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Abstract: The Bir el-Umdan cistern, a prominent archaeological site in the Judean Desert, is one of
the largest and best preserved water systems in the region. Hewn in chalk, the cistern area measures
114 m?2 and has a ~700 m? volume. Two massive columns, each with a base diameter of 2.5 m, support
the ceiling within the cistern’s interior. This impressive structure is estimated to date back to the
Hellenistic to Late Antiquity periods based on its architectural characteristics. Historical records
indicate that the cistern was documented on 19th-century maps but disappeared from the 1935 and
1943 British Mandate maps. Its reappearance on the 1967 Survey of Israel map includes an upstream
road disconnecting the cistern from its natural drainage basin. Despite its renovation in the 2010s, the
cistern’s water supply remains limited due to its reduced catchment area, which now constitutes only
25% of its original size. Runoff coefficients calculated for the cistern’s drainage basin are relatively
low (1.4% to 8.1%) compared to other desert regions. We analyzed the 21st-century runoff coefficient
and recurrence interval over the original drainage basin (0.12 km?) to estimate the water volumes in
antiquity. Our analysis suggests that using an 8.1% runoff coefficient, the estimated water volume
is 806 m3, implying a cistern overflow every 6-7 years. A more conservative estimate using a 5%
runoff coefficient yields a water volume of 500 m® and a 15-year recurrence interval. Sediment
analysis reveals that silt particles dominate the sediment accumulated in the cistern and its upstream
sedimentation basins. The consistent grain size distribution throughout the system indicates rapid
water flow during flood events. Reconstructing the sedimentation history is challenging due to
potential maintenance and possible dredging and cleaning operations.

Keywords: disconnectivity; runoff coefficient; rainfall/runoff relation; Hellenistic period; Late
Antiquity; water system; Judean Desert; Bir el-Umdan cistern

1. Introduction

Hydrological disconnectivity refers to the fragmentation of the continuity of water
pathways for water flow, hindering runoff and sediment movement, in contrast to hy-
drological connectivity, which is essential for efficient water and sediment transfer. This
phenomenon is critical in understanding landscape degradation, particularly in arid and
semi-arid regions where water scarcity can lead to significant geomorphological and eco-
logical changes [1]. Hydrological connectivity is the result of a complex interaction between
various environmental factors such as geology, topography, climate, soil, flora and fauna, as
well as human activity, for example, [2-6]. These factors influence the movement of water
and sediment in different environmental conditions and geomorphic processes, in a variety
of landforms such as rivers, hillsides, coastal areas/deltas, as well as aeolian landscapes and
other environments [7]. The degree of connectivity along hillslopes, at the hillslope-channel
interface, and along streams affects water resource redistribution, sediment movement, and
biological fluxes [8]. Furthermore, the dynamic connectivity behavior of surface runoff in
response to rainfall events is influenced by the spatial heterogeneity of topography and
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surface properties, highlighting the importance of understanding how different parts of
a hydrological system connect through fluxes across time and space in the landscape [9].
Human intervention in river systems often disrupts the natural hydro-geomorphic connec-
tivity of meteoric water flow and sediment transport [10-12]. This disruption occurs when
dams and reservoirs obstruct the river flow [13], when the river is channelized [14,15], or
when there are changes in land use and land cover [16]. These activities collectively alter
the hydrological and ecological dynamics of these systems.

In the long run, the cumulative effects of land use changes have been shown to exceed
those of climate change, fundamentally altering river morphology and stratigraphy [17].
These changes can lead to irreversible species losses and shifts in community composition,
further destabilizing ecosystem health [18].

This article examines a small ephemeral stream in the Judean Desert that was discon-
nected during antiquity when three water cisterns were constructed within its channel, and
then again in the 20th century when a newly built road blocked the water flow into the
cisterns and led to significant hydrological and geomorphological changes.

Humans have inhabited the Judean Desert since prehistoric times [19]. From the
Chalcolithic to the Early Arab period [20-22], the Judean Desert had always attracted
human habitation and activity due to its strategic location and the presence of oases and
water resources. Remains of extensive human activity from various periods have been
discovered on the western shores of the Dead Sea. For example, an isolated temple from
the Chalcolithic period was found at En Gedi, continuing with the development of the site
into an industrial center during the Iron Age, and culminating in its transformation into of
a large Jewish village during the Roman and Byzantine periods [23]. Due to its proximity
to the central mountainous country, the Judean Desert served as the “backyard” of more
favorable environments. It often provided temporary residence for nomads, or refuge for
rebels and other social and religious groups that sought an isolated location [24].

Desert transportation routes in the Judean Desert were determined mainly by the
terrain, local conditions, and water availability, resulting in scattered, narrow paths pri-
marily used by nomadic herders. The most extensive road development in the Judean
Desert and the Dead Sea regions occurred during the Roman period [25], demonstrating
an intimate knowledge of the land and advanced technical capabilities. These roads were
often accompanied by water cisterns, guard stations, and stops [26].

In the harsh, arid environmental conditions of the Judean Desert, human survival
has necessitated extensive efforts to secure the water required for drinking and food
production, often relying on rainwater. Rainwater harvesting emerges as a viable strategy
when droughts pose a recurring threat and significantly impact economic stability or
food security under traditional rainfall-dependent farming. Increasing the available water
supply beyond natural precipitation becomes essential in such circumstances, and rainwater
harvesting systems could bridge this water deficit for agricultural purposes [27]. Water
availability was important not just for the inhabitants” daily needs but also for watering
the herds of animals. The collection and storage of water was achieved by excavating
and plastering cisterns, reinforcing channels to guide runoff from sloped areas into these
cisterns, and constructing dams to redirect winter flows [28-30]. Bruins [27] defined three
main types of runoff collecting systems in the Negev: (1) terraced wadi system, (2) hillside
conduit system, and (3) diversion system. The first two systems were constructed mainly
in small basins of low orders (first to fourth) and are discussed in the present study; the
third one was constructed in higher basin orders (fifth to seventh) and floodplains adjacent
to the main channel [31].

Archaeological evidence dating back to the Iron Age indicates that reliable rainwater-
harvesting agricultural systems were established in some parts of the Judean Desert [32,33],
suggesting that these systems supported permanent farming settlements, which primarily
relied on runoff farming over alluvial soils. Gibson et al. [34] propose a different scenario
for the northeastern Judean Desert during the 7th and early 6th centuries BCE, claiming
that pastoralists primarily inhabited this region. Unlike nomadic groups, these pastoralists
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held land ownership and property rights, including access to water sources such as water
pits and cisterns, indispensable for the survival of their herds.

This study aims to investigate the effects of human intervention on the disconnectivity
of a small drainage basin system in the Judean Desert, especially on the rainfall/runoff re-
lationship, water availability, and sedimentation effects on water quality. It is hypothesized
that human-induced modifications to the natural drainage system have significantly altered
hydrological connectivity, leading to changes in the rainfall-runoff-sediment relationships
affecting the availability and quality of water. This study presents important insights
into the impact of human development and associated interference on the natural system
and water availability. The findings provide a valuable understanding for evaluating the
sustainability of rural development projects in dryland environments.

2. Study Area

The Judean Desert is a narrow, north-south trending strip located between the Judean
Mountains to the west and the Jordan Rift Valley and the Dead Sea to the east, approx-
imately 80 km long and 20-25 km wide. While the Judean Hills ascend to 800-1000 m
elevations, the Dead Sea lies about 430 m below sea level, resulting in a dramatic elevation
difference. This pronounced topographic gradient creates a rain-shadow effect, causing a
steep decline in annual rainfall from the Judean Mountains of the Mediterranean environ-
ment with ~700 mm/yr, to less than 50 mm/yr along the Dead Sea, and a steep increase in
average temperatures [35,36].

Recent discoveries in the Judean Desert have unveiled a remarkable hydrological
infrastructure that attracted considerable public attention since 2020. Three large cisterns,
distanced ~50-70 m from each other, exhibiting distinctive Hellenistic to Late Antiquity
architectural characteristics [37], were hewn into the chalk bedrock of the upper Gorfan
Stream (Figure 1). The cisterns are located in the channel to collect floodwater, therefore
disconnecting the upper and lower reaches of the channel [38]. Changes made to the basin
during the 20th and 21st centuries disrupted the hydro-geomorphic connectivity, further
attenuating water and disturbing sediment transport. While access to two of these cisterns
remains restricted, the accessible third cistern offers insights into the complex interplay
between rainfall, runoff, and sedimentation processes in a disconnected catchment.

The cistern, named Bir el-Umdan (“The pillar’s cistern’) by the local population, is
located in the Judean Desert at 31°39'57.5” N, 35°19/17.9” E. The exposed rock units in
the drainage basins consist mainly soft carbonate rocks, comprising three geological units
(from top to bottom): (1) the Hatrurim Formation (or the “Mottled Zone”, mz), composed
mainly of high-temperature-low-pressure metamorphic minerals, a product of combustion
of the bituminous Maastrichtian to Paleocene chalk and marls of the (2) Ghareb (Kug) and
Taqiye formations (Figure 1c; [40]), in which the cistern was cut. The third unit, the Mishash
Formation (Kumi), comprises massive brecciated brown chert or alternating beds of chalk
and chert. This unit also includes massive brown chert and flint with silicified chalk and
some phosphorite beds [41,42].

The climate is arid, with a prominent rainy season that extends from October to
April, with peak precipitation concentrated in January and February. Generally, rainfall is
characterized by short, intense frontal events, deriving from (1) Mediterranean Cyclones
during winter [43], (2) Active Red Sea trough, the synoptic system responsible for most
flash floods [44], and (3) Tropical Plumes, typically accompanied by a subtropical jet
streak [45]. The latter is usually characterized by the development of intense flash floods.
The rainfall events are interspersed with extended dry periods, marked by pronounced
seasonal fluctuations of cyclical droughts and wet periods.

The average annual rainfall in the cistern area is between 200 and 250 mm/yr, and the
average annual temperature is 20 °C (https://ims.gov.il/he/ClimateAtlas, accessed on 1
September 2024). Nahal Gorfan stream, like other Judean Desert streams, is characterized
by prolonged periods with no flow punctuated by sudden, high-intensity rainfall events
during the wet season, resulting in rapid runoff and flash flooding [46]. The soils have


https://ims.gov.il/he/ClimateAtlas

Land 2024, 13, 1679

40f17

limited agricultural potential and only support very sparse natural vegetation. Soil is
light yellowish brown leptosol, calcareous, loamy with 20% clay [47]. The vegetation is
dominated by an Anabais articulata—Agathophora alopecuroides association, accompanied by
Salsola vermiculata and Reaumuria hirtella [48].

#E=a, 21 Mishash Fm.

Figure 1. (a) Shaded relief map of the Levant: TA-Tel Aviv, JL-Jerusalem, DS-Dead Sea; (b) regional
hydrological drainage net of the studied area with the specific drainage basin of the Bir el-Umdan
cistern (red), neighbor drainage basin connected in 2010 (black); (c) geological map and section of the
drainage basin, after [39]; (d) aerial photo of the Judean Desert and study site (red arrow). Note the
road (black arrow) and the vegetated alluvial fan (green arrow) dammed by the road.

3. Materials and Methods

Data on the cistern and the adjacent slopes were collected through field surveys
and mapping, coupled with field observations and comprehensive descriptions that were
carried out during several campaigns in 2022. First, a drone survey of the catchment was
employed, and subsequently, the cistern was scanned using a Lidar app available on iPhone
14Pro.

We compared the field observations with aerial photographs obtained in 1945 (PS; [49])
and drone photographs from 2022 that were then used to create a detailed basin map.
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Additionally, SWP (Survey of Western Palestine) maps [50], British Mandate maps (1935,
1943; [51]), and modern maps [52] were examined.

This dataset was augmented by Citizen Science, a collaborative research approach
where members of the public participate in scientific investigations. Extensive information
was gathered from hikers, bloggers, and travelers who documented their visits to the
cistern on digital and social media, especially on Facebook and Instagram. About 30 of
their photographs, accompanied by dates, enabled a four-year reconstruction (2020-2024)
of water levels in the cistern (e.g., Figure 2). Water volume in the cistern was calculated by
comparing the water levels in the photos with the water marks on the cistern wall. The re-
constructed water levels were then incorporated into the daily rainfall data collected by the
Israel Meteorological Service (IMS) gauging station situated at Maale Amos (31°35'44.7"" N
35°13/50.6" E), located 11.5 km southwest. The average annual rainfall in Maale Amos is
276 mm (1991-2020; [53]), which is ~25% higher than at the cistern site.

Figure 2. Variability of the water level in the cistern as pictured in November 2020 (left), when the
water depth was ca. 100 cm, and January 2022 (right), when the cistern floor was dry. The photos
were retrieved from Instagram (https://www.instagram.com/gili.shani/, accessed on 1 September
2024). Publication courtesy of Gili Shani (https://yoga-gili.com/, accessed on 1 September 2024).

Ten sediment samples from the slopes, the sedimentary basins, and the cistern floor,
each weighing 50 g, were analyzed using the hydrometer method to determine particle size
distribution at the Agricultural Research laboratory, Neve Yaar Research Center. Aggregates
were dissolved using Calgon solution (15 mL of 10% Calgon into 400 mL desalinated water)
to isolate the mineral fraction; carbonates were left intact. Clay, silt, and sand sizes were
defined following the USGS system [54].

4. Results
4.1. Hydrological Infrastructure of the Bir el-Umdan Cistern

Bir el-Umdan cistern is one of the largest and most exceptional examples among
hundreds and perhaps thousands of other rock-cut cisterns in the Judean Desert. The cistern
is part of a hydrological system that includes both an external filtration component and a
subterranean hewn cistern (Figure 3). The external component consists of six constructed
basins, each measuring 1-2 m long, designed to slow down the water velocity, enable
sedimentation and filter the captured floodwater (Figures 3a,c and 10). In Figure 3a, the
uppermost basin is a shallow depression dug within the channel, through which water
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flows into the next five smaller basins. The filtered water is eventually conveyed into the
underground cistern.

R

@ Lidar image: Horizontal plane

@ Lidar image: Lateral plane

Subterranean

cistern Sedimentation basins

—

External components:
sedimentation basins

Subterranean
cistern

Figure 3. Bir el-Umdan water system: (a) aerial photo of the upper components of the system: six
sedimentation basins constructed to catch the coarse sediments, three troughs to water the herds,
part of the hillside conduit, channel and spillway. The upper sedimentation basin is delineated by a
double white dashed line, indicating a small depression without surrounding construction. Water
enters the cistern after filtration and exits only by manual extraction with a bucket through the outlet
opening in the cistern’s roof. Human for scale, encircled white; (b) the underground cistern, freshly
plastered and painted. Note the water levels on the walls. (¢,d) Lidar images in horizontal and lateral
planes, showing the relations between the subaerial and subterranean components of the Bir system.
Three-dimensional scan prepared by Dr. Danny Bickson.

The underground component includes a sub-rounded cistern, hewn in the imperme-
able chalk of the Ghareb Formation, and plastered to prevent water leakage. It is 6-7 m
high, with a basal area of 114 m?, and a capacity of ~700 m? (Figure 3b,d). Two large pillars
with a base diameter of 2.5 m support the ceiling, and ten rock-cut steps lead from the
entrance to the bottom of the cistern. The thickness of the rock layers above the cistern
is ~70-80 cm.

The cistern is located in the channel of a 3rd-order stream, a tributary of the Gorfan-
Kidron river system, draining to the Dead Sea (Figure 1b). At the time of construction,
it was fed by direct floodwater supplied during the rainy season. The cistern’s natural
drainage area extends over 0.12 km?, and the channel slope is 13.8% (Figures 3 and 4).
Nowadays, a hillside conduit directs runoff from the adjacent watershed (0.03 km?) and
conveys it into the upper sedimentation basin (Figure 3a).
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Figure 4. Longitudinal profile of the Bir el-Umdan channel up to the Gorfan stream confluence (see
also Figure 1b).

The exact age of the cistern remains uncertain due to the removal and subsequent loss
of archaeological artifacts and the application of a thick layer of modern plaster /mortar
during a renovation project in the 2010s. This project also involved excavating the area
around the cistern, which destroyed any remaining archaeological context. However, based
on typological similarities with cisterns from the Negev and other desert regions, it is
reasonable to suggest that this cistern was likely constructed during the Hellenistic to Late
Antiquity [37].

4.2. Between Disconnection and Reconnection: The Transformation History of the Cistern

The disconnectivity related to the cistern’s existence is twofold:

(1) The Bir el-Umdan cistern functions as a physical barrier that disconnects the upper
and lower reaches of the fluvial stream, significantly altering the natural fluvial processes.
The cistern impounds the channel, and the water captured in the cistern is used by the
locals, preventing the water from flowing downstream. Thus, similarly to other reservoirs
used for agriculture, the water stored in the cistern is stored, accumulated and used by
humans mainly to water the herds. The cistern truncates the flood peaks, restricts the
discharge, and acts as a sediment trap, capturing the deposits that would otherwise be
transported downstream.

(2) Anthropogenic alterations within the drainage basin resulted in the cistern’s dis-
connection from its hydrological catchment during the 20th century until subsequent
modifications re-established a connection several decades later. Detailed map analysis
reveals this connection—disconnection history of the cistern throughout the evolution of
the cistern’s cartographic representation (Figure 5). The earliest record of the cistern is in
the British ‘Survey of Western Palestine” (SWP) map from 1880, which identifies it as Biar
el-M’aziyeh. According to the SWP index (sheet XVIII; [49]), this name translates to “The
wells of the M’aziyeh’ (goatherd in Arabic) [55]. The map also indicates that the cistern was
located in a remote area, devoid of roads or paths. Sixty years later, British Mandate maps
from 1935 and 1943 omit the cistern entirely, although a footpath appears, traversing the
vicinity. A consecutive map from 1967 [56] does mark the cistern and displays a new road
network with a designation text for ‘future paving’. Additional data from a British aerial
photograph from 1945 (PS; [49]) corroborate the absence of an adjacent road or specific
hillside trenches that are seen today, while a contemporary aerial image (2023) clearly
delineates both the road and the hillside trenches (Figure 6).
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Figure 5. Historical maps illustrating the area of the cistern location (red arrows) and the neighboring
road: 1880 [50], 1943 [51], and 1967 [56]. Red square in the 1967 map points on the aerial photo frame
in Figure 6b.
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Figure 6. (a) Aerial photo from 1945 (PS; [49]) showing the water cistern location (red dot); (b) aerial
photo (2021) of the same location [52], showing the cistern (red dot). Modern constructions are easily
identified, including the dirt road, the hillside conduit, and the buildup of an alluvial fan upstream of
the road (visible as a darker area in the channel).

The construction of this road, likely initiated in the early 1960s, is pivotal, as it signifi-
cantly impacted the cistern’s hydrology. The road effectively disconnected the cistern from
its drainage basin area, reducing the water inflow significantly and potentially resulting
in its temporary inoperability. Field evidence supports this claim, noting a renovation in
the 2010s that included dredging, cleaning and modern plastering to restore the cistern’s
functionality. Te’amerah, the Bedouin tribe active in the area, engages occasionally in the
maintenance and cleaning of the cistern surroundings.

Despite its current utility, the road lacks underlying drainage pipes, contributing to
the cistern’s disconnection from its natural catchment. Runoff accumulates upstream of
the road, forming a 60 m long alluvial fan and a seasonal shallow pond with increased
vegetation (Figures 6 and 7). The alluvial fan and the road obstruct the floods, preventing
water from flowing downstream and reaching the cistern. The alluvial fan appears to
accommodate small and moderate floods, and overflow across the road might occur only
during extreme events. Three gullies developed downstream of the road due to headward
erosion (Figure 7). However, as of our 2022 observations, the road remains intact and shows
no signs of fluvial entrenchment, probably pointing to a minimal impact of the overflowing
water. Subsequently, a hillside conduit was carved along the southern slope, probably
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during the cistern renovation in 2010, to supply water by capturing runoff from an adjacent
basin. As presented in Figure 1b, these two small basins are distinct and hydrologically
separated. The current drainage basin of the cistern, measuring 0.03 km?, is only 25% of
the natural basins’ original size, and as illustrated in Figures 8 and 9, this reduced drainage
area is insufficient to fill the cistern annually.

Figure 7. Aerial photo of the cistern area (red arrow). Note the three gully heads that begin by the
road due to back-erosion (blue arrows) and the alluvial fan formed upstream (Af), highlighted by
increased vegetation. The road and the alluvial fan disconnect the upper and lower reaches of the
channel. The road lacks drainage pipes that cross underneath.

Drainage basin of ’
Bir el-Umdan Cistern

Figure 8. Aerial photo (2022) and map of cistern Bir el-Umdan. The surrounding slopes, and the
two nearby and currently inaccessible cisterns (2 and 3). Note the hillside conduits that convey
first-order channels into the cisterns. Conduit 1, in particular, captures a southern channel, expanding
the catchment area by approximately 25%. Note the alluvial fan, formed by the road, disconnecting
cistern 1 from its natural catchment.



Land 2024, 13, 1679 10 of 17

60 v S . 0
A1

50 -
E © 100 E
£ =
= 30 o
8 >
£ 150 il
T
= 20 9
= 2
©
=) 200

10

0 a—ﬁl 250

'»Q'@ ﬁ,owo "9'» o '»°°'» S S S S '19 ol w’» 69”»& w&v

N N VY N Q‘o\ ARG RN b\ q>\ 0\ '»\ '»\ Qv\ Qb\ Q%\ 0\ o Qw\ Qb\ & N

o Y W P
I P S S N Qc;\ 0@\ O I P S P S L 50\\’ Q‘o\° o

Figure 9. Daily rainfall at Maale Amos (https:/ /ims.gov.il/he/ClimateAtlas, accessed on 1 September
2024) and water depth in the cistern. The water levels represent observations collected by visitors

and do not reflect the runoff volume of individual rainfall events. n.d. = no data.

This modification, absent in the British aerial photo from 1945, likely coincided with
the renovation of the cistern in the 2010s, proving the need to increase the water volume in
the cistern. Additional hillside conduits convey runoff from adjacent slopes to cisterns #2
and #3, constructed in the neighboring basin northwest of the studied cistern (#1). These
two cisterns were also disconnected from their active feeding channel by the road. Figure 8
illustrates the current complex water collection system by the hillside conduits in the
catchment and the adjacent cisterns.

4.3. Rainfall-Runoff Relations and Water Availability at Bir el-Umdan Cistern

As most of the annual precipitation (~75%) occurs during winter (December to Febru-
ary), the water level measured in the cistern is expected to have a similar trend. Figure 9
summarizes the daily rainfall distribution in the nearby Maale Amos station for 2019-2024.
In addition, since 2020, increased local visits to the site have produced reliable data on
its water levels. First observations at the end of 2020 indicated that the water level in the
cistern ranged from 50 to 70 cm, most likely a remnant of floodwater from the previous
rainy season. The water level did not rise significantly during the next season despite two
rainfall events of 40 mm/day. By the summer of 2021, the cistern had completely dried
up and remained dry throughout the rainy season of 2021,/2022, as confirmed by eight
separate observations. A severe rainfall event on 7 February 2023 resulted in the rapid
filling of the cistern. Subsequent visits by hikers on 10 March 2023 revealed a water level
of 1.8 m, which continued to recede over the following summer. In January 2024, another
event resulted in an increase of about 20 cm in the water level, observed approximately
two months later.

The runoff coefficient, or the ratio of the water volume in the cistern to the total
volume of precipitation during a certain event, was calculated for four instances where
visitor observations closely coincided with rainfall events and where it was clear that the
rise in the cistern’s water level was directly attributable to the rainfall event (Table 1). The
formula used to calculate the runoff coefficient is:

Cc=Vc/(Re *x A) x 100 D)

where:
Cc is the runoff coefficient caught by the cistern (%);
Vc is the water volume in the cistern (m?3);
Rc is the rainfall depth at the study site (mm);
A is the catchment size (0.03 km?).
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Table 1. Four flood events trapped by the cistern and Runoff Coefficient (RC). * Calculated as 25%
less than rainfall at Ma’ale Amos. ** The hillside conduit drainage basin = 0.03 km?.

Date

Rainfall at Maale  Rainfall at Cistern A Volume in Rainfall Volume RC Caught by

Amos [mm] [mm] * Cistern [m3] [m3] ** Cistern [%]
17-18 February 2021 49.3 39.5 17 1185 14
6-8 February 2023 105 84 205 2520 8.1
26-28 January 2024 404 323 25 970 2.6
23-27 February 2024 50.5 404 23 1212 1.9

It is important to note that our calculations are based on estimated rainfall amounts
due to the lack of specific rainfall data measured at the study site. Daily rainfall amounts at
Maale Amos were adjusted and normalized to the cistern area, but other important factors,
such as rainfall duration and intensity, soil properties, antecedent soil moisture, or the
presence of crusts, remain unknown. Also, it is assumed that all the drainage basin area
received the same rainfall amount, which is a considerable assumption for such a small
basin. Therefore, these calculations should be considered an upper limit.

4.4. Soil Erosion and Sedimentation Basin Efficiency

To analyze the eroded sediment entering the cistern, soil samples were collected from
the slope, and infill sediment was retrieved from the six upstream sedimentation basins
and the bottom of the cistern (Figure 10). The soils over the slopes are shallow, ~10 cm
thick, light yellowish brown (10YR 6/3), and stony (40-70%). The coarse fraction consists
of sub-angular to sub-rounded fragments of chalk and chert from the Mishash Formation
and pyrometamorphic gravels derived from the Hatrurim Formation, 3-10 cm in diameter.

100 80

Clay (%)

40 20

Sampling sites:
S: Slope
1-6: Sedimentation basins
7-9: Cistern
N

Figure 10. Sediment samples were collected from the slope (s), the sedimentation basins (1-6) and
from the cistern (7-9). (a) Grain size distribution; (b) Lidar imaging of the sedimentation basins
and the cistern. Three-dimensional scan prepared by Dr. Danny Bickson; (c) land photo of the
sedimentation basins.
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The fine fraction is dominated by silt (65-75%), with 22-30% clay and limited quantities
of sand (2-5%). A comparison of the sediment sampled from the slope, sedimentation
basins, and cistern bottom revealed high similarity (Figure 10). The minimal variations
observed between the samples suggest that suspended sediment is rapidly transported
into the cistern during the flood, without settling time for sedimentation. Except for
sedimentation basins 5 and 6, which exhibited higher percentages of sand (8.6% and 14.4%,
respectively), there were no significant differences among the samples from the different
sedimentation basins. This increase in sand fraction is likely attributed to suspended
organic matter (primarily goat droppings and dry branches). Trapped by the filter net at
the cistern’s entrance, the materials accumulated in the last two sedimentation basins.

5. Discussion

In arid environments, developing water collection and storage techniques has always
been crucial in supporting human life. One effective strategy to address water scarcity
was the construction of reservoirs and cisterns to capture surface runoff during infrequent
rainfall events. These structures, including both open reservoirs and rock-cut cisterns, are
prevalent throughout the Judean Desert and the arid Negev Highlands [57]. Along with
two other adjacent rock-cut cisterns, Bir el-Umdan is highlighted as one of the largest and
most impressive water systems in the Judean Desert. It includes an external construction
of sedimentation basins for diverting the water and facilitating sedimentation and a large
underground chamber reaching a capacity of ~700 m> for water storage.

5.1. The Cistern’s History of Disconnectivity and Reconnectivity

The cistern was likely constructed in antiquity, but the exact age is uncertain due to
renovations in the 2010s and the elimination of remaining archaeological artifacts. Historical
records of the cistern are limited to maps and contemporary accounts beginning in the
19th century. The oldest known map, the 1880 Survey of Western Palestine, labels the
cistern as “Biar el-Maziyeh” or “The wells of the goat herds.” Surprisingly, it is absent from
subsequent British Mandate maps (1935, 1943) and only reappears on a 1967 Israeli map
which may indicate the cistern’s disuse or blockage during this intermediate period. The
construction of a road approximately 80 m upstream from the cistern during the 1960s
dramatically affected its water and sediment balance, as it totally disconnected the cistern
from its natural drainage basin, blocking floodwaters and sediment from transporting
downstream. The flood waters were impounded upstream of the road and did not continue
downslope; the sediment was retained in the channel, and, as a result, in the last 55 years, an
alluvial fan bounded by the road gradually accumulated above the cistern. The site history
remains unclear until the 2010s, when the cistern underwent a significant renovation,
including cleaning, repairing, and applying a new, modern plaster coating. In addition, six
sedimentation basins were constructed upstream to filter out sediments and improve the
water quality reaching the cistern.

While small and moderate winter floods are now accommodated upstream in the
alluvial fan, exceptional events can still overflow the road barrier and reach the cistern. To
increase surface runoff, a hillside conduit was entrenched along the slopes to collect water
from the southern channel and divert it into the cistern. Although this conduit drains only
a limited area of 0.03 km?, it has reconnected the cistern to the slopes, allowing only its
partial fill. Hillside conduits were also built for the two neighboring cisterns, visible from
both land and aerial photos, to address the same water supply deficit caused by the road.

5.2. Rainfall-Runoff Relations and Water Availability

The significant investment in constructing such a large cistern (which peaks at ~700 m?)
seems disproportional to its current relatively small water capacity. However, the cistern’s
observed water levels over the past 15 years are derived from a small (0.03 km?) drainage
basin, which equals a quarter of the original natural basin, suggesting that by the time of
construction, the cistern had access to considerably larger water volumes, deriving from a
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vaster drainage basin. We analyzed the 21st-century runoff coefficient and recurrence inter-
val over the original drainage basin (0.12 km?) to estimate the water volumes in antiquity.
The runoff coefficients obtained for the water volume in the cistern are between 1.4% and
8.1%, which are generally lower than those reported in other desert regions. Studies on
runoff in small basins in the Negev desert [58] have found average runoff rates of approxi-
mately 10%, while Eldridge et al. [59] reported rates ranging from 6% to 32% in disturbed
and undisturbed regions, respectively, depending on crust and vegetation conditions.

To estimate potential water volumes during the cistern’s construction period, we
analyzed the runoff coefficient obtained for the 21st-century volumes and plotted its
recurrence interval over the natural drainage basin area (0.12 km?), representing the area
before the road construction (Figure 11). Based on the highest watermarks observed on
the cistern walls, the most significant infill event within the past 15 years resulted in a
total cistern volume of 285 m, suggesting a recurrence interval of approximately 15 years.
Moreover, the largest recorded event (6-8 February 2023), with 84 mm of rainfall, yielded a
cistern volume of 205 m>. This event appears to occur every seven years when plotted on
the recurrence interval line. By extrapolating the runoff coefficient (8.1% for the 0.03 km?
basin area) to the original, natural basin size, we can estimate a potential water volume of
806 m?, implying a cistern overflow every 6-7 years. Although possible, this value seems
excessively infrequent. A more conservative estimate using a runoff coefficient of 5% yields
a water volume of approximately 500 m3, corresponding to a recurrence interval of seven
years and a potential overflow once every 15 years.

806 m3
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Figure 11. Evaluation of water volume potential at the original drainage basin size, based on the
runoff coefficient obtained for an event with a seven-year recurrence interval.

5.3. Soil Erosion and Sedimentation Basin Efficiency

The drainage basin of the Bir el-Umdan cistern, like most others in the Judean Desert,
is significantly affected by grazing. Near-zero vegetation cover exposes the entire hillslope
surface to the pressure of sheep and goats, leading to increased raindrop impact and
splash erosion, accelerated aggregate breakdown, soil compaction from trampling, and
the formation of physico-chemical and biogenic crusts over large areas. These factors
contribute to high rates of Hortonian overland flow and erosion due to runoff continuity
over relatively long distances [60]. Thus, rainfall in the Judean Desert leads to flash floods
with high sediment transport rates, displaying short, intense rainstorms and infrequent
floods, resulting in complex rainfall-runoff relations [61].
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As the cistern is situated within the channel, it is fed by floodwaters and prone to
high sedimentation. The sedimentation history within the cistern and the external basins
is challenging to reconstruct due to potential dredging operations conducted since the
cistern’s renovation. These operations may have obscured the true extent of sediment
accumulation. However, sediment analysis of the slopes, sedimentation basins, and cistern
bottom revealed a high similarity in the sediment’s physical characteristics, suggesting
rapid water flow during flood events with no settling time for sedimentation. The sediment
accumulated in the water system is similar to the fine fraction of the soils over the adjacent
slopes. Few gravels transported by saltation were found in the sedimentation basins.

The cistern’s disconnection from its natural drainage basin and subsequent reconnec-
tion to a smaller basin significantly impacted its function. To better understand the effects
of these changes, further research on sediment transport volumes and accumulation rates
is needed. In this manner, the upstream alluvial fan may provide valuable insights into
historical flow patterns and sediment entry into the system. By analyzing the characteristics
of the alluvial fan, future research could potentially reconstruct the cistern’s past sedimen-
tation dynamics and assess the long-term impacts of the changes in a small, impounded
arid drainage basin.

6. Conclusions

The Bir el-Umdan cistern, a significant archaeological site in the Judean Desert, has
attracted considerable public attention since 2020. The cistern is part of a larger water
system that includes two other nearby cisterns, together forming one of the most remarkable
water systems in the region. This impressive structure is estimated to date back to the
Hellenistic to Late Antiquity periods, based on its architectural characteristics. Excavated
in chalk, the cistern has a capacity of ~700 m>. Two imposing columns, each with a base
diameter of 2.5 m, support the ceiling within the cistern’s interior.

The cistern was initially documented on 19th-century SWP map but was subsequently
omitted from British Mandate maps. It reappeared on the 1967 Survey of Israel map, includ-
ing an upstream road that was likely constructed in the 1960s. This road cut the cistern’s
connection to its natural drainage basin. In the 2010s, the cistern underwent restoration
and renovation and was reconnected via a hillside conduit to a smaller drainage basin,
constituting only 25% of the original one. Consequently, the water supply remains limited.

The runoff coefficients calculated for the cistern’s drainage basin are relatively low
(1.4-8.1%), compared to other documented desert basins (10% or higher). To estimate
past water volumes, we used the 21st-century runoff coefficient and recurrence interval
over the original drainage basin (0.12%). Using an 8.1% runoff coefficient, the estimated
water volume is 806 m?, implying a cistern overflow every 6-7 years. A more conserva-
tive runoff coefficient of 5% yields an estimated water volume of 500 m> and a 15-year
recurrence interval.

This research is subject to several limitations. (1) The nearest rain gauge is located
within a slightly different climatic zone, receiving approximately 25% more annual rainfall.
This introduces uncertainty when correlating rainfall events over the small inverted catch-
ment with the recorded data. While we assume a general correlation, we account for this
difference by reducing the recorded rainfall by 25% for each event. (2) The water level in
the cistern was estimated based on visual observations. Although we are confident in the
timing of these observations, the exact water level may vary slightly due to irregularities in
the cistern’s bottom. This leads to a less precise estimation of water levels. (3) The relatively
small number of observations, spanning only four years, limits the statistical power of our
analysis and may constrain the generalizability of our findings.

The cistern’s location within the channel and its floodwater source makes the cistern
prone to high rates of sedimentation. However, due to maintenance and possible dredging
operations, reconstructing sediment accumulation remains a significant challenge. Silt
particles dominate the sediment accumulated in both cistern and sedimentary basins, and
the consistent grain size distribution throughout the system indicates rapid water flow
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during flood events. Further research on sediment transport and accumulation rates is
necessary to fully understand the long-term impacts of the drainage basin changes and
inform future management strategies in arid regions, both locally and globally.
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