuating 
phases of the Late Pleistocene Lake Lisan (Figs. 1A, 2), the much larger 
and higher-level (~160–350 m below sea level) predecessor of the Dead 
Sea (Bowman, 1971; Abu Ghazleh and Kempe, 2009; Bartov et al., 2002; 
Bartov et al., 2003; Torfstein et al., 2013; Torfstein and Enzel, 2017) and 
by the lower stands (~370–430 m below sea level) of the Holocene Dead 
Sea. 

The modern, Holocene and Pleistocene fan-deltas of the Dead Sea are 
composed of unconsolidated coarse-clastic gravel, interfingering with 
fine-grained lacustrine and well-sorted gravelly beach deposits (Sneh, 
1979; Manspeizer, 1985; Bowman, 1997; Enzel et al., 2000; Bartov et al., 
2006; Bookman et al., 2006; Waldmann et al., 2017; Eyal et al., 2019). 
The sedimentary sequences of these deltas are exposed by the deep 
incision of tributary streams following the rapid lake-level falls (Bartov 

et al., 2007, 2012; Bowman, 1971; Bowman et al., 2000; Enzel et al., 
2000; Ben Moshe et al., 2008; Storz-Peretz et al., 2011), allowing a 
connection of modern observations with historical and earlier sedi
mentary sequences at the same site. 

The relatively flat-top mudflats, sloping <0.5% toward the lake, are 
composed of unconsolidated but slightly cohesive laminated to well- 
bedded, silt-sized sediments (Fig. 2E). These subaqueous sediments 
have accumulated and trapped in the areas between the coarse-clastic 
deltas and along the retreating shore. Initial mudflat emergence above 
the water occurred in the early 1990s, following the fast-falling lake 
level (Figs. 2E and 3). At their eastern edges toward the receding lake, 
the slopes of the mudflat increase and provide field-scale analogs for the 
continental shelf edge and slope in the world oceans (Eyal et al., 2019; 
Dente et al., 2021). 

These modern deltas and mudflats emerged asynchronously (Ben- 
Moshe, 2006) from underwater during the modern lake-level fall. 
Earlier, coarse-gravelly alluvial fans were in direct contact with the 
shore environment (together they practically comprise the topsets of the 
delta) and fed the now emerging underwater delta fronts (Fig. 4). 

These shorelines and cliffs around the Dead Sea, raise the question 
regarding their formation, beyond the obvious observation that they 
mark higher lake stands. We focus here on the shores associated with 
this modern regressive lake with falling water level, mainly because of 
data availability and consider them as potential analogs and past oc
currences. These modern shores are characterized by a staircase-like 
morphology with numerous, regularly near-one-meter-high cut cliffs 
(Figs. 2–4). 

Fig. 5. Aerial expression of a series of coastal cliffs in Mineral Beach site. (A) The altitudes of selected (1996–2015) Dead Sea shorelines were mapped and digitized 
on the aerial ortho-photographs (see Section 3). (B) Coastal cliffs mapped on the LiDAR-based DEM. We combined the measured shorelines with the high-resolution 
lake-level data and the specific year is labeled based on the associated lake level-year (Fig. 1). Part of this map is expanded in Fig. S1. 
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We selected the western shores of the Dead Sea as our study sites 
because of the following reasons.  

(a) Rapid, anthropogenic lake-level decline in the past decades (~1 
m yr− 1; Lensky et al., 2005; Lensky and Dente, 2015; Fig. 1C) and 
the pronounced staircase shoreline morphology (Figs. 2–4).  

(b) Diverse depositional environments into which the cliff staircases 
have been eroding, including the abovementioned, common un
consolidated coarse-gravelly delta fronts and soft-sediment silty 
mudflats.  

(c) Distinct lake-level rises (Fig. 1C) occurring during the regionally 
wettest seasons, allowing the exploration of transgressive coastal 
cliffs.  

(d) Distinct association between many individual cliffs and the well- 
studied synoptic and regional climatology including wind-wave 
forcing. This Mediterranean region presents a large difference 
between the wet winters and the totally dry summers (e.g., 
Kushnir et al., 2017). This seasonal contrast allows identifying 
coastal morphological changes during a full annual cycle. 

Fig. 6. Aerial expression of a series of coastal cliffs in the Nahal Darga delta site. (A) The altitudes of selected (1996–2015) Dead Sea shorelines were mapped and 
digitized on the aerial ortho-photographs (see Section 3). (B) Coastal cliffs mapped on the LiDAR-based DEM. (C) The expansion of the red box in (B). We combined 
the measured shorelines with the high-resolution lake-level data and then labeled the shoreline based on this lake level-year (Fig. 1). 
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(e) This hyperarid saline lake enables measuring the direct impacts 
of wind and waves on coastal cliffs changes; this is unlike wetter 
environments, where groundwater seepage and/or vegetation 

impact cliff formation and evolution in response to lake-level 
rises (e.g., Krueger et al., 2020) 

From the quite long (>50 km) western shores of the northern Dead 
Sea, we focus on the two common coastal depositional environments 
(Fig. 1B) at (a) the Nahal (Wadi) Darga Holocene and modern steep, 
mostly coarse-gravel delta front with their continuous and curved shores 
(Figs. 2–4), and (b) The Mineral Beach mudflat with its pointing 
beachhead cape (Figs. 1 and 3), located 2 km south of that Nahal Darga 
delta. 

3. Methods and data analyses 

3.1. High-resolution topographic surveys using LiDAR and 
photogrammetry 

To characterize coastal landform dynamics and processes associated 
with lake-level changes and individual storms, we focused on the two 
abovementioned selected sites. Since the late 1980s we used two- 
dimensional topographic profiles by a total station (Fig. 4). Later, in 
2011 we conducted repeat terrestrial and airborne LiDAR (Light 
Detection and Ranging) scans as well as high-resolution photogram
metry (5-cm resolution, ‘structure for motion’, SfM) terrain modeling 
from a drone platform; most of the data presented is from the LiDAR and 
SfM. From these data (Fig. 7), we extracted the altitude, topography, and 
shapes of wave-cut scarps and their associated shorelines, stream ter
races, alluvial fans, and delta fronts. 

The terrestrial LiDAR scanner (TLS) (Leica ScanStation 2) was used 
to acquire ca. centimeter-resolution data in February, March, May, July, 
September, November, and December of 2012 and in January and 
March 2013 for an area of ~100 m2 at the two selected sites. A 
Terrascan-B drone was used to acquire 5 cm/pixel DEMs of Mineral 
Beach mudflat in May 2015 and Nahal Darga delta in September 2015. 
Airborne LiDAR data (Fig. 7A), acquired at 4 pts/m2 during April 2015 
were used to examine the spatial variability of shore morphology across 
broader areas (each area is ~1000 m2). 

For ease of presentation, we only use a small portion of the DEM data 
as repeated 2D topographic profiles at the Nahal Darga delta front and 
the Mineral Beach mudflat. We present selected 2D profiles (Fig. 7) 
extracted from the time series of the 3D LiDAR data, to capture storm- to 
seasonal-scale morphologic changes during the February 2012–March 
2013 interval. 

We compared the different cross-sections constructed from the 
airborne LiDAR data (Fig. 7) with measurements from the Israel Hy
drological Service, documenting monthly the lake levels at a ±2 cm 
accuracy since 1976. Together with the altitudes of individual shorelines 
measured in the field with GPS-RTK, the specific year and even season of 
individual shoreline formation could be determined. This was assisted 
by (a) at least, two annual field visits since 1991 to the sites with level 
measurements, and total station surveys once in a few years (tied with 
the respective lake level and/or benchmarks as a datum), and (b) ground 
and aerial photographs at improving resolutions over the last ~30 years 
(see Ben Moshe et al., 2008 for details). 

3.2. Wind and waves 

Wind and waves were measured during the 2012–2013 TLS cam
paigns. The wind was measured using a sonic anemometer (2-D Wind
Sonic, Gill, UK), placed three meters above the shoreline. Wave activity 
was estimated using a pressure sensor (Submersible Pressure Trans
ducer, CS 455, resolution: 0.175 mm; accuracy: 2 mm, Campbell, USA), 
following the procedure described by Nehorai et al. (2013). The average 
level across the Dead Sea has little lateral variability mainly because of 
the only <2-cm high daily seiche and tide amplitude below the resolu
tion of the measured level (Arnon et al., 2014, 2019). 
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Fig. 7. Seasonal-scale dynamics. (A) and (B) Cliff-forming erosion events 
documented with 6–9 repeat ground-based LiDAR scans (cm-scale resolution) 
carried out between January 2012 and March 2013 at the Nahal Darga delta. 
Data for the two selected orientations are plotted at 5 cm resolution. (C) and (D) 
Cliff-forming erosion events documented with six repeat ground-based LiDAR 
scans (cm-scale resolution) carried out between April 2012 and January 2013 at 
the Mineral Beach mudflat. Data for the two selected orientations are plotted at 
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function of distance from water line for the two primary cliff-forming intervals 
documented along the E-oriented Nahal Darga delta front profile in A. Orange: 
Sep 2012–Dec 2012 event; Red: Dec 2012–Jan 2013 event. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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4. Coastal cliff formation during falling, regressive lake levels 

Most of the modern wave-cut cliffs along the Dead Sea shores are ~1- 
m high. This height fits the common vertical magnitude of the annual 
lake-level drop of 0.8–1.2 m yr− 1 over the last three decades (Fig. 4). In 
this section we explore why the common step height is related to annual 
scale of level decline. As part of the effort to answer this, we conducted 
topographic surveys at an approximately monthly resolution to cover a 
full seasonal cycle of 2012–2013 (Groisman, 2013). We focus on po
tential drivers of the erosion: wind speed (not direction), storm waves, 
and the changes in lake level. The on-shore and bathymetry slopes are 
quite high. They are provided in specific figures below. 

4.1. Winter: cliff formation during storms 

The repeat TLS scans of the Nahal Darga delta front revealed that a 
0.7-m-high coastal cliff formed between September and December 2012 
(Fig. 7). Our field visits indicate that this cliff most probably formed 
during the storms that occurred in November 2012. The scans also 
indicated that during the one-month-long interval between December 
2012 and January 2013 there was an additional 2.5–4 m of landward 
lateral cliff erosion with cliff height increasing between 1.2 m and 2.0 m 
along the eastern and northeastern profiles, respectively (Fig. 7). These 
November 2012 and January 2013 storms were characterized by in
tervals of mean wind speed of ~5 m s− 1, lasting for a few hours, and ~6 
m s− 1 lasting for a day or more, respectively (Fig. 8). Within each of 

these specific winter storms there were a few hours-long episodes 
characterized by mean wind speed of ≥8 m s− 1. These mean conditions 
and hours-long wind bursts generated the storm waves; the more 
persistent the high-speed wind is, the higher are the instantaneous and 
mean waves (Fig. 8). The erosional impact of the November 2012 and 
January 2013 storms on the Nahal Darga delta, under the parallel 
coastal retreat was captured by TLS scans and revealed 2.3 and 3.0 m3/ 
m of erosion (i.e., eroded volume per meter length of the 50-m-long 
coast that was scanned), respectively (Figs. 7D and 8). 

TLS data for the slightly sloping, silty mudflats located ~2 km south 
of the Nahal Darga site, acquired in April and May 2012, documented 
the formation of a small, 0.5-m-high step and ~2.5-m retreat (Fig. 7B). 
At the beginning of the following winter (November 2012), the LiDAR 
scan (Fig. 7) revealed ~2 m of additional lateral erosion and the for
mation of a new, but minor, 0.2-m high step. It formed at a lower 
elevation than the base of the May 2012 cliff. Finally, the January 2013 
scan revealed an additional ~0.5-m of lateral erosion of the November 
2012 cliff while the cliff height remained the same. 

The observations of lake level, wind speed, and wave amplitudes 
during the 2012–2013 TLS measurements (Figs. 7 and 8) indicated that 
only a few winter windstorms are associated with coastal cliff formation. 
Therefore, infrequent storms, characterized by relatively high wind 
speeds that last up to a few days are identified as the cliff-forming 
storms. This raises the question on onshore erosion during summer. 

Fig. 8. Measured coastal erosion under hydrometeorological 
forcing, 2012–2013. (A) The eroded area in a cross section in 
m2, which is also equivalent to volume of eroded material per 
1 m of coastal length by the cliff retreat (see also Fig. 7). (B) 
Wind speed, 10-minute averages (grey) and one day moving 
average (black) recorded at Mineral Beach. Also presented is 
wind directions. (C) Wave amplitude as depicted by pressure 
transduces (i.e., scaled to maximum wave height, uncali
brated, see text). (D) The light blue background marks the 
respective meteorological thresholds estimated for generating 
erosion. The “no data” interval was caused by a cable torn by 
waves. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this 
article.)   
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4.2. Summer: regressive shore without cliff formation 

In contrast with the minor level rise or stability during winters, 
summers experience lake level falls because of the lack of inflow, high 
summer evaporation, and pumping of lake water for industrial use 
(Hamdani et al., 2018). This results in shoreline regression. 

Summers experience an average wind speed of ~3 m s− 1, much 
weaker than the mean of 6 m s− 1 with hours-long bursts of ≥8 m s− 1 

during the winter storms (Section 4.1); therefore, during the summer the 
lake is calmer and the waves are lower in amplitude (Fig. 8). Occa
sionally, summer winds do reach ~10 m s− 1; but these wind episodes 
last for only very short intervals, much shorter than the days-long 
persistent winter storms (Hamdani et al., 2018; Lensky et al., 2018). 
Our observations indicate that the associated summer storm waves 
(Fig. 8) have negligible impact on the coastline. 

During the summer months of 2012, the TLS data at the 

abovementioned sites indicated a level fall and regressed coastline 
(Fig. 7) and an abandonment of the April–May 2012 cliff; indicating that 
the cliff was not impacted again by wave activity. The TLS surveys also 
indicated that during the summer of 2012, changes in the inshore 
topography were practically undetectable (Fig. 7). During the summer of 
2013, following the above mentioned 2012–2013 winter storms, the 
coastline regression was faster than during the winter and, more 
importantly, without any observed erosion. Without additional 
windstorm-generated waves that impacted the base of the cliff during 
the rest of the winter (e.g., the wind of February 2013 in Fig. 8), the cliff 
of 2013 achieved its final form during the January 2013 storm. Later in 
2013, this cliff was completely abandoned to become an additional step 
in the well-preserved regressive staircase sequence of the Dead Sea 
shores. 

Fig. 9. Three pronounced (≥0.7 m) seasonal/annual lake level rises during the intervals of 1979–1980, 1991–1993, and 2007.  
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Fig. 10. An approximately 17-m long, inland trans
gressive erosion at a Dead Sea shore during the 0.7-m 
lake-level rise of February 2003. The topography 
(dashed line) measured in both 2001 and in January 
2003 is of the shore profile staircase before the lake 
level rose a month later. The exact dates of the lake- 
level rise is uncertain, but it occurred within less 
than a month sometimes in February 2003. This rise 
caused erosional transgression and formed a ca. 2-m 
high cliff. A total volume of ~17 m3 of mudflat sedi
ments was removed per each 1 m of shore length 
(represented by the grey area, calculated as a triangle). 
In many places, this removed the shorelines of 2001 
and 2002. Note that after May 2003, the lake level 
resumed falling and when the storms of the following 
winter (2003–2004) impacted the mudflats, the level 
was already lower and the wave-cut of 2003 was left 
unmodified above reach of the waves. The 2003 wave- 
cut cliff can currently be seen almost along the entire 
western shore of the Dead Sea. (For interpretation of 
the references to color in this figure legend, the reader 
is referred to the web version of this article.)   
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4.3. Annual lake-level change, storminess, and resulting staircase 
morphology 

The observed association between the seasonality of the wind 
regime, wave amplitude, storm duration, and cliff formation (e.g., 
Figs. 6–8) indicates that seasonality strongly influences cliff formation. 
Since summer lake level continues to decline and force a regression 
without storm waves, each of the cliffs observed along the Dead Sea 
most likely was formed at the winter lake level. Winters experience 
lower net level fall and as a result, the storm waves are capable of 
operating throughout the season almost at the same level. 

This pronounced seasonality (a) dictates the seasonal pace of cliff 
formation at vertical intervals similar to the magnitude of the annual 
lake-level fall (~1 m), (b) facilitates the well-documented cliff separa
tion in the landscape as observed by detailed surveys and mapping, and 
(c) allows the abovementioned determination of the exact year of each 
cliff formation by matching topography with the detailed, monthly- 
measured lake-level curve. 

5. Cliff formation during rising and transgressive lake level 

Following the last two decades of additional and continuous increase 
in fresh-water diversion from the Dead Sea watershed, recent winters 

experience reduced water-level rises. The ~20 cm lake-level rises, which 
have characterized many of the winters of the late 20th century, are now 
quite rare and their common amplitudes are only a few centimeters 
(Fig. 1, See also Lensky and Dente, 2015; Bodzin et al., 2018). Lake-level 
falls during the summers continued at a similar pace, maintaining the 
quite-repeated vertical separation between steps. For example, during 
the cliff formation of January 2013, the lake level rose by 0.2 m. This 
small level rise, which now became quite rare, was the outcome of a rare 
incidence of increased discharge (>120 × 106 m3) of the lower Jordan 
River into the lake (Lensky et al., 2013). 

The relatively small (<20 cm), but common, winter lake-level rises 
are associated with minor seasonal transgressive erosion. However, the 
modern lake-level curve (Figs. 1 and 9) indicate a few rare, but larger 
seasonal level rises associated with more noticeable transgressions. 

Three modern wave-cut cliffs stand out as higher than the regular 
~1-m high common cliffs at the staircase morphology along the western 
coast of the Dead Sea. Each of these distinctly higher cliffs is related to 
>0.7-m lake-level rises (Fig. 9) of the last four decades (1980–2020). 
These higher-than-normal seasonal rises occurred during the very wet 
winters to early springs of 1979–1980, 1991–1992, and in 2003. They 
were characterized by different amplitudes and encountered different 
geometry of already emerged delta fronts and/or mudflats. We assem
bled available data to study the responses of the various shores and 
environments to these three level rises. 

5.1. 1979–1980 lake-level rise over a generally low-gradient coast and 
minor staircase cliffs 

The significant ~1.5 m annual level rise of 1979–1980 (Fig. 9) had 
only a minor impact on most of the western shores of the Dead Sea. This 
is mainly because at that time, at the edges of alluvial fans, the shore 
environment was quite flat, characterized by coastal berms, beach 
ridges, and lagoons, and the steeper delta fronts were only beginning to 
emerge above the fast-falling water level, with only initial increased 
steepness following the exposure of the tips of delta fronts. Fig. 4, for 
example, indicates that in 1979–1980, the tip of the Nahal Darga delta 
front was already standing 4–5 m above the contemporary lake level. 
The rising level and the storm waves during this wet winter truncated 
this initially exposed delta front and formed the observed cliff (Fig. 4). 
The mudflats were still underwater, unexposed to coastal processes. 

5.2. 1991–1992 & 1992–1993 lake-level rises – impacting the steep 
slopes of delta fronts 

The 1991–1992 level rise (Fig. 9) occurred, in part, by a rare water 
release from the Sea of Galilee through the Jordan River into the Dead 
Sea. This water release was forced by the risk of overflow from the Sea of 
Galilee as a result of extremely wet winter season that recorded highest 
rainfall in the 170-year long precipitation record at Jerusalem (Amiran, 
1995; Enzel et al., 2003). In the following 30 years between 1991 and 
2021, water was released only once in 2003 (see below), into the lower 
Jordan River, mainly from the Yarmouk River (Fig. 1). The wettest 
1991–1992 winter experienced frequent exceptional days-long winter 
windstorms waves. 

In the steep (~25–30◦) delta fronts, the most pronounced wave-cut 
cliff was formed by the combined impact of two lake level rises of 
~2.4 m and ~1.2 m, occurring in the consecutive wet winters of 
1991–1992 and 1992–1993, respectively. During their separating sum
mer of 1992, the lake level dropped by ~1 m (Fig. 9). At a few delta 
fronts, the height of the coastal cliff generated during these two wet and 
stormy years reached >4 m (e.g., Fig. 2A). Although we visited and 
measured the shore in Nahal Darga delta front during and following 
each of these two wet winters, currently, it would be impossible to map 
and separate the cliff into its two years of formation; they amalgamated 
by lateral (transgressive) erosion into a single feature mapped as 
1991–1992 (or 1991–1993) cliff. These two level rises and storms in 

Fig. 11. (A) A topographic profile and (B) its derived slope across the studied 
mudflat showing the cliff/steps in the landscape (note that the 2003 cliff, 
marked as 03, has truncated the 2002 cliff). The arrows below panel B, connect 
the topography with the forming storms portrayed in (C) by high values (>6 m 
s− 1) in mean daily wind speed during winters and slower (usually <4 m s− 1) 
calm winds during summers. (D) The respective rates of the lake-level changes 
showing the relative slow decline of lake levels during winters and the faster 
lake-level decline during summers. A high rate (~4–5 m yr− 1) of lake-level rise 
is associated with the ~0.7-m level rise of February 2003. 
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subsequent years, and the substantial transgressive erosion in the delta 
front resulted in the highest cliff in the modern sequence of several 
deltas around the Dead Sea. Beach berm formed on coeval gentler al
luvial fan surfaces (e.g., Fig. 2 and Bartov et al., 2006). The 1991–1992 
level rise did not leave any erosional expression in most of the mudflats, 
because in the early 1990s they were still submerged and only their tops 
were beginning to emerge at few localities. 

5.3. The 2003 cliff formation under abrupt lake-level rise and regular 
storms 

The 2003 lake-level rise of 0.7 m (Fig. 9) resulted from a large 
discharge into the Dead Sea by water released in February 2003 from the 
Yarmouk River, the major tributary to the lower Jordan River, and less 
from the Sea of Galilee. The 2003 winter was exceptionally wet in the 
northern watershed of the Dead Sea, but less so in the area draining 
directly into the lake. 

In the delta front, the 2003 lake-level rise produced a relatively high 
wave-cut cliff (Fig. 2A). This cliff is higher than the common, seasonal 
wave-cut cliffs forming in the delta-front under the ongoing regression 
(Section 4). In the mudflats, the height of the 2003 cliff is commonly ~2 
m. At places, it reached 3–4 m (Fig. 2C), depending on the pre-existing 
topography encountered by the level rise and waves. During the 2003 
late winter–early spring rise and regular winds, the steeper eastern edges 
of the mudflats already were exposed and an exceptionally large volume 
of fine-grained sediments (Figs. 10 and 2C), usually stored at the mud
flats, was transported into the deep basin. 

The 2003 cliff-forming event is the only example of a transgressive 
erosion at the mudflats during a rising lake level. Notably, this 

transgressive erosion occurred during regular winter windstorms 
(Fig. 11) such as the winds in 2012–2013 (Section 4 above). This 
connoted that abnormal lake-level rise (Fig. 9) can generate a pro
nounced lateral erosion even under common and regular winter 
hydroclimatology; i.e., wind storms drive the erosion. However, under a 
lake-level rise more frequent regular winds can amplify the cliff-forming 
erosive transgression. 

6. The decadal-scale staircase morphology 

6.1. Annual lake levels and staircase topography 

To associate the formation of the stepped coastal morphology with 
the potential controlling mechanisms of lake-level fluctuations and 
storms, observed above, we converted the (a) topography of the cliff 
staircase, and (b) seasonal to annual lake levels into a common axis in 
Fig. 12. This allows better determination of the year of formation of each 
coastal cliff and, more importantly, to associate discrete cliffs in the 
staircase to a specific rate of level change. Fig. 12 presents the associa
tion between seasonal and annual lake levels and the morphologic 
expression of the many cliffs in the staircase. It connects the slope and 
elevation curves and emphasizes The heights and slopes of the cliffs. The 
recent changes in the lake-level rate are the first-order expression of the 
seasonality and variability of the regional hydroclimatology. Therefore, 
the closed connection of the lake level with the elevation of the staircase 
morphology, points to the role of the hydrometeorology in the Dead Sea 
watershed and storms in controlling the landforms. 

Fig. 12. Composite of topographic cross-sections, slopes (left side graphs), and the time series of the Dead Sea water level and the rate of level change (right side 
graphs). (A) Topographic profile (from Mineral Beach); (A′) Slope over distance (first derivative); (B) Dead Sea level; (B′) Rate of drop (or rise) of lake level (first 
derivative); (C) Rate of lake-level change and topographic slope projected against the topographic elevation (in order to correlate cliffs with lake-level rising); (D) 
Cliff height against cliff age. The independent lake level and topographic data have a common elevation axis, which enables exploring the relations between shoreline 
cliff formations (coastal erosion) and lake-level changes (hydrological changes). The slopes were calculated from the drone-based photogrammetry (5-cm resolution) 
across of the delta and mudflat cape. The derivative time series are plotted (grey curves) along with the three-points moving average smoothed plot (black curves). 
The slope and lake-level change rates are also projected to the elevation axis (two central graphs), assisting in the determination of the year of formation of each 
coastal cliff and associating cliff morphology to the rate of lake-level change. Specific years are marked (e.g., 2008 marked 08). The projections of four examples 
(2003, 2006, 2010, and 2013) are shown in dashed lines. Projecting the changing lake-level rate, driven by the regional seasonal hydroclimatology, to the elevation, 
results in the common loops for seasonal to annual lake-level rises (e.g., 2003). 
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6.2. Shore orientation 

The topographic cross-sections of the Mineral Beach mudflat with its 
cape morphology, and of the Nahal Darga delta front (Figs. 13 and 14, 
respectively) indicate that cliff height slightly varies laterally, in part 
according to coast orientation or aspect, probably adding a secondary 
parameter. In addition, the delta front cross-sections face northeast, 

east, and southeast (Figs. 7 and 14) and cliff height and transgressions 
also show some lateral variability. The cross-sections of the Mineral 
Beach mudflat cape (Fig. 13) denote cliff heights that are larger at the 
nose of the cape relative to the more landward distal sides. In the world 
oceans such a lateral change is usually related to convergence of wave 
orthogonals. This may be the reason here as well, but we also observe 
that, with the reduced depth of the lake landward from the cape nose, 

Fig. 13. The coastal cliff morphology of the Mineral Beach cape and the rate of lake-level change through time. (A) Time series of lake level. (B) Topographic transect 
profiles along a cape, see insert map for location. (C) The rate of change of lake level, positive rates are related to events of lake-level rise due to high winter inflows. 
(D) Slopes along the seven transects shown in (B). Note the same color-coding and numbering. Note the role of the lake-level rise in forming cliffs during the winters 
of 2003 and 2010 and that earlier lake-level rises are not documented here because this specific mudflat coast was still underwater. 
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the aggressive waves attenuate westward. This, in turn, indicates that 
under stabilized lake level, the muddy capes will be eroded quite fast 
landward from east to west. 

6.3. Coalescence 

Both Figs. 13 and 14 document coalescence of cliffs from different 
years/lake stands. Cliff coalescence occurs when cliffs formed in a given 
year/winter or multiple years laterally retreat and obliterate older pre
existing higher-in-the-sequence cliffs. Coalescence becomes common 

Fig. 14. The coastal cliff morphology of the delta front of Nahal Darga and the rate of level change through time. (A) Time series of lake level. (B) Topographic 
transect profiles across the delta front with respective lake levels during the years (e.g., 2003 marked as 03). (C) The rate of change of lake level, positive rates are 
related to events of lake-level rises due to high winter inflows. (D) Slopes along transects in (B) (N, NE, E, and S are the approximate direction of the profiles; see inset 
DTM map in (B) for location). 
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under fluctuating lake levels and is pronounced when the level rises with 
the minimal amplitudes of the annual level fall. Therefore, the existance 
of coalescence in a staircase coastal morphology indicates a dynamic 
negative and positive lake-level change. Along the Dead Sea margins, 
under current environmental conditions, coalescence mainly indicates a 
forced regression punctuated by transgressive lake-level rises at the sub- 
seasonal to decadal (or even longer) temporal scales. Furthermore, ex
istence of the coalesced cliffs points to the impact of windstorms and 
waves and the control of the sub-seasonal weather or multi-year hy
drologic change. 

An example for a common coalescence is the 2012–2013 retreat of 
cliff that reached the position of the cliff formed during the previous 
winter season of 2011–2012 and eroded it off at places (Fig. 7). In map 
view, we recognize two types of coalescence in the Dead Sea cliff 
staircase morphology: (a) a parallel-overriding coalescence, and (b) an 
angular to sub-parallel cross-cutting coalescence. Angular coalescence is 
easier to detect in the field and in airborne images; it indicates a lake- 
level rise following a regressive lake-level fall. An example is the rem
nants of a sub-seasonal cliff generated during the minor lake-level rise of 
January 2006 (Fig. 5B and Fig. S1). Another extreme example is the 
2003 transgressive cliff (Section 5.3), which has overridden and eroded 
the 2002 cliff (Figs. 10, 5B, and Fig. S1). The 2003 cliff (Section 5.3; 
Figs. 2, 10, 11) coalesced with the 2002 and 2001 cliffs in the mudflats 
and at the tip of the Mineral Beach cape (Figs. 2, 5B, Fig. S1). Remnants 
of the 2001 cliff are represented in the northern (N1) and southern (S1) 
transects of Fig. 13 and Fig. S1. 

7. Regional hydroclimatology enhancing cliff formation 

Our results indicate that cliff retreat and associated largest lateral 
erosion along the Dead Sea shores are the product of combined lake- 
level rise and stormy weather during the winter seasons (Figs. 11–12). 
Winter is the rainy season in the northern and central parts of the Dead 
Sea watershed. Wetter-than-average winters can enforce the lake-level 
rises (Enzel et al., 2003; Enzel et al., 2008; Morin et al., 2019) because 
they are associated with seasonal increased frequency of eastern Medi
terranean low-pressure systems. During the wettest winters, these 

systems are also deeper, move slower, and their tracks are at a 1–2◦

lower latitude across the eastern Mediterranean (Striem, 1974; Ben Dor 
et al., 2018; Enzel et al., 2003; Kushnir et al., 2017; Morin et al., 2019; 
Armon et al., 2018, 2019; Ziv et al., 2006). These systems bring >90% of 
the annual rains to the watershed; when seasonal to multi-year precip
itation is significantly higher than the long-term mean, a lake rise is 
evident in the high and low-resolution records (Enzel et al., 2003; Ben 
Dor et al., 2018; Morin et al., 2019). Coevally, these winter precipitation 
in the northern watershed and lake-level rises, are associated with in
tervals characterized by persisting (or more frequent) high winds and 
highest waves in the Dead Sea. i.e., these systems explain why years with 
naturally rising levels are also windier in the Dead Sea; acting together, 
they amplify shore erosion. Embedded within this mean daily wind 
speed are persistent episodes of hours- to days-long intense winds 
((Arnon et al., 2019; Gertman and Hecht, 2002; Hamdani et al., 2018) 
with instantaneous wind speed exceeding 12 m s− 1. These extended 
winter systems generate relatively long storm waves that last between 
several hours to a few days (Eyal et al., 2021). As shown above, these 
winds and waves are essential in eroding the lakeshore and forming the 
winter-cliff staircase morphology. 

This synoptic- and regional-scale hydrometeorology controls both 
the lake-level rise and the waves. Therefore, the clear separation be
tween these two cliff-generating causes is obscured. We stress that in this 
regard, the 2003 coastal-cliff evolution (Section 5.3) provides rare evi
dence that under a lake-level rise, which surpasses the common minor 
seasonal rises, regular winter windstorms and waves are sufficient to 
generate an exceptionally high cliff (Figs. 10, 11, 14). Usually, such a 
level rise occurs in years with several such eastern Mediterranean 
storms. 

8. Lessons from the modern coastal cliffs 

8.1. The transience of mudflats and deltas 

Currently, extensive mudflats and deltas exist along the western 
margins of the Dead Sea. What would remain of them in the Quaternary 
geological record? In this regard, the widespread remnants of the Late 
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Fig. 15. A schematic view of the impact of falling, rising and stable Dead Sea levels on its stepped shore morphology. Stable and rising lake levels will laterally erode 
the shore even under regular winter windstorms. During stormy wet years the lateral erosion grows and is capable of reaching tens of meters inland. 
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Pleistocene (and some earlier) coarse-clastic deltas may be due to the 
relatively fast rate of Lake Lisan drop to its much lower Dead Sea levels 
(Bartov et al., 2003; Torfstein and Enzel, 2017), without the lake level 
reaching these, and the intermediate, stands since. 

Remnants of pre-modern mudflats are less common along the Dead 
Sea margins (e.g., Bartov et al., 2007). The western Dead Sea mudflats 
represent a small portion of the suspended load that arrives with the 
flash floods adding annually only a mm- to cm-scale layer to them (e.g., 
Bartov et al., 2006); the majority of the suspended load spread across its 
deep basin (Bartov et al., 2006; Nehorai et al., 2013). Therefore, 
rebuilding a mudflat, following erosion by storms, is relatively a long 
process; based on available chronology (e.g., Enzel et al., 2000) these are 
centuries-scale features. 

When waves, under natural, pre-regulation level rises interacted 
with the soft muddy or unconsolidated gravely sediments at the Dead 
Sea shores, truncation of the preexisting topography was and is quite 
efficient. This is a characteristic of the structurally controlled steep 
topography of the eastern edge of the deltas of the northern Dead Sea. 

Our decadal-scale observations provide a crucial insight: Rising (and 
stable) lake levels do not simply flood or climb on top of the preexisting 
topography, which practically is the topography (or bathymetry) the 
lake has regressed on and marked it with the staircase morphology. A 
transgressive lake-level rise, or even stabilizing lake level, truncates 
almost horizontally inland the preexisting topography (e.g., Figs. 10 and 
15), a phenomenon currently more pronounced at steeper delta fronts 
and eastern edges of the mudflats. Under transgressive lake-level rise, 
lateral erosion is more aggressive and forms a relatively wide platform; 
in the abovementioned example, the ~0.7-m 2003 rise has produced 17 
m of lateral, relatively flat transgressive truncation, within a month or 
less according to data resolution (Fig. 10). As this process truncates at 
the base of the forming cliff, it has formed a cliff 3–6 times higher than 
the magnitude of the actual lake-level rising. i.e., the wider is the 
transgression inland and its associated level rise, the higher is the 
resulted transgressive wave-cut cliff and the erosional coastal platform. 
This also indicates the efficiency in removing coastal sediments from 
both the delta fronts and the mudflats into the abutting and accommo
dating deep lake. 

We propose that the only reason current mudflats are so extensive is 
the forced regression, which follows the rapid anthropogenic-induced, 
lake-level decline. Under natural, decimeters to meters up-and-down 
annual lake-level fluctuations, mudflats would have been rapidly 
removed by the almost constant action of storm waves at the similar 
level at their eastern edges, leaving behind only small remains, such as 
observed in the Quaternary stratigraphic record of the Dead Sea. 

At the delta fronts, repeated truncations, under stable or rising lake 
level with magnitudes similar to 1980, 1992, or 2003 (Section 5), would 
have generated a noticeable ravinement, an erosional surface observed 
in the coarse-clastic stratigraphy of several of the Dead Sea Late Pleis
tocene and Holocene deltas (Bowman, 1971; Enzel et al., 2000; Bartov 
et al., 2007, 2012). 

8.2. Implications to the planned Red-Dead project and current 
infrastructure 

The Red-Dead Project is the largest proposed regional development 
initiative in the Middle East. An objective of this initiative is to either 
moderate the rate of the anthropogenic Dead Sea level decline or even 
stabilizing the lake level (Gavrieli et al., 2011). The above lessons from 
the anthropogenically-induced lack of seasonal rises have profound 
implications for understanding the fate of the Dead Sea shores under 
longer-term lake-level stabilization. 

Stable lake levels, even without seasonal rising, maintain coastal 
erosion for years to decades at similar levels. One of the main lessons 
from this research is that stabilized levels allow the storm waves to 
impact repeatedly and for a longer duration the specific shore height 
during individual or a sequence of wet and regular winters. This may 

have harsh consequences. As the infrastructure along most of the 
western coastal zone of the Dead Sea is located only hundreds of meters 
from the current and future shores, we anticipate two potentially 
devastating impacts, probably acting together. (a) A direct and accel
erated lateral coastal erosion, due to the longer-duration vertical sta
bility of the shore height, will quickly further narrow the already slender 
coastal zone. (b) As we observed in 1992–1993 and 2003–2004, with the 
lateraly retreating shore, tributary stream incisions (Ben Moshe et al., 
2008; Eyal et al., 2019; Dente et al., 2021) will accelerate. This increased 
incision near the shore, is the outcome of the shortening of the stream 
profile on quite a stable base level. The cliff retreat would drastically 
increase the stream gradients near the stream mouth and this gradient 
would propagate upstream either through a diffusive, gradient- 
dependent incision or a parallel knickpoint retreat. This upstream 
propagation of stream gradient would undermine the main highway, 
bridges, and other installations along the Dead Sea shores. Stream 
mouths with an emerging steep bathymetry in front of them will allow 
transfer of the incision products to the deep basin. Such stream mouth 
bathymetries will not allow the development of deltas, which may have 
the capacity to moderate the incision (e.g., Dente et al., 2017). We 
predict that even a small magnitude artificial lake-level rise or stabili
zation, will have repeated and therefore, an amplified impact on lateral 
erosion, much larger than the near instantaneous 2003 erosion (Section 
5.3). 

8.3. Implications to other global cliffed coasts 

Although we view the Dead Sea staircase morphology as a potential 
natural experiment of cliff formation, we are aware that there are dif
ferences in the actual processes, rates, and magnitudes between these 
cliffs and the cliffs around the world's seas and oceans; e.g., bedrock vs. 
soft sediment, wave amplitudes, duration of storm action, cliff heights 
and collapses, and rates of sea level changes. However, as laboratory 
experiments assisted in detecting controls over coastal erosion, the up- 
scaled natural experiments the Dead Sea setting provides, at the field 
scale, are useful at least in viewing the process operating at the field 
scale. Furthermore, there are also some distinct similarities between 
these lacustrine and ocean coastal environments, even if the level 
changes are very different (e.g., Garcia et al., 2021). As in the Dead Sea, 
cliff erosion has been related, among other controls, to wave action, 
beach geometry, and cliff lithology (e.g., Young et al., 2021); these pa
rameters are the drivers in the Dead Sea, as waves operate on the pre
existing topography of the unconsolidated lithologies. 

When measuring hazardous retreats along the global cliff coasts, 
studies focus on late Holocene and modern cliffs; they point to the 
impact of storms (e.g., Mushkin et al., 2016, 2019), slides and collapses, 
and on the dependency on the local stratigraphy and bedrock lithology. 
Others document cliffs that have been formed during earlier in
terglacials. In practice, they document remnants of the geomorphic 
expression of related platforms and terraced cliff shores at eustatic 
glacial-interglacial scales. In places, these long-term landforms are 
tectonically uplifted and therefore observed above the current inter
glacial high stand. Together with coastal erosion they leave, above 
current sea level, a landscape of staircase-like sequences of fossil ancient 
coastal landforms, mainly related to earlier interglacial high stands 
(Pedoja et al., 2014; Muhs et al., 1994, 2020). Such staircase sequences 
are difficult to date and only a few are reported in detail from around the 
world. As a result, examples of coasts characterized by one or two well- 
studied shores and their respective lateral erosion are limited. However, 
as identified by Harvey et al. (1999) and Mackey et al. (2014), the 
erosion associated with such coastal cliffs and their landward retreat 
during higher interglacial sea levels, which underlie staircase sequence 
formation, can have a profound impact on inland landscapes through the 
upstream propagation of stream profiles as will occur and projected for 
the Dead Sea shores. 
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9. Conclusions 

The modern, Dead Sea coastal cliff staircase, surveyed and mapped at 
high resolution, and the individual sub-seasonal cliff erosion supported 
by wind and wave data, indicate that individual winter storms generate 
these cliffs under consecutive regressive and transgressive lake-level fall 
and rise. Winter storm waves control over the regularity of the shore 
morphology and seasonal (mostly summer) lake-level falls explain the 
common heights of the steps in the resulted staircase morphology. Cliffs 
do not form during the summers as they lack sufficient windstorms. The 
up-to-a-few-days-long winter windstorms are generated by the passage 
of eastern Mediterranean low-pressure systems. Increased frequency of 
such storms during individual winters or clusters of winters, potentially 
raises lake level and generates wind and waves at the Dead Sea. The 
quite regular ~1 m steps of the staircase morphology are caused by 
erosion during winter storms and by the ~1 m annual lake level fall, 
which is primarily controlled by summer evaporation and lack of 
windstorms. As a result, the staircase morphology manifests the close 
control of the synoptic-scale climatology on the hydrology, wind, and 
waves of the lake basin. 

It is difficult to separate the effect of winter rain, inflow, and lake 
rising from the winter windstorms. However, hydrologically-controlled 
lake-level changes without wind or storm waves are incapable of 
forming the coastal cliffs. Any transgressive erosion during regular 
winters or anomalously wet winters is always associated with wind
storms. Rising lake levels alone seem ineffective in generating cliffs. The 
rare, relatively large, lake-level rises produced the highest cliffs and 
terraces in the coastal profile. Geometrically, the steepness of the 
exposed coarse clastic delta fronts and the steeper frontal (eastern) edges 
of the mudflats accelerate the impact of erosion. A lake-level rise, 
associated with weak to moderate storms generates a cliff. Sustained 
lake-level rise together with increased frequency and magnitude of 
seasonal storm waves, would have a major impact on the Dead Sea 
shores. Combined, they would generate much larger transgressive 
erosion, a higher and faster landward migration of wave-cut cliffs, 
erosion of large volumes of sediments, and generation of a pronounced 
ravinement that can threaten infrastructure along the coast of the lake. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.geomorph.2022.108237. 
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