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Abstract

Overland flow is usually regarded as an important contributor to
channel flow. This approach is certainly valid in arid
watersheds, where base flow is irrelevant, especially in small
watersheds, where non-climatic factors such as lithology,
topography, and local surface properties can exert a strong
influence on overland flow generation. Understanding overland
flow generation in dry land areas is therefore especially
important, as rainfall thresholds for stream flow generation are
highly dependent on the frequency and magnitude of overland
flow generation. A relatively large literature is available for
semi-arid areas. In some of these studies it is clearly stated
that despite the lower average annual rain amount, the
frequency and magnitude of channel flow is higher in the drier
than in the semi-arid, wetter areas. This is attributed to a more
extensive soil and vegetation cover in the wetter areas.
Nevertheless, our knowledge on the complex factors that
control overland flow generation, the main contributor to
channel flow in extremely arid areas, (below 50 mm average
annual rainfall) are very rare. The main objective of the present
work is to obtain accurate data on runoff generation, in an
extremely arid area (~28 mm average annual rainfall), under
natural rainfall conditions in a variety of geological formations
and surface properties. The study was based on a couple of
small runoff plots (~3 m 2) in each of the following lithology’s:
Limestone, Granite, Sandstone and Siltstone. One plot
represents a rocky surface and the second a colluvial surface.
The study lasted two consecutive years. Data obtained showed
that the frequency and magnitude of runoff generation, in each
of the lithologies, were always higher over the rocky plots than
over the colluvial plots. However, runoff generation was not
uniform in the rocky, and in the colluvial plots. This is due to the
local surface characteristics of each plot, such as stoniness
and surface roughness. Data obtained bring us back to two
important issues in geomorphology. The first is the possibility to
extrapolate data from one area to another area with the same
rainfall regime. The second issue is the relative geomorphic
importance of frequent rain events versus rare geomorphic
events.

Keywords: Lithology; Dry land; Runoff generation; Topography

Introduction

Global climate change is a frequently addressed issue. This issue is
critical in dry land areas, regarded as highly sensitive to climate
change. The relationships between average annual rainfall and
environmental variables has attracted the attention of many scientists.
Climatologists use aridity indices to express the relationships between
climatic and environmental variables. These indices, based on purely
climatic variables, imply that the acuteness of aridity is inversely
related to annual precipitation, air temperature, radiation, etc. The
validity of the global climatic models is questionable at smaller
regional scales, especially in dry land areas, where non-climatic
factors such as lithology, topography, and surface properties can exert
a strong influence on water resources. In addition, the global models,
based on the average annual rainfall, disregard the characteristics of
the local rainfall regime, such as the duration of the effective
individual rain-showers during a rainstorm [1]. Overland flow is
usually regarded as an important contributor to channel flow. This
approach is certainly applicable to arid watersheds, where base flow is
irrelevant, particularly in small watersheds. Understanding overland
flow generation in dry land areas is therefore very important, as
rainfall thresholds for stream flow generation are highly dependent on
the frequency and magnitude of overland flow generation. A relatively
large literature is available for semi-arid areas [2-8]. However, in some
of these studies, it is clearly stated that despite the lower average
annual rain amount, the frequency and magnitude of channel flow is
higher in the drier than in the semi-arid, wetter areas. This is attributed
to a more extensive soil and vegetation cover in the wetter areas.
Nevertheless, our knowledge of the complex factors that control
overland flow generation, the main contributor to channel flow in
extremely arid areas (below 50 mm average annual rainfall) is very
rare [9] have studied overland flow generation in an extremely arid
arca within the Yael Watershed Research Station, located few
kilometers away from the present research sites. The study was based
on overland flow generation under natural rainfall conditions, in three
runoff plots extending over 40 m-60 m. The lithology of the plots is
not the same.

Amphibolite is the dominant formation with acid dykes. In
addition, outcrops of gneiss are quite extensive. The amphibolite is the
least resistant rock. It weathers into coarse sand. The dykes, which are
more resistant, decompose into coarse gravels, and the gneiss into very
small gravels. In all plots the upper gravelly layer is underlain by a
mixture of sand silt and clay. The particle size composition of the
lower layer is quite uniform in all plots. However, the upper layer of
the plots is not uniform. The plot with the dyke is composed of bigger
gravels than in the adjoining plots. Data were collected in a single
year. Annual rainfall amounted at 28 mm, in 10 rainy days. Daily rain
amount varied in the range of 0.22 mm-7.05 mm, with low rain
intensities, below 0.45 mm/3 minutes, except for one rain event with
1.5 mm/3 minutes. Five overland flow events were recorded; with
daily rain amounts exceeding 3 mm. Runoff coefficients were not
uniform. Overland flow generation was three times higher in the plot
where a dyke is exposed. As indicated earlier, the dyke weathers into
much coarser gravels and cobbles than the amphibolite and the gneiss.

Runoff coefficients varied in the range of 0.2%-5% in the plots with
the low runoff, while they varied in the wide range of 1.7%-15% in the
plot with the dyke. The explanation proposed was that runoff starts
almost immediately over the large gravels and cobbles, due to their
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negligible infiltration rate. Runoff occurs quickly, when runoff
amounts delivered by the gravels and cobbles are higher than the
infiltration rate of the underlying layer.

The process of water concentration is much less efficient in the
plots where the surface is composed of very small gravels. Similar
results have been reported by Yair and Lavee in a study of overland
flow generation over six talus slopes in the north eastern sector of
the Sinai Peninsula.

Latter study was based on sprinkling experiments that covered a
variety of geological formations: Schist, Granite, Coarse sandstone,
Limestone and a magmatic dyke. Runoff coefficients obtained in
the first run, varied from 0% (coarse sandstone plot) to 40.9%
(bare bedrock, granite).

The explanation proposed for the differential overland flow
generation was that the infiltration rate of the fine-grained lower layer,
below the gravelly surface layer, is lower than the rate of water
delivery by the cobbles and boulders composing the upper coarse
layer. A positive relationship was found between stone size and runoff
coefficient.

Aim of Study

According to the said above we contend that local surface
properties, and local rainfall characteristics, play a determinant role in
overland flow generation in some extremely arid areas, such as the
southern Negev desert.

The main objective of the present work is to obtain accurate
assessment of runoff data concerning the frequency and magnitude of
overland flow generation, at a scale of few square meters, under natural
rainfall conditions, in a variety of geological formations, and surface
properties, in an extremely arid area with an average annual rainfall of
~28 mm.

Description of the Study Area

The extreme southern part of the Negev Desert of Israel, near the
Red Sea, offers excellent conditions for the study of the complex
hydrological relationships between rainfall and surface properties, in
an extremely arid area.

The study was conducted in two distinct sites: The Timna site and
the Yotvata site. The Timna site is characterized by a great variety of
geological formations, covering the long periods from the
Precambrian to the Quaternary: granite, sandstone, siltstone, and
colluvial deposits [11].

Average annual rainfall is ~ 28 mm. In the last decade annual
rainfall varied in the range of 3 mm-61 mm. The highest annual rainfall
amount (97 mm) was measured in 1953.

The Yotvata site, 23 km north of the Timna site, is represented
by a limestone formation, and limestone elastic deposits. The rainy
season, in both areas, is confined to the winter months from
September to May. The area is subject to two rainfall regimes: The
Red Sea regime, and the Mediterranean regime, called Cyprus Low
[15,16].

The Red Sea Trough regime is characterized by convective
rainstorms, with high rain intensities over a short time, and a limited
covered area. The Cyprus Low is characterized by relatively low rain
intensities, and low rain mounts in individual intermittent rain-showers
[17,18].

Methodology

The study was based on 8 runoff plots selected so as to represent
the different lithologies, and surface properties, outcropping in the
Timna and Yotvata sites. Low metal walls were inserted into the debris
cover, to a depth below the superficial layer of gravels (Figures 1 and
2).

The rocky plots were sealed with cement. The area of the small
plots varied in the range of 3.4 m2-3.9 m2, according to the local
surface conditions. A rainfall collector was installed near the runoff
plots [19-25]. The study lasted three consecutive years .
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Figure 2: View of a runoff plot.

A clear distinction was made between the rocky plots and the
clastic plots (colluvium). The rocky plots are located over steep slope
sections, with no soil cover. In some of them gravels are spread over
the rocky surface. These plots are considered as relatively impervious,
and expected to quickly develop overland flow [26-30]. The clastic
plots represent a different environment. Slope angles are lower. These
plots are composed of an upper gravelly layer underlain by a layer
composed of sand, silt, clay and gravels. The fine-grained material is
of Aeolian origin. Attention was given to the cover percent of the
gravelly elements within the plots. In addition, the particle size
distribution of the fine-grained material, underlying the upper gravelly
layer, was determined. Needless to say, this analysis was limited to the
clastic plots. Surface properties of the plots are given in Tables 1 and
2.

Yotvata site

The Yotvata site represents a limestone area: The hatsera formation.
Two plots have been installed here. One over a rocky area, with
gravels spread over most of the plot, and a second plot over the
colluvial slope section. Surface properties are provided in Table 1. A
rainfall recorder is located at the nearby Yotvata village.

Surface Area Slope Slope Stonine Clay
Properties | (m?) length angle ss cover | Content
(m) (Degree) (%)
Rocky 3.76 22 15 negligible| 0
Plot
Colluvial 3.8 2.2 13 95 14.8
Plot

Table 1: Surface properties of the plots at the Yotvata site.

Timna site

The Timna site is characterized by a variety of geological
formations: Salomon sandstone formation, Shehoret formation
(siltstone), Granite, and colluvial deposits. Six plots were installed in
this site. Surface properties of the plots are presented in Table 2. Two
plots are located in the granitic area: a rocky plot, and a colluvial plot.
Two plots are located in the sandstone area: one represents the rocky
Salomon sandstone formation; the second represents the colluvium at
the base of this formation. Two plots are located in the Shehoret
siltstone formation. One represents a rocky surface and the second a
colluvial plot. Rain collectors were placed at the vicinity of the plots.

Area
(m?)

Surface
Properties

Slope
length
(m) (degree)

Slope Stonine
angle ss
Cover (%

Clay
content(%)

Granite 3.9 2.2 31
(Rocky
Plot)

~20 negligibl e

Granite 3.35 2.2 16.5 55 14.6

(Colluvial
Plot)

Salomon 3.57 2.15

Sandstone

(Rocky
Plot)

Salomon 3.39 2.15 10.5 25 10.6

Sandstone

(Colluvial
Plot)

Shehoret
Siltstone
(Rocky
plot)

3.67 212 12 Few 0
small

stones

Shehoret
(Colluvial
Plot)

3.78 21 55 45 216

Table 2: Surface properties of the plots in the Timna site.
Results

Rainfall data

The Yotvata site: 21 rain events have been recorded from January
2013 to October 2015. Rainfall data are presented in Table 3.

Most rain events are quite limited in their amounts, and rain
intensities. On the first year, storm rain amounts varied in the range of
1 mm-10 mm, with relatively low rain intensities, in the range of 6 to
13.2 mm/hr.

The year after, storm rain amounts varied in the range of 1-11.5
mm, again with low rain intensities.

In the last year, six of the 7 rainstorms recorded low storm rain
amounts, and low rain intensities (Table 3). An extreme rain event (30
mm) was recorded in 25 October 2015.
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Date Storm rain amount Peak rain intensity
(mm) (mm/hr.) Duration: 10
minutes
07-01-2013 10 6 mm
31-1/1-2/ 2013 6 13.2mm
06-02-2013 1 1.2mm
12-14/12/2013 6 13.2mm
06-02-2013 1 13.2mm
12-14/12/2013 1 1.2 mm
30-31/12/2013 25 0.6 mm
09-01-2014 3 1.2 mm
15-16/2/2014 11.5 5.4 mm
2-3/3/2014 1 8.4 mm
09-03-2014 6.5 3.8 mm
7-8/5/2014 11 14.4 mm
20-10-2014 2 1.8 mm
09-12-2014 7.5 12.3
9-11/1/2015 1 1.2 mm
14-01-2015 3 3.4 mm
16-17/1/2015 2 7.2mm
15-02-2015 25 3.2mm
19-21/2/2015 1 7.2mm
12-03-2015 4 14.4 mm

Table 3: Rainstorm events recorded at the Yotvata site.

Timna site: During the study period 20 storm rain events have been
recorded. Rain characteristics are similar to those described for the
Yotvata site: Very high frequency of low rainstorm events. 14 rain
events are in the range of 1 mm-5 mm; five between 5 mm-9 mm, and
one above 9 mm (Table 4).

Months Frequency in Storms
01-Feb 9
03-Apr 4
05-Jun 2
06-Aug 2
09-Oct 2
11.5 1

Table 4: Frequency of storms rain amount (mm) at the Yotvata site.

Rainfall-Runoff Relationships

Yotvata site

Two plots have been established here (Figure 3). All of them are
located within the Limestone Hatzera formation. Surface properties
are provided in Table 1. Runoff data obtained point to a high spatial
variability in the frequency and magnitude of runoff generation
(Figure 4). Figure 4A displays runoff generation in the rocky plot.
Rainfall threshold for overland flow generation over the rocky area is
extremely low: Only ~Imm. Overland flow developed over the rocky
area in 17 of the 20 rain events. Runoff coefficients varied in a wide
range, reaching up to 70%. There is no clear relationship between
storm rain amount and runoff coefficient. Only 8 runoff events were
obtained in the colluvial plot, as compared to 17 runoff events in the
rocky plot. Rainfall threshold for runoff generation is higher than over
the rocky area (~3mm). In addition, runoff coefficients are much
lower. The highest runoff coefficient in the colluvial plot was only
~9%.

Figure 3: Yotvata site: (A) View of the Rocky plot. (B) View of the
Colluvial plot.

Hatzera Rocky Plot ™

e -.uujlz

Hatzera Colluvial Plot

Runoff Cosffcient (%
L]

Figure 4: Rainfall-runoff relationships in the limestone area: (A)
Rocky area, (B) Colluvial area.

Granite area

Figure 5 shows the view of the runoff plots in the granite area.
Figure 6 displays the rainfall-runoff data obtained in the granite area.
Figure 6A refers to the rocky plot. Rainfall threshold for runoff
generation was ~Imm. The highest runoff coefficient was 50%. Data
obtained are lower than on the rocky limestone plot (Figure 4A).
Figure 6B refers to the colluvial plot. Rainfall threshold for runoff
generation here is 5 mm, and the highest runoff coefficient is ~13%.
Sixteen runoff events have been recorded in the rocky plot, and 7 on
the colluvial plot. Rainfall thresholds for runoff generation are ~3mm
in the rocky plot and 7 mm in the colluvial plot. In both plots the
relationships between rainfall and runoff is low, especially in the
colluvial plot.
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Figure 5: View of the runoff plots in the granite area: (A) Rocky
area, (B) Colluvial area.
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Figure 6: Rainfall-runoff relationships in the granite area: (A)
Rocky area, (B) Colluvial area.

Salomon sandstone area

Figure 7 shows the runoff plots in the Salomon sandstone area.
Figure A refers to the rocky area, and Figure B refers to the colluvial
area.

Figure 8 refers to the rainfall-runoff data. Data obtained clearly
indicate that rainfall threshold for overland flow generation over the
rocky area (Figure 8A) is extremely low: 1 mm.

The frequency of overland flow generation, and runoff
coefficients, in the sandstone area, are the highest recorded in the
frame of the present study. Runoff increases with increasing rain
amounts, reaching up to 90%. The frequency and magnitude of
overland flow decrease on passing to the colluvial environment
(Figure 8B).

Only 9 flows have been recorded in the colluvial plot as
compared to 18 flows in the rocky area. Rainfall threshold for
runoff generation is 3 mm with no relationship between rainfall and
runoff.

(B)

Figure 7: View of the runoff plots in the Salomon sandy area: (A)
Rocky plot, (B) Colluvial plot.
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Figure 8: Rainfall-runoff relationships in the Salomon sandy area:
(A) Rocky plot, (B) Colluvial plot.

Siltstone area

Figure 9 shows the runoff plots in the siltstone area. Figure 9A
shows the rocky area and Figure 9B the colluvial area. Figure 10
refers to the rainfall-runoff data. Figure 10 presents the rainfall-runoff
data for the plots established in the Siltstone area. The frequency and
magnitude of runoff generation are the lowest recorded, when
compared to the other rocky plots. The same applies to the colluvial
plot.

Figure 9: View of the runoff plots in the siltstone area: (A) Rocky
plot, (B) Colluvial plot.
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Figure 10: Rainfall-runoff relationships in the siltstone area: (A)
Rocky area, (B) Colluvial area.

Rainfall -Runoff relationships at the extreme rainfall event of 25
October 2015.

An extreme rain event was recorded in 25 October 2015, at the very
beginning of the rainfall season. Total rain amount was 30 mm, quite
similar to the-long term average annual rainfall, in three hours. The
storm was divided into two different contrasting events (Figure 11).
The first event was continuous and characterized by high intensities,
up to 2.6 mm/minute. It is characteristic of the Red Sea rainfall
regime. This event lasted 15 minutes. Total rain amount was 18 mm.
The second event started an hour later. This event had opposite
characteristics. Rain-showers are intermittent. All individual rain-
showers are below 0.4 mm/minute, and most of them are around 0.2
mm/minute. Such characteristics represent the Mediterranean rainfall
regime. Total rain amount was 12 mm. Under the extreme conditions
recorded in this event: high total rain amount, and very high rain
intensities at the beginning of the event, one would have expected a
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quite uniform runoff generation. This did not happen. Runoff
coefficients obtained are presented in Table 5. Runoff data obtained,
where higher than those recorded in all previous rain events, but still
quite low in some plots. However, the differences in runoff generation
between the rocky and the colluvial plots are preserved, and the
ranking of runoff generation was preserved for the rocky and the
colluvial plots.

3

Rain Intensity (mm/min)
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Figure 11: Rainfall in the extreme rain event of October 25 2015.

Rocky plots Runoff Colluvial Plots Runoff
Coefficient (%) Coefficients
(%)
Sandstone 90 Sandstone 54
Limestone 72 Limestone 52
Granite 63 Granite 49
Siltstone 47 Siltstone 20

Table 5: Runoff coefficients at the extreme rain event of 25 October
2015.

Discussion

Understanding hill slope runoff generation is a central problem in
predicting flood frequency, sediment supply, sediment deposition, and
sediment removal along the channel. This issue is critical in dry land
areas, where slight changes in surface properties may have differential
effects on overland flow generation. In addition, the great variability
of surface properties, at the scale of few square meters, may limit data
transference from one scale to another [3]. In addition, the specific
location of the runoff plots, and data analysis, may affect the
conclusions. The main purpose of the present work was to understand
the hydrological processes at a scale of few square meters, in a variety
of surface properties, over different geological formations, where
differential weathering processes affect surface properties, under the
same rainfall regime. Needless to say, weathering processes of
limestone, granite and sandstone would not be expected to generate
uniform surface properties in dry land areas. In the absence of a soil
layer, and a vegetation cover, the issue of overland flow in extremely
dry areas would be expected to depend on the hydrological role of
impermeable factors such a bare rocky surface, or a stone cover over a
rocky surface. The effect of stone cover on runoff has attracted the
attention of many workers [19-21]. Most studies have been conducted
in agricultural areas where the stone cover is underlain by a soil
substratum that absorbs part of the runoff supplied by the stones.
Nevertheless, in arid areas, devoid of a soil layer, the rainfall impact
factor on a soil surface is irrelevant. Under such conditions bare rocky

surfaces would be expected to quickly generate runoff. A bare rocky
surface, partly covered by stones, would be expected to develop less
runoff, due to the occurrence of local small depression storage.
Needless to say, the hydrological effect of these depressions may be
critical in areas with low storm rain amounts, as registered in the study
area. Stone size is an important factor in overland flow generation. A
positive relationship can be expected between stone size and overland
flow, as bigger stones provide more runoff than smaller stones,
especially over steep rocky surfaces. Data obtained clearly show that
the frequency and magnitude of overland flow generation are higher
over rocky surfaces than over colluvial surfaces. This may be
explained by two factors: 1. A much higher roughness of the surface
over the colluvial plots, related to the higher stoniness.2 due to the
higher clay content, of eolian origin, in the layer below the surface
from eolian origin. However, significant differences exist also among
the rocky surfaces, as well as among the colluvial surfaces. The lowest
rainfall threshold for runoff generation was obtained over the Salomon
sandy formation, characterized by a very smooth and compacted
surface (Figure 7). The lowest runoff, over a rocky surface, was
obtained in the rocky siltstone plot (Figure 10). The explanation
proposed is the degree of compaction of the surface. The sandstone is
very compacted and responds quickly to rainfall. In the case of the
siltstone plot, the upper surface layer is less compacted, and friable,
allowing some infiltration, especially in days with low rain amounts.
Similar differences exist between the granite and the limestone plots.
The frequency and magnitude of runoff generation are higher over the
limestone rocky plot than over the granite plot. The explanation
proposed is as follows: the thinly bedded limestone weathers into flat
thin strap boulders, 20 ¢cm-40 c¢cm long, that cover the underlying
bedrock (Figure 3). Depressions storage is limited. On the other hand,
the weathering of the granite rock, composed of different minerals,
weathers into different stone dimensions, leading to more depression
storages (Figure 5). The same applies to the difference between the
colluvial plots. Overland flow is higher over the limestone colluvial
plot than over the granite colluvial plot.

Conclusion

Data obtained refer to several important issues in geomorphology
and hydrology:

The first issue is: Does the spatial location of the plots reflect
properly each of the geological formations. Certainly not spatial
differences in surface properties do exist within each of the geological
formations in the study area. Nevertheless, the important result is that
on the whole, the threshold of rain amount required for runoff
initiation over all rocky plots is quite low, despite the prevailing low
rain intensities. The second issue is: Data obtained bring us back to
several important issues in geomorphology. The first is the possibility
to extrapolate data from one area to another area, under the same
rainfall regime. Data obtained point to a very limited possibility to
extrapolate data from one area to another area under the same rainfall
regime. This issue has been recently discussed in a recent manuscript
for a semi-arid area (Yair). The third issue is: In view of the great
spatial variability in runoff generation over a relatively small area, can
we extrapolate data from one scale to another? The fourth issue is: The
geomorphic importance of frequent events versus rare geomorphic
events. Data obtained clearly show that under the rainfall regime
prevailing in the study area, characterized by a high frequency of low
rain amounts, and low rain intensities, only extreme rain events,
usually connected to the Red Sea Through climatic regime, play an
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important role in channel flow generation. In terms of landscape
evolution data obtained reflect the two rainfall regimes prevailing in
the area. The Mediterranean regime, characterized by low rain storm
amount, and low rain intensities, may be regarded as responsible for
the development of colluvial deposits that limit the degree of
connectivity at the hill slope-channel interface. The degree of dis-
connectivity would be expected to increase with increasing slope
length [1]. The explanation proposed is: the concentration time
required for a continuous flow along long hill slopes is longer than the
duration of most effective rain showers prevailing under the
Mediterranean rainfall regime. Finally, where are the areas
contributing to channel runoff located: The major contributing areas
are located in the small watersheds, located at the head-waters areas,
where short rocky hill slopes, devoid of colluvial deposits, drain
directly into the adjoining channel. Such a pattern fits the concept of
"Partial area contribution observed in humid areas.
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