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ABSTRACT

Rainfall in the Levant drylands is scarce but can potentially generate high-magnitude flash floods. Rainstorms are
caused by distinct synoptic-scale circulation patterns: Mediterranean cyclone (MC), active Red Sea trough (ARST),
and subtropical jet stream (STJ) disturbances, also termed tropical plumes (TPs). The unique spatiotemporal char-
acteristics of rainstorms and floods for each circulation pattern were identified. Meteorological reanalyses, quantitative
precipitation estimates from weather radars, hydrological data, and indicators of geomorphic changes from remote
sensing imagery were used to characterize the chain of hydrometeorological processes leading to distinct flood patterns
in the region. Significant differences in the hydrometeorology of these three flood-producing synoptic systems were
identified: MC storms draw moisture from the Mediterranean and generate moderate rainfall in the northern part of
the region. ARST and TP storms transfer large amounts of moisture from the south, which is converted to rainfall in
the hyperarid southernmost parts of the Levant. ARST rainfall is local and intense, whereas TP rainfall is widespread
and prolonged due to high precipitation efficiency and large-scale forcing. Thus, TP rainfall generates high-magnitude
floods in the largest catchments; integration of numerous basins leads to sediment feeding from the south into the Dead
Sea, exhibited in large sediment plumes. Anecdotal observations of the channel with the largest catchment in the
region (Nahal HaArava) indicate that TP floods account for noticeable geomorphic changes in the channel. It provides
insights into past intervals of increased flash flood frequency characterized by episodes of marked hydrogeomorphic
work; such an increase is especially expected during intervals of southerly situated and southwesterly oriented STJs.
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1. Introduction

The drylands of the Levant are characterized by meager
rainfall amounts (Fig. 1), concentrated in a few convective,
spatially spotty, high-intensity and short-duration rain-
storms a year (Goldreich 1994; Sharon and Kutiel 1986). In
these drylands, rainstorms are caused by diverse synoptic-
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scale patterns, such as the Mediterranean cyclone (MC),
the active Red Sea trough (ARST), and subtropical jet
stream (STJ)-related disturbances (Dayan and Morin 2006;
Kahana et al. 2002). In extreme cases, depending on their
rainfall distribution in space and time, associated rain-
storms may produce high-magnitude flash floods (Morin
and Yakir 2014; Doswell et al. 1996; Lange and Leibundgut
2003; Schick 1988). As in many other dryland settings, flash
floods are the most effective hydrogeomorphic agents for
channel incision, sediment transport, alluvial aquifer re-
charge, and filling lowlands with sediment and water (e.g.,
Grodek et al. 2012; Bull 1988; Enzel et al. 2012).
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FIG. 1. (a) Location map. The gray rectangle indicates the study region—the Levant drylands. (b) Isohyets
(colored and labeled) and the studied catchments (light gray) circumscribed in the black polygon. The channel of
the largest watershed, Nahal HaArava, is in blue. Arrows represent the ranges of the two weather radars used in
this study. Blue dots represent rain gauges compared to weather radars, to estimate radar rainfall errors

(Table 1).

Extreme floods result from unique meteorological
conditions, including high atmospheric moisture con-
tent, rainfall rates, and precipitation efficiency (Doswell
et al. 1996). This combination is achieved through either
distinct synoptic-scale circulation patterns or through
slow-moving or a train of intense convective rain cells
and their possible interaction with the terrain (Panziera
et al. 2015; O’Connor and Costa 2004; Bardossy and Filiz
2005; Tarolli et al. 2012; Smith et al. 2011b; Hirschboeck
et al. 2000). It is important to assess such events through
accurate spatial rainfall data (e.g., Krajewski and Smith
2002; Fekete et al. 2004). Although rainfall-pattern
analysis in scarcely gauged drylands requires remote
sensing data, such as weather radars, there is usually a
lack of data availability or quality (Tarolli et al. 2012;
Morin et al. 2009; Kalma and Franks 2003).

The rarity of extreme events makes it difficult to
deduce general conclusions based on a large number of
events. Notwithstanding, analysis of a few carefully
selected, well-documented, extreme events represent-
ing the range of flood-producing synoptic systems
can provide insights and enable drawing some more

general inferences on the unique characteristics of these
systems.

In this study, we present a detailed analysis of a set of
case studies to first ask whether these distinct synoptic
patterns result in different patterns of rainfall, and, if
so, can the specific meteorological mechanism be
identified? In turn, can rainfall patterns enforce a
change in flash flood patterns (in terms of activated
catchment size, magnitude, etc.)? By answering this
chain of questions, we will evaluate which of the
aforementioned synoptic patterns has the potential to
generate the largest floods in terms of water peak dis-
charge and volume. As a result, with the assumption
that sediment discharge is related to water discharge,
we will examine which pattern has the highest potential
to serve as an effective hydrogeomorphic agent and for
which size of catchment.

Our efforts are also directed at applying the synoptic
pattern’s control over precipitation and flooding as a
guide for interpreting flood sediments, such as those
recovered from the Dead Sea (e.g., Neugebauer et al.
2014; Torfstein et al. 2015; Ahlborn et al. 2018), located
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at the center of the region, and from past fluvial changes
in the region’s numerous streams (e.g., Matmon et al.
2016; Davis et al. 2009). In this regard, we are searching
for the synoptic-scale patterns that can contribute to
these floods or scenarios.

More specifically, based on an analysis of six large
floods of three synoptic systems, here we 1) characterize
the large-scale meteorological conditions leading to
major rainstorms and flash floods in the Levant drylands,
2) identify spatiotemporal patterns of rainfall, and 3)
present hydrological characteristics of large floods in the
southern Levant. This analysis also covers the hydro-
geomorphic work revealed through remote sensing tools
of the six examined floods, as well as an additional nine
significant floods.

In terms of modern hydroclimatology, this study has
implications for meteorological impacts on floodwater
volume and geomorphic and sedimentological responses
in the diverse watersheds of the southern Levant deserts.
It may also assist in resolving such questions in other
parts of the world where diverse synoptic-scale patterns
affect flooding.

The next section describes the general flood hydro-
climatology of the southern Levant. The study area, case
studies, data, and methodology are then introduced
(section 3), followed by results, starting from the large-
scale meteorological processes through rainfall and flash
floods and ending with a subset of geomorphic outcomes
of those flash floods (section 4). The discussion (section 5)
is supplemented by wider implications for the paleohy-
drology perspective.

2. Regional hydroclimatology

The Levant drylands are situated north of the Sahara
and Arabia (Fig. 1a). The main topographic features in
the area are the Judean—Negev mountains with peaks of
~1000 m above sea level, the Dead Sea rift valley (430 m
below sea level at its lowest point), and the Jordanian
mountain ranges (~1500m). Hard carbonate rocks and
sandstones, covered in places by a colluvial or thin soil
mantle, characterize the region. Vegetation is confined
mainly to the stream channels and to the higher altitudes.
Autumn to spring rainfall is scarce, and summers are to-
tally dry. Mean annual precipitation, focused in the win-
tertime, decreases toward the hyperarid regions of Sinai,
the Negev, and southern Jordan (Fig. 1b; e.g., Enzel et al.
2015; Goldreich 2012; Kushnir et al. 2017). Although
scant, this rainfall produces major flash floods [defined
by Kahana et al. (2002) as >5-yr return period or <20%
of annual exceedance probability] in ~70% of the years.
On average, there are almost two such floods per year
somewhere in the Negev alone (Kahana et al. 2002).
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Three types of synoptic systems comprise the rainfall-
bearing systems in the region (Kahana et al. 2002; Dayan
and Morin 2006):

1) Mediterranean cyclones (also termed Syrian/Cyprus
lows, depending on the respective location of their
centers) are extratropical cyclones, forming primarily
over the high-temperature waters of the Mediterranean
Sea, and are influenced by midtropospheric baroclinicity
(e.g., Ziv et al. 2015; Kushnir et al. 2017). MCs occur
mainly in winter and early spring (December-March)
and may produce rainstorms that typically last 2-3 days
(Alpert et al. 2004). According to Kahana et al. (2002),
they cause 33% of the major floods in the Negev.
Active Red Sea troughs are associated with heavy-
precipitation storms accompanied by a low pressure
system centered in Sudan/Arabian Peninsula (Ashbel
1938; Krichak et al. 1997). They only prevail on <5%
of the days, but they account for 38% of the major
Negev floods (Tsvieli and Zangvil 2005; Kahana et al.
2002). The ARST differs from the nonactive (i.e., dry)
Red Sea trough mostly in its upper-level ‘‘support”
(upper-level, extratropical trough) and in the moisture
supply necessary for precipitation. These features
enable ARSTs to produce heavy rainfall for short
time intervals (de Vries et al. 2013).

Subtropical jet-related storms are also known as
tropical plumes (TPs), tropical moisture exports
(TMEs), or atmospheric rivers (ARs), depending on
the studied area and the specific characteristics of the
storm (McGuirk et al. 1987; Rubin et al. 2007,
Knippertz and Wernli 2010; Tubi and Dayan 2014).
These account for ~8% of the large floods in the
Negev and usually produce relatively widespread,
prolonged rainfall (Dayan and Abramski 1983; Kahana
et al. 2002). This synoptic-scale system is rare and was
therefore not captured in earlier analyses. Approxi-
mately four TP events occur on average each year in
the region of northwestern Arabia, an area that is
probably more prone to rainstorms generated by this
system; however, only <30% of them precipitate (Tubi
and Dayan 2014). Thus, there are only a few well-
documented (by weather radars and gauging stations)
major flood-producing TPs in the Levant.

2)

3)

Previous studies have used the following terms in-
terchangeably, but not always properly and consistently:
STJ, TP, TME, Sudanese tracks, and even AR and
moisture conveyor belt (MCB). Here we will term events
with a long (>1000 km) region of elevated mid-to-upper-
level water vapor and with water-vapor transport from
North Africa as STJs or TPs, the dominant terminology
used for the Levant (e.g., Begin et al. 2004; Enzel et al.
2015; Torfstein et al. 2015; Tubi and Dayan 2014;
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TABLE 1. Properties of the six case studies used for the analysis. Radar RMSE was calculated vs rain gauges throughout the study region

(Fig. 1).
Start date End date  Synoptic type  Significant flash floods Previous studies Radar system used RMSE (mm)

10 Dec 2013 14 Dec 2013 MC Arugot stream Luo et al. (2015) IMS 14.7
(235km? 107 m3s ™)

18 Feb 2015 23 Feb 2015 MC Heimar stream IMS 17.3
(359km?; 156 m*s 1)

02 Nov 1994 06 Nov 1994 ARST Paran stream Krichak et al. (2000); Shacham 12.3
(3372km% 370m>s™ )  de Vries et al. (2013)

21 Dec 1993 23 Dec 1993 ARST Neqarot stream Ziv et al. (2005); Shacham 9.7
(710km?; 708 m>s 1) de Vries et al. (2013)

07 May 2014 13 May 2014 TP Darga stream Farhan and Anbar (2014); IMS 133
(75km% 250 m3s 1) Ginat and Shalmon (2014)

17 Jan 2010 20 Jan 2010 TP Paran stream IMS 10.2

(3372km? 880 m>s ")

Waldmann et al. 2010). Recent discussions of these terms
are found in Ralph et al. (2017), Dacre et al. (2015), and
Knippertz and Martin (2007), and references therein.

3. Methods and data

The study region (Fig. 1b) is composed of catchments
1) with a relatively large fraction of dryland area (hy-
perarid, arid, and semiarid regions; Fig. 1), 2) located
within the coverage of a weather radar (Fig. 1b), and 3)
located far enough from the Mediterranean Sea that
they are not influenced solely by MCs (according to
Kahana et al. 2002; Goldreich et al. 2004).

Six recent major flood-producing storms in the Levant
were examined and used to characterize and identify
major ingredients (after Doswell et al. 1996) contributing
to flood characteristics and resulting in hydrological and
geomorphic changes (Table 1; see also Fig. S1 with the
regional envelope curve in the online supplemental ma-
terial). Two storms for each of the major synoptic systems
(MC, ARST, and TP/STJ) were selected. We specifically
chose extreme events 1) consisting of a clear and straight-
forward synoptic classification, 2) presenting a sufficient
amount and quality of radar rainfall and flood-discharge data,
and 3) producing numerous floods in the southern, most arid
parts of the region. This type of event is, by definition, quite
rare, even with the relatively long available record, since MCs
usually do not generate rainfall in the southern part of the
study area (e.g., Amit et al. 2006; Enzel et al. 2008; Kushnir
et al. 2017; Kahana et al. 2002). ARSTs generate mainly
isolated rainfall showers and only a few flash floods in one
event (Kahana et al. 2002; Kushnir et al. 2017), and, as al-
ready noted, major TP events are not frequent.

a. Meteorological and hydrological data

Meteorological conditions over the eastern Mediter-
ranean and its surrounding deserts during the selected

events were characterized using data obtained from the
European Centre for Medium-Range Weather Forecasts
(ECMWEF) interim reanalysis (ERA-Interim; Dee et al.
2011); the NERC Satellite Receiving Station, Dundee
University, Scotland (satellite imaging; www.sat.dundee.
ac.uk/); the International Satellite Cloud Climatology Proj-
ect (ISCCP; https://www.ncdc.noaa.gov/gibbs/; Knapp 2008),
and the University of Wyoming (upper-air soundings;
http://weather.uwyo.edu/upperair/sounding.html). Air
parcels’ back trajectories were computed using the
National Oceanic and Atmospheric Administration (NOAA)
Air Resources Laboratory’s Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT;
Stein et al. 2015).

Moisture sources were identified using analysis of at-
mospheric moisture content [total column water (TCW):
the total amount of water vapor integrated along a 1 m?
column of air] and flux, air parcel trajectories, and the
change in specific moisture along the trajectory.

Rainfall patterns were identified through quantita-
tive precipitation estimation (QPE) from two C-band
weather radars (Fig. 1b): the Israeli Meteorological Ser-
vice (IMS) radar located at Bet Dagan (32.00°N, 34.81°E)
and the nearby Electrical Mechanical Services (EMS/
Shacham) radar, located at Ben Gurion Airport (31.99°N,
34.90°E). Shacham radar data are based on Marra and
Morin (2015) and were used for case studies before 2010.
Later rainstorms were analyzed using the IMS radar
data. Rain intensities for both datasets were computed
from radar reflectivity using a power-law relationship
followed by gauge-adjustment procedures after Morin
and Gabella (2007). The root-mean-square error (RMSE)
of total storm rain depth of radar QPE versus rain gauges
covered by the radar and located throughout the study
region (Fig. 1b) is shown in Table 1.

Flash flood discharge data were obtained from hy-
drometric stations of the Israeli Hydrological Service
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and from documented postflood surveys. The number of
different measurements was 12-44 for the selected
events. These data represent catchments that vary in size
from 4 to 8250km?. Maximal specific peak discharge
(instantaneous peak discharge divided by watershed
area) was calculated for each location, and flood volume
was extracted for locations where hydrographs were
available from hydrometric stations.

b. Geomorphic analysis through remote sensing:
Nahal HaArava

Studying the geomorphic implications of flash floods
over all catchments in the study region is probably an
impossible task, well beyond the scope of this study. We
focused here on the Nahal HaArava channel, the largest
(~13 X 10’ km?) watershed in the region and the largest
feeder of sediment and water to the Dead Sea lake from
the south (Fig. 1b; e.g., Greenbaum et al. 2006a). The
Nahal HaArava watershed extends from the Sinai
Peninsula (Egypt), through the Negev (Israel), and the
Edom Mountains (Jordan), and flows into the Dead Sea
(Fig. 1b). The channel reacts to the Dead Sea level drop
by incision, narrowing, and meandering (Dente et al.
2017). In this watershed, we identified geomorphic
changes by a large number of floods (Table S1). Hypo-
pycnal sediment plumes can be observed during and
after seasonal floods in this channel (e.g., Nehorai et al.
2013). These sediment plumes indicate the relative hy-
drogeomorphic impact and sediment delivery of a flood.
At the outlet of a stream of this size, the plumes can
represent the cumulative effect of flash floods coevally
affecting several subbasins in the watershed.

Analysis of the geomorphic effects of flash floods was
based on remote sensing, including Moderate-Resolution
Imaging Spectroradiometer (MODIS), Landsat imagery,
and aerial photographs. The satellite products’ resolution
ranged from at least one image per day and 1km (MODIS)
to one image every 2-4 weeks and 30m (Landsat). The
relatively frequent MODIS and Landsat imagery captures
flash flood effects during and shortly after the event. How-
ever, their low spatial resolution is only suitable for identi-
fying large-scale geomorphic changes along the channel
These include sediment plumes (MODIS) and width
changes, delta evolution, and major channel shifts (Landsat).
Aerial photographs (from the Geological Survey of Israel’s
archive) have high spatial resolution (from 12.5cm to a few
meters per pixel), and thus, they are suitable for the de-
tection of subtler geomorphic changes along the channel. On
the other hand, their temporal resolution is characterized
by intervals of ~1-2 years (starting in the early 1990s). This
relatively low temporal resolution makes it difficult to
isolate the effect of a specific flash flood. The data used for
the analysis were for the six aforementioned case studies
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(Table 1) and nine additional significant rainstorms be-
tween 1985 and 2015 (Table S1). For these nine storms,
we followed the same practice as before, except that
unfortunately, they were not covered by other types of
data, and thus they were unsuitable for the other parts of
this study.

4. Results
a. Moisture sources and dynamics

The moisture sources contributing to rainstorms are
key factors in characterizing those storms (Krichak and
Alpert 1998; Gimeno et al. 2012). Here we identified these
sources using back trajectories (e.g., Tubi and Dayan
2014); this was elaborated by analyzing the specific hu-
midity and vertically integrated moisture-flux patterns,
such that a major increase in humidity followed by a
major moisture flux was interpreted as a moisture source
(Fig. 2; Figs. S2-S7 and Supplementary Videos S1-S6).
TP, ARST, and MC rainstorms differ drastically in their
moisture origins and dynamics. Moisture in the examined
MC rainstorms originates primarily from the eastern
Mediterranean Sea (Figs. 2, S2, S3 and Videos S1, S2), as,
for example, in Alpert and Shay-El (1994) and Zangvil
and Druian (1990). Moisture for ARST rainstorms origi-
nates in the Red and Arabian Seas (Figs. 2, S4, S5 and
Videos S3, S4), similar to the results of de Vries et al.
(2013). This moisture travels above the Red Sea, funneled
by its peripheral mountain ranges, mostly in the mid- and
lower-tropospheric levels, to the Levant. The moisture
for the TP rainstorms is considered of equatorial origin,
far to the southwest of the study area, and it is transported
through the STJ, as previously shown by Rubin et al.
(2007). Tracking the change in moisture content through-
out the TP’s course (Figs. 2, S6, S7 and Videos S5, S6)
revealed two additional possible moisture sources and
mechanisms. The first is by dry air rising above the Sahara
to the upper part of the troposphere. Thermodynamic
instability, caused by high ground temperatures and rel-
atively low upper-air temperatures, results in rising air and
moisture supply to the mid- and upper troposphere. This
ascent is enhanced orographically in the regions of the
Ahggar, Ennedi, and Uweinat mountain ranges. Sound-
ing data indicate that without the presence of a blocking
inversion, relative humidity of as little as ~20% near
ground level may generate clouds above the Sahara
(Fig. S8). The second possible moisture source is when the
Mediterranean and Red Seas supply additional moisture
to the plume that converges and precipitates in the Levant.
The trajectories characterizing TP and ARST moisture
transport are somewhat similar. However, their respective
rainfall patterns are quite different, and thus trajectories
are insufficient to explain this difference.
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FIG. 2. Back trajectories for the different case studies, 120 h back from the time of rainfall initiation. The purple
color denotes trajectories reaching the study area at the 500-hPa pressure level; green and orange are similar, but
for 700 and 850 hPa, respectively. Pressure change along the trajectories is demonstrated by symbol size, and
specific humidity change is represented by color saturation. Also marked are regions with significant air ascent
(denoted “‘uplift’’) and those with a major increase in specific humidity (“‘source”). Time series of pressure, specific
humidity, and relative humidity, also used in identifying moisture sources, are shown in Figs. S2-S7.

Analysis of the moisture profile revealed additional
differences between synoptic-system dynamics (Fig. 3).

The MCs’ moisture content was much lower

than that in

the other two synoptic systems. The average ratio of
maximal to minimal TCW during a MC storm was 1.6.

This relatively low moisture content is the result of its
colder air mass, originating at midlatitudes, that is often
bounded by a cold-frontal/subsidence inversion layer.
In ARSTs, the TCW values were quite high before
the event and remained high throughout most of the
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rainstorm, with a ratio of 1.3 between high and low peaks.
Rainfall from ARST was initiated mostly during the af-
ternoon, and it did not reduce the TCW by much. TCW
values during TP storms increased quite rapidly in the
6-12h prior to rainfall initiation because of the high mois-
ture flux to the region, comparable to TP and AR events
elsewhere (Dacre et al. 2015) (Videos S5, S6). During TP
rainstorms, the TCW decreased abruptly to much lower
values as a consequence of the continuous lateral moisture
flux, and probably more importantly, as a result of the
rainfall. The ratio of maximal to minimal TCW in TP
rainstorms was 2.4.

b. Rainfall patterns

The differences in moisture dynamics among the three
synoptic-scale systems express different rainfall mecha-
nisms and precipitation efficiencies (defined as the ratio
of rainfall mass to moisture influx; Doswell et al. 1996;
Sui et al. 2007). The moisture profiles during MC events
suggest a moderate precipitation efficiency. Actual pre-
cipitating rain cells are small but frequent (Belachsen
et al. 2017; Peleg and Morin 2012); the events are rela-
tively long, and there is a continuous moisture supply
from the Mediterranean Sea. Thus, rainfall quantities
might reach high values over broad regions (Fig. 4a), and
only 17% of the total rainfall amount is convective, that
is, with intensity of >Smmh ™" (Belachsen et al. 2017).

Rather uniform moisture content during ARST events
implies a lower precipitation efficiency and a different
rainfall-generation mechanism. For the ARST, the mech-
anism is local (mostly =meso-8) and spotty (Figs. 4b, 5b).
As it has already been delivered to the Levant, moisture is
present throughout the event and is ready to precipitate
when conditions are right, for example, by diurnal heating,
which causes thermal convection, or through other locally
governed factors that include wind-orography interactions.
Thus, the convective rain constitutes a much larger portion
of the total amount (38%).

TP rainstorms are characterized by a wide distribution of
precipitating clouds (Fig. 5c). Rainfall is distributed over
large areas, and high precipitation rates are embedded within
broad, moderate-rate regions (Fig. 4c), such that the con-
vective rainfall contribution to the total amount is 31%.
Overall rainfall coverage is high throughout the storm. This,
together with atmospheric instability, indicates that the
rainfall-producing mechanism is regional (>meso-3) in scale
and that precipitation efficiency is high, as inferred from the
rapid decrease in moisture content following rainfall initia-
tion (Fig. 3). This is likely due to jet-related upper-level di-
vergence (Rubin et al. 2007; Kahana et al. 2002, their Fig. 6).

The catchments affected by the MC storms are situated
north of the Negev highlands (north of 30.7°N; Fig. 6; see
also Kahana et al. 2002); thus, the probability of high
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FI1G. 3. TCW averaged over the study area, all starting 12 h prior
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yellow, and orange lines represent smoothed TCW curves in MC,
ARST, and TP storms, respectively. Note the rise in moisture prior
to TP storms and its fall a few hours after the rainfall has started,
and compare this with the more stable moisture content during
MC and ARST events.

rainfall amounts in the southern Sinai-southern Negev
approaches zero, in accordance with Amit et al. (2006).
This probability increases northward. As expected, for
example, according to Goldreich (1994) and Sharon and
Kutiel (1986), rainfall amounts tend to increase when air
parcels encounter orographic barriers and decrease in the
rain shadow area of the Dead Sea rift valley. This “in-
verse orographic effect,” as termed by Sharon (1979), is
an important feature, specifically in the case of the MC
storms. East of the rain shadow area, the amount of
rainfall increases once again, affected by the upslope flow
on the Jordanian Dead Sea escarpment (e.g., Fig. 4a).
High variability in rainfall amounts across the region in
ARST rainstorms is due to the highly convective and
spotty nature of the precipitation. Rainfall depths may be
high over the southern part of the study area and show a
slight decrease toward the north (Fig. 6). This is probably
because a major portion of the moisture in ARSTs orig-
inates at the Red Sea, and thus the mountains block the
moisture and rainfall northward in the Levant drylands.
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FIG. 4. Rainfall maps for the 12 h experiencing maximum rainfall (averaged over the entire study area) during storms associated with
the three different patterns. The black polygon denotes the study area. Maximum rainfall for 12 h (a) decreases to the south and east in MC
(13 Dec 2013), (b) is localized in ARST (22-23 Dec 1993), and (c) is widespread in the TP (7-8 May 2014).

In TP events, moisture added from the Mediterranean of mean annual rainfall in only 1 day in the hyperarid
causes the rainfall amounts to increase northward, but the  southern Negev (IMS 2016).
widespread rainfall generates high amounts in the south- Areal coverage of rain depth above different thresh-
ern part of the region (Fig. 6), reaching up to 70%-100%  olds was examined for different durations (from 0.5 to

FIG. 5. Example satellite images from three different synoptic systems: (a) MC (12 Dec 2013); (b) ARST (21 Dec 1993), note the local
nature of the clouds; and (c) TP (6 May 2014), note the high cloud coverage. Images are from NASA Worldview and ISCCP.
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48h), where for each duration the storm interval with
the maximal mean areal rain depth was considered.
Rainfall amounts associated with MC storms increased
to some extent with increasing storm duration (Fig. 7).
The rainfall consisted of numerous, mostly low- to
moderate-magnitude rain cells (also see Belachsen et al.
2017) that generate large rainfall coverage (40% of
study area received >5mm total rainfall during the 12h
of maximum rainfall; Fig. 7). Frequent arrival of rain
cells to the region could accumulate into large rainfall
amounts over long durations (4% of the study area
accumulated >50mm in 24h), and the rainy interval
exceeded 48 h in certain locations.

Rainfall from ARST storms is much shorter in dura-
tion (see also Marra and Morin 2018). Thus, rainfall
amounts did not increase much with duration (Fig. 7).
High-magnitude convective rain cells generated small
rainfall coverage, with only 0.1% (30%) of the study
area receiving >50mm (5 mm) rainfall over a 12-h in-
terval. The rainy interval did not exceed a few hours
in most locations. Rainfall amounts were on average
much smaller than measured for the other two synoptic
systems.

TP events showed high rainfall depths across the en-
tire study region. The precipitation was composed of
small, high-intensity rainfall cells embedded in wide-
spread rainfall of moderate intensity. On average, 83%
of the region received >5 mm rainfall in 12 h. The high-
intensity rainfall cells covered 0.7% of the area
with >50 mm for 12 h, but the relatively long duration of
the storm resulted in 4.6% coverage for the same in-
tensity during 24 h (Fig. 7), and the rainy interval lasted
more than 48 h over parts of the region.
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FIG. 7. Areal coverage of rainfall above a range of thresholds in
rainfall amount during different types of storms. Presented data are
for a minimum 3-h rainfall above a specific threshold (the left
boundary of each type). The upper boundary (right edge of the
specific colored polygon) is the 24-h rainfall coverage. The re-
spective central lines are the 12-h areal coverage.

c¢. Flash flood patterns

Different synoptic patterns generate different rainfall
patterns that trigger flash floods with different hydro-
graphs and regional coverage (Hirschboeck et al. 2000).
These differences are demonstrated for three selected
hydrographs observed for the analyzed events (Fig. 8).
Low-intensity rainfall in MC events generated mostly
low-magnitude (as also indicated by the regional envelope
curve of flood maxima; Fig. 9), long-lasting flash floods
that were confined to the northern part of the region.

ARST- and TP-generated flash floods could potentially
affect the southern Levant with distinct differences. The
small, convective rain cells of the ARST rainstorms trigger
local flash floods characterized by high instantaneous peak
discharge and short rising limbs, but simultaneously activate
only a small fraction of the streams (Figs. 8, 9). It should be
noted that simultaneous activation of multiple streams by
ARST is rare and possibly exaggerated here, since we chose
extreme cases with rains prevailing for a few consecutive
days. Analyzing a more typical ARST event would proba-
bly reveal floods of an even more local nature and high-
magnitude flash floods in only a few small catchments.

When compared with the other synoptic-scale pat-
terns, TP-generated floods were high magnitude, si-
multaneous, for all ranges of catchment sizes, and their
respective peaks approached the regional envelope
curve for flood magnitudes (Fig. 9). Furthermore,
Shentsis et al. (2012) have shown that for the same peak
discharge, ARST floods produce much smaller flood vol-
umes compared to MC floods. Our analysis (Figs. 9, 10)
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F1G. 8. Hydrographs generated by the three synoptic types as recorded in different catch-
ments: A denotes catchment area, Q,.x is maximum basinwide discharge, Vi, is total re-
corded flood volume, and RL is rising-limb duration. Note the expanded scale for MC floods; in
the arid parts of the Levant they produce relatively smaller instantaneous peak discharge.

showed that TP floods produce both large flood peak
discharge and large flood volume. TP-associated floods
were usually characterized by multiple flood peaks and
longer flow durations and are thus better suited to
transferring large volumes of water across wide stretches
of the deserts of the Levant. The volume-to-peak dis-
charge ratio in TP floods surpassed that of the MC floods
(Fig. 10). The higher discharge volumes in the former
are actually expected; the higher precipitation efficiency
implies that much more of the advected moisture is
transformed into rainfall as well as into floodwater.
The combination of both higher peak discharge and
higher volume in TP floods, generated simultaneously in
numerous subcatchments, reveals the higher importance
of TP floods in regional hydrology and geomorphology.
This importance stands out in the larger catchments in the
region; ARST storms are too localized for them to cover
these catchments, and MCs have too low of an intensity
and are limited mainly to the northern catchments. The
TP storms combine high enough intensity (more than
MC), long duration (longer than ARST), and large aerial
coverage (much larger than ARST) with floods generated
in many subcatchments that are integrated into large
(peak and volume) floods in the larger watersheds.

d. Geomorphic implications of flash floods

During the analyzed interval (1985-2015), a few sed-
iment plumes were documented floating from the Nahal

HaArava channel mouth over the Dead Sea brines
(Table S1). Some of these plumes resulted from ARST
(e.g.,24-27 October 2015) or MC (e.g., 10-14 December
2013) floods. However, no noticeable changes in channel
morphology were caused by these floods. The main
changes in the channel were caused by TP floods in 1991,
2010, and 2014, which also produced large sediment
plumes over the Dead Sea.

On 22 March 1991, the large TP flood covered large
portions of the floodplain and caused geomorphic
changes in the Nahal HaArava channel. A ~1-km long
channel section was avulsed, and several gullies were
incised near the Dead Sea coast (Fig. 11a). These gullies
remained abandoned, and no other flood since then has
been high enough to reach the floodplain in this area. In
addition, the channel within the Nahal HaArava delta
widened significantly (Fig. 11a). Based on the available
documentation, the March 1991 flash flood had the
largest impact on the morphology of the downstream
reach of Nahal HaArava. In contrast to other floods, it
resulted in geomorphic changes that remain until today.

As a result of the ongoing incision of the Nahal
HaArava channel (Dente et al. 2017), larger flood mag-
nitudes are needed to reach the floodplain, and therefore,
the geomorphic effects of regular floods are within the
channel, mainly local and temporary. Two subsequent
high-magnitude floods (i.e., that reached the floodplain in
the upstream reaches) affected the channel. Both were
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FIG. 9. Relationships between catchment-specific peak discharges in the study area and
catchment areas for the six selected storms. The upper dashed lines are different envelope curves
developed for the region, with Tarolli et al. (2012) and Meirovich et al. (1998) curves including
historical data, and the Greenbaum et al. (2001b) curve also including paleoflood data.

TP-generated floods. The January 2010 flood widened
the channel within the delta and a few kilometers up-
stream, and the channel mouth migrated basinward by
~350m. To the best of our knowledge and inquiry, the
May 2014 TP flood produced the largest documented
sediment plume, originating from the south, over the
Dead Sea. On 9 May, the plume length reached ~24 km,
covering an area of ~140km?, which is approximately
one-quarter of the total Dead Sea surface area (Fig. 11b).
This plume might have been even larger, but data from
later that day are unavailable. This flood widened several
reaches along the channel and caused massive channel
bank failures in its delta.

5. Summary and discussion

This work examines the relative importance and gen-
eration potential of high-magnitude, large-volume floods
by the three major flood-producing, synoptic-scale

atmospheric circulation patterns that are significant for
the hydrogeomorphology of the Levant deserts. We an-
alyzed the hydrometeorology of large rainstorms born
from these circulation patterns and their respective flood
characteristics. Then, we evaluated the relative impor-
tance of these patterns in imposing geomorphic changes
and delivering sediment and water through the largest
southern tributary to the Dead Sea.

To understand flood-causing processes, separating the
floods according to the concurrent atmospheric circu-
lation is a first-order process (Hirschboeck 1987; Ely
et al. 1994), especially in climatic transition zones such as
the Levant, because floods in such regions are born
from a mixed population of synoptic-scale and meso-
scale processes. The three synoptic patterns have dis-
tinct hydrometeorological characteristics (Table 2).
They differ in moisture origins and dynamics, total
rainfall amount, intensity, duration, and spatial distri-
bution (basin coverage). Therefore, they have distinct
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differences in the characteristics of their respective flood
peaks and total discharge. The identified characteristics
were derived in the present study through a detailed
analysis of six case studies representing the different
synoptic systems. The case studies were selected using
strict criteria to ensure the quality and extremeness of the
events. Further investigation is required to better un-
derstand the sensitivity of flood magnitude and patterns
to the synoptic-scale characteristics using, for example,
event simulations with high-resolution numerical weather
models (e.g., Smith et al. 2011a; Deng et al. 2015).

MC rainstorms draw moisture from the eastern Medi-
terranean and convert it to rainfall over broad areas.
Although they affect and control the past and present-day
northern Levant climate and are capable of generating
relatively high-volume floods (Ziv et al. 2006; Enzel et al.
2003, 2008; Kushnir et al. 2017), their impact diminishes
to the south and affects mainly the northernmost edge of
the Levant deserts. ARST events are supplied by mois-
ture that is mostly from the Red Sea. This moisture then
precipitates owing to local-scale forcing, which results in
high rainfall amounts over relatively small watersheds
and scattered, high-peak-discharge, small-volume floods
in catchments < 10°km?, or low-magnitude floods in
catchments of all sizes, over short durations.

TPs transfer moisture across the Sahara to the Levant,
generating relatively long-duration (~2 days), large-scale
rainstorms, including in the hyperarid southern Negev,
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Sinai, and southern Jordan (and northwestern Arabia
and Eastern Desert of Egypt). This results in broad, high-
peak-discharge and high-volume floods in many streams
simultaneously. These floods, in many small and medium
catchments, integrate, resulting in high-magnitude floods
in the larger catchments (10°~10*km?), similar to other
regions, and not necessarily only in drylands (e.g.,
O’Connor and Costa 2004). Thus, they are more likely to
influence the regional hydrology (in our case, for exam-
ple, delivering noticeable discharge to the Dead Sea) and
long-lasting geomorphic changes. These extreme storms
and floods play a major role in the Levant drylands
through a variety of processes, such as channel evolution
(Salomon et al. 2016); sediment production, transport,
and deposition; terrace aggradation and erosion (Enzel
et al. 2012); filling of lowlands with sediment and water
(Enzel et al. 2008; Torfstein et al. 2015); and accelerated
sinkhole formation (Avni et al. 2016). They may also
cause infrastructure damage and even loss of life (Farhan
and Anbar 2014; Dayan and Abramski 1983; Borga and
Morin 2014). Considering discharge into the Dead Sea
from its southern tributaries, these TP winter storms may
be the generators of any significant water volume.

Here we showed, for a set of documented floods, that
TP-generated floods lead to the most significant geo-
morphic changes in the downstream reaches of Nahal
HaArava. It is therefore plausible that a similar storm
type triggered floods (and thus hydrogeomorphic work)
in the recent and more distant past and may be impor-
tant to paleoenvironmental and paleohydrological in-
ferences from the Dead Sea records. The other synoptic
systems generate floods that occasionally do reach the
mouth of Nahal HaArava and transport sediment into
the Dead Sea. However, modern observations indicate
that ARST and MC floods have had only minimal and,
in most cases, unnoticeable geomorphic changes in the
downstream reaches of the Nahal HaArava channel. It
should be emphasized that the geomorphic analysis
presented here focuses only in Nahal HaArava, the
largest stream in the southern Dead Sea region, and
therefore can be applied to deduce about the larger and
southern streams in the region.

Associating fluvial geomorphic changes with climate
changes is a common long-term assumption and practice
(e.g., Mabbutt 1977; Enzel et al. 2012; Bull and Schick
1979; Wolman and Gerson 1978; Anders et al. 2005), but
is difficult to support with quality data. It is even more
difficult to associate geomorphic changes to specific
atmospheric circulation patterns. Regional hydro-
geomorphic responses in the southern Levant, as in many
other regions of the world, have yet to be determined. Such
responses are usually studied through anecdotal case
studies, which are difficult to generalize. In the Levant,
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FIG. 11. Effects of (a) March 1991 (in aerial photographs) and (b) May 2014 (in MODIS true color imagery) flash
floods in Nahal HaArava. Label “a’ shows avulsion of a ~1-km segment 300 m to the west (the abandoned segment
is marked with dashed lines). Label ‘b’ shows incised gullies (marked by gray lines) from east and west of the main
channel. Label “c”” shows widening of the main channel near the mouth (the extent of the preflood channel is
marked with a white polygon). Label ““d”” shows the largest documented sediment plume from Nahal HaArava
between 1985 and 2015, produced during the May 2014 flood. The black dot indicates the Nahal HaArava mouth
in 2014.
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TABLE 2. Summary of main characteristics of the different types of synoptic systems.

Aspect
Synoptic Meteorology: moisture Meteorological Hydrology: maximal Geomorphic response:
system sources and dynamics response: rainfall discharge and flow volume Nahal HaArava
MC Mediterranean source, low High areal coverage by Mainly in northern catchments, No substantial flow and

absolute moisture low-intensity rainfall

in northern parts of

the region, low coverage

thus small sediment
plumes, no channel
changes

low peak discharge

by high-intensity rainfall,

decreasing southward

Short-duration, high-
intensity rainfall with
low coverage

ARST Red Sea source, high
amounts of moisture,
local-scale forcing
(thermal convection),
low precipitation efficiency

TP Distant (W-SW) source in
middle—upper levels, and
added moisture from
Mediterranean and Red
seas in the lower level,
high moisture content,
large-scale forcing
(STJ divergence), high
precipitation efficiency

intensity rainfall, high
coverage throughout
the region

Long-duration, moderate-

A few catchments at once, high
peak discharge and low
volume, mainly in small to
medium catchments; large
variability—most catchments
are not activated

High peak discharge on all
catchment scales (including
largest and most arid catchments).
High volume to discharge ratio,
very high-volume and high-
discharge floods

Usually no flow. At
times, mostly small
sediment plumes, no
significant changes in
stream channel/delta

High flow and thus large
sediment plumes,
channel widening,
flooding of floodplain,
avulsion, gully incision,
dissolution of the delta

these studies have focused on the last 2000 years, such as
studies of paleofloods in the Zin watershed (Greenbaum
et al. 2000, 2001b) or Arava catchment (Greenbaum et al.
2001a). Other studies have focused mainly on smaller
catchments in the hyperarid southern Negev, such as
Nahal Yael (Enzel et al. 2012) and Nahal Netafim
(Greenbaum et al. 2006b), or on the impact of rainfall and
lake-level drop of the Dead Sea on channel incision and
sediment transport (Ben Moshe et al. 2008; Davis et al.
2009; Salomon et al. 2016). None of these studies has
successfully related direct, large-scale, climatic changes
and atmospheric patterns to geomorphic changes in the
fluvial system throughout the southern Levant. This
might be because synoptic-scale watershed relationships
involve too many parameters that are unknown, or whose
combinations produce a complicated, nonlinear, and
nonsynchronous response (e.g., Benito et al. 2015).
However, when analyzing the extremes, specific atmo-
spheric patterns seem to emerge for flood generation
(e.g., Enzel et al. 1989, 1992; Ely et al. 1994), which could
potentially be the causes of the geomorphic response.

It has been proposed that southern Levant deserts were
affected during Pleistocene and Holocene intervals by
large enough rainstorms and floods under different cli-
mates to alter the regional environment and hydrology
(e.g., Kushnir et al. 2017; Bartov et al. 2003; Enzel et al.
2008; Torfstein et al. 2015). Studying present-day, ex-
treme hydrometeorological events may provide insights

into the proposed past intervals of increased flash flood
frequency characterized by episodes of marked hydro-
geomorphic work (e.g., Greenbaum et al. 2001b; Enzel
et al. 2012; Clapp et al. 2000). This might be elaborated by
linking hydrological regime and causative synoptic type
via distinguishing between processes that presently affect
the smallest to largest catchments.

Increased frequency of each of the flood-producing
synoptic patterns would have had a different outcome.
Increased frequency of MCs (on seasonal to multiannual
scales) would have increased rainfall in the northern parts
of the study region and would have caused higher-volume,
low-peak-discharge floods. This would have caused 1)
substantial water influx to the Dead Sea from the northern
watershed, 2) increased flooding and sediment delivery
to the lake from its eastern and western margins, and 3)
only minimal volume and magnitude floods from the
southern catchments to the lake. To generate substantial
sediment flux in these southern streams, flood discharge,
and the resultant stream power, would have had to in-
crease (e.g., Costa and O’Connor 1995; Wolman and
Miller 1960), but this might not have been possible for the
MC floods with their low instantaneous peak discharge.

On the other hand, increased frequency of ARST
storms would have increased intermittent, high-peak-
discharge floods, which would have activated isolated
small- to medium-size catchments scattered throughout
the region. Such floods could have been locally large, but
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with their short peak discharge, they would have been
characterized by low volume. Their sediment yield in the
larger streams would have been relatively low as well
and more pronounced in high-gradient streams (e.g.,
Salomon et al. 2016; Alexandrov et al. 2003).

Increased TP frequency would have resulted in flash
floods of both high peak discharge and volume, with
widespread, simultaneous activation of numerous streams
in a wide range of catchment sizes. This would have di-
minished the discontinuity of water and sediment, char-
acteristic of the southern Levant watersheds and increased
the fraction of water reaching the Dead Sea from its hy-
perarid southern tributaries. This, in turn, would have in-
creased sediment delivery by these southern streams to the
lake. This integration of flow with high peak and volume
would have been most able to affect the geomorphology of
the larger streams in the southern Levant.

Both TPs and ARs are situated west of an extratropical
cyclone and involve high moisture flux (e.g., Dacre et al.
2015; Knippertz 2007). Analogous increase in the fre-
quency of ARs, as proposed above, was found to be im-
portant in the western United States. Modern analogs for
circulation patterns that cause the largest Holocene
floods in large watersheds of the southwestern United
States were proposed (Enzel et al. 1989, 1992; Ely et al.
1994; Kirby et al. 2012), and many of them were associ-
ated with ARs—the cause for the largest floods presently
(e.g., Barth et al. 2017; Konrad and Dettinger 2017). The
largest difference between the worldwide phenomenon
of flash floods triggered by ARs (Ralph et al. 2017) and
the Levant TPs is the lower-atmosphere moisture con-
tent. While most of the ARs are accompanied by high
moisture content in the lowest 3km of the atmosphere,
TPs originating southwest of the Levant are relatively dry
in the lower atmosphere, because of the dry Saharan
desert. Thus, Levant TPs are based mainly on the STJ
moisture supply above the planetary boundary layer
(Rubin et al. 2007), and therefore many of the TPs do not
precipitate at all (Tubi and Dayan 2014).

Although scarce today, TPs are significant features in
present-day climate, especially in the hyperarid south-
ern Levant and drylands farther south that are rarely
affected by Mediterranean moisture (Kahana et al. 2002;
Ziv 2001; Rubin et al. 2007; Farhan and Anbar 2014; de
Vries et al. 2016; Enzel et al. 2015; Tubi and Dayan 2014;
Barth and Steinkohl 2004). Throughout the Holocene
and late Pleistocene, rainfall-rich intervals occasionally
prevailed in the Levant, resulting in high-magnitude
floods and dynamic sediment production and transport
(Enzel et al. 2003, 2015; Greenbaum et al. 2006b; Enzel
et al. 2008; Greenbaum et al. 2000; Vaks et al. 2006).

The geochemistry of large fossil aquifers in the Sahara,
Negev, and Arabian Deserts presents evidence for past
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wetter intervals regionally (Abouelmagd et al. 2012;
Vengosh et al. 2007; Issar et al. 1972). There have been a
few hypotheses regarding their ages and, more impor-
tantly, their sources. The question of source is directly
related to the potential moisture sources and the trans-
porting atmospheric circulation patterns. For example,
the isotopic composition of rainfall sourced in West
Africa (eastern Atlantic Ocean and the ITCZ) is most
suitable for explaining the isotopic composition of fossil
water in the Western Desert of Egypt, which is part of the
Sahara (Abouelmagd et al. 2012, 2014; Sonntag et al.
1980). This emphasizes the importance of TPs in the past
as a synoptic-scale pattern that could actually bring such
moisture to the region. Moisture supply from equatorial
Africa or the eastern Atlantic Ocean to the Levant is
possible under a forceful, distinct STJ streak to the north
of the region. This occurs when the STJ streak is oriented
to the northeast (or east-northeast) and bends ahead of a
south-penetrating upper-troposphere trough (Dayan and
Abramski 1983; Tubi and Dayan 2014; Rubin et al. 2007;
Knippertz 2005). The moisture source identified here
(Fig. 2) in TP storms suggests that it would probably be
more difficult to isotopically pinpoint these events in the
Levant, as in this region moisture is also pulled from the
Red and Mediterranean Seas. Even with this problem
and the scarce information on fossil aquifers in the
southern Levant (Arava valley), a depleted isotopic
signature, enriched in the northwestern direction, ex-
ists in the younger parts of the fossil aquifer; this might
indicate a water source similar to that suggested for the
Western Desert (Vengosh et al. 2007).

Necessary conditions to generate TP storms include
tropical convection and extratropical lows driven by the
STJ that also serve as a conveyor for the moisture (e.g.,
Knippertz 2007; Rubin et al. 2007). Thus, an increase in the
frequency of either of these could potentially increase TP
occurrences in the Levant and its southern drylands.
Skinner and Poulsen (2016) claimed that the increase in
convective activity in West Africa caused an increase in TP
occurrences (in autumn) in the Western Sahara during
the African humid period (~14.8-5.5 ka BP). They also
showed that this increase is less effective toward the
Levant drylands. This change in the moisture source area
indicates that in the Levant, away from the source area,
across the Sahara, the limiting factor for increased TP
occurrence is the STJ activity, that is, considering the great
distance between the moisture source (western Africa) and
the target rainfall area (the southern Levant), enhanced
convection alone is most probably an insufficient expla-
nation for the Levant. However, increased STJ activity
above the Sahara, steered southward by an extratropical
trough (Knippertz 2005), is a more reasonable explanation
for increased occurrence of TP storms in the Levant.
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Levant TP rainstorms occur mostly in winter (with
lower frequency in spring and even lower frequency in
autumn). This is because they require a strong south-
westerly STJ over the Sahara (Rubin et al. 2007; Tubi
and Dayan 2014). In summer, the STJ weakens and
moves northward, and monsoonal rainfall events are
highly localized in northern-equatorial latitudes; they do
not extend toward the Levant. In contrast to TPs, in
summer, moist air does not travel above the planetary
boundary layer (Saaroni and Ziv 2000). Hence, TP-
related rainfall was and is primarily a winter phenome-
non, generating hydrological and geomorphic changes
during intervals of increased jet-stream activity. This
could have occurred, for example, during the last glacial
maximum (Maley 2000; Abouelmagd et al. 2012; Ludwig
et al. 2016) or during other intervals with increased,
probably winter STJ activity, or with a major southward
shift of the eddy-driven jet that may also contribute to
TP formation (Dayan and Abramski 1983; Merz et al.
2015). This should be further evaluated using robust
climatic-meteorological models.

6. Conclusions
The main conclusions of this paper are as follows:

o The three major synoptic circulation patterns in the
drylands of the Levant significantly differ in their
hydrometeorological properties (Table 2).

e MCs draw their moisture from the Mediterranean, con-
vert it to low-intensity rainfall in the northern part of the
region, and may generate low-peak-discharge floods.

o ARSTs bring large amounts of moisture to the region,
but only a small portion of it is converted to high-
intensity (low precipitation efficiency), localized rain-
fall that generates a few scattered floods with high
peak discharge and low volume.

o TPs transfer moisture from distant southwest origins
over the Sahara. Moisture is efficiently converted into
high-spatial-extent, moderate-intensity rainfall that
produces numerous simultaneous floods of high peak
discharge and volume. These floods trigger geomorphic
responses in the region’s largest catchment, manifested
in large sediment plumes and geomorphic changes in
the channel.

e An increase in the frequency of TP rainstorms may
generate major hydrogeomorphic changes, focused on
the drier parts of the region. Indications of increased
TP frequency in the past emphasize the importance of
this synoptic-scale pattern.

 Interactions between STJ and tropical convection
indicate that such an increase would be a prominent
feature during periods of increased, southerly situated
and southwesterly oriented STJ.
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