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Abstract Overland flow generation and continuity along hill-
slopes in a small arid drainage basin in the northern Negev,
Israel, has been assessed on the basis of field measurements.
Variables measured included rainfall, overland flow, evaporation,
infiltration rates and soil moisture. Data obtained show great
spatial and temporal variability among all variables. The most
frequent phenomenon encountered was overland flow discontinuity
along slopes having lengths ranging from 55 to 76 m. This discon-
tinuity is attributed to the short duration of rain showers and can
be enhanced by surface properties (where the infiltration rate
increases downslope). A deterministic simulation model for the
spatial and temporal variations in overland flow along the hill-
slopes was developed taking into consideration the spatial and
temporal distribution of the variables mentioned above. The
model is based upon functions derived from the field measure-
ments and permits the delineation of the hillslope area contribu-
ting to channel flow under various rain conditions. Results
obtained may explain the use of certain water-harvesting tech-
niques adopted by farmers living in the area some 2000 years ago.

INTRODUCTION

Arid and semi-arid areas are known for the frequent occurrence of Hortonian
overland flow (Horton, 1945). Recent studies (Yair et al., 1978, 1980; Lavee,
1982) have shown that overland flow generation is highly non-uniform even
within a very small basin extending over 0.02 kmZ These studies drew
attention to the phenomenon of flow discontinuity occurring along slopes of
lengths 55 to 76 m, and attributed it to pronounced differences in infiltration
rates between the upper rocky and the lower soil-covered slope sections.

The possibility however, that overland flow discontinuity can frequently
occur over uniform slopes, or even over slopes having a soil-covered upper
part and a rocky lower part, has not previously been investigated. Such
occurrences may be related to rainfall characteristics rather than to surface
properties. If so, overland flow discontinuity along arid hillslopes is not merely
a local phenomenon but is in fact general. This has important theoretical
and practical applications.
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This paper has two main objectives:

(a) to analyse the generality of overland flow discontinuity over arid slopes
having different surface properties, and

(b) to apply the phenomenon of flow discontinuity over hillslopes towards
an improved understanding of water-harvesting techniques used by the
ancient farmers that lived in the region 2000 years ago.

STUDY AREA AND EXPERIMENTAL DESIGN

The experimental site, situated in the northern Negev desert near Sde Boger,
has an area of 0.011 km? consisting of the north-facing side of a first order
drainage basin (Fig. 1). Slope length varies from 55 to 76 m and slope
gradient from 12 to 29.5%.

Channel
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Volumetric water meter

Contours(in m) - 60 -
Water level recorder 0 Boger

Limit of runoff Suspended sediment sampler a |

Plots Rainfall measurement station ® ,
Control rainfall measurement 0 50 i
Plot number an station m Elat o 50

Fig. 1 Layout of experimental site (elevations are relative).

Geologically, three limestone formations - Drorim, Shivta, and Netzer
- outcrop within this area (Fig. 1). Differences in the structure of the lime-
stone, together with the spatial distribution of soil cover and rock outcrops,
have created three different surface units: (a) rocky surfaces devoid of any
soil cover; (b) stony soil-covered areas with limited rock outcrops; and (c)
intermediate areas with varying rock/soil-cover ratios. Both the Shivta
formation and the upper part of the Drorim formation belong to the first
surface unit, with narrow and shallow soil-covered strips at the base of rock
terraces (Fig. 2). The lower part of the Drorim formation is typical of the
second surface unit whereas the Netzer formation forms the third surface
unit.
Average annual rainfall in the area is 93 mm. Local rainfall measure-
ments were taken at 21 points (Fig. 1). At each point, twin raingauges were
placed 30 cm above the ground; one with a horizontal orifice and the other
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Fig. 2 Percent of bare bedrock at plot 2.

tilted such that its orifice was parallel with the ground. The former measures
rainfall in terms of rainfall flux through a horizontal plane and is therefore
appropriate for meteorological purposes. The latter, by taking slope inclination
and aspect into account, measures the amount of rainfall actually reaching the
ground. The second method is suited to hydrometeorological research where
rain is an input into the system on the earth’s surface (Sharon, 1980). In
order to check the relationship between the rain amount at 30 cm and that
reaching the ground, raingauges with their orifices at ground level were
installed at two control rainfall measurement stations. Rain recorders and
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evaporation pans installed at these two stations provided information on rain
intensity, duration, and on potential evaporation (Fig. 1).

Infiltration rates, representative of the three surface units, have been
measured using a rainfall simulator (Morin et al.,, 1970). Direct measurements
of soil moisture within the upper 3 cm of the soil were taken at several
points along selected slopes immediately after each rainstorm, and on the
first, third, sixth, tenth, etc., days that followed.

Analysis of overland flow generation and continuity was based on three
runoff plots, each subdivided into three sub-plots: one long, extending from
the divide to the slope base, and two adjoining short ones draining the upper
and lower sections of the slope, respectively. Each sub-plot was equipped
with a water level recorder (Fig. 1).

RESULTS AND DISCUSSION

Rainfall measurements revealed that:

(a) Rainstorms are composed of series of short showers with most showers
lasting less than 30 minutes (Fig. 3) and yielding less than 3 mm (Fig.
4). There are intervals of at least 6 min between showers.
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(b) The spatial distribution of the hydrological rainfall, as measured by the
tilted raingauges, differs greatly from the meteorological rainfall
distribution, as measured by the horizontal orifice raingauges (Fig. 5).
Differences in rainfall at any point varied from 10 to 40%. In
measuring hydrological rainfall, differences of 20 to 80% were found to
exist over distances of less than 100 m. As rainstorm duration was the
same for the study area as a whole, the spatial differences in the
rainfall depth represent differences in rainfall intensity.

(c) There is a constant ratio between rainfall depth at 30 cm above the
ground and at ground level. This ratio is close to unity, but at the slope
base it is slightly lower (1.07) than for the ridge (1.13) where the wind
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speed gradient near the ground is greater. Between these two points we

may assume that this ratio has intermediate values.

Infiltration capacity curves for each surface unit are shown in Fig. 6.
An example of the results of evaporation and soil moisture measurements is
shown in Fig. 7. The average potential evaporation in the summer is 7 mm
day! and in winter it is 3 mm day’l. Immediately after each rainstorm there
is a sharp increase in soil moisture followed by a decline due to soil moisture
loss.... As evaporation during the short rainstorms is negligible, soil moisture
losses from the upper 3 cm of the soil during these periods can be attributed
to soil drainage. The soil moisture decay curves were used for the
computation of soil moisture losses during the storm as a function of soil
water content (Fig. 8). Soil moisture losses equal zero when soil water
content is equal to zero, and soil moisture will not exceed a maximum value
which represents field capacity (Lavee, 1982).
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Fig. 6 |Infiltration rates on different surface units.
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Runoff response to rainfall is very quick (Fig. 9) and indicates that

Hortonian overland flow occurs frequently in the study area. Overland flow
data analysis (Table 1) shows that:

(a)

(b)

Overland flow generation is spatially non-uniform due to pronounced
differences in infiltration rates. Figure 10 for example, illustrates that the
specific overland flow yield from plot 4C, which drains a rocky surface, is
always greater than that of plot 4B, which drains a stony soil surface.
The specific overland flow yield from the plots draining the whole slope
(A) is lower than from the two adjacent short plots (B + C) combined
(Fig. 11). This indicates significant infiltration within the hillslope before
reaching the channel (Yair et al., 1980). These results were obtained not
only in plot 4, where infiltration losses increase downslope on passing
from the rocky to the colluvial slope section (Fig. 11(a)), but also in
plot 9 where the rocky section forms the lower part of the slope (Fig.
11(b)).

We may conclude, therefore, that overland flow discontinuity can be

explained in terms of rainfall characteristics and the possible compounding effect
of surface properties. Due to the short duration of rain showers, the infiltration
rate at the end of the shower does not reach the minimum infiltration rate and
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Fig. 9 Overland flow response to rainfall, 20 March 1976 (figures
indicate runoff yield in 1).

remains relatively high. Under such conditions the recession time is short,
lasting 3 to 10 min. The combination of short rain showers, short
recession time, and low flow velocities (1-3 m minl) cause the total
duration of the flow to be shorter than the concentration time. In other
words, the overland flow contributing area is limited to a belt close to
the channel. The length of this belt can be expected to increase with rain
shower duration and intensity. In a few instances plot 9A yielded more
overland flow than plots 9B and 9C combined. This occurred when rain
amount and intensity over plot 9A were greater than over plot 9B and
9C (Lavee, 1982).
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Table 1 Specific overland flow yield (I m™); * indicates no data
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Fig. 10 Specific overland flow yield: the effect of surface properties.
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COMPUTER SIMULATION OF OVERLAND FLOW

Given the above, it is clear that overland flow in the study area is very
dynamic both in time and space due to two main factors; the great temporal
and spatial variability of the rainfall intensity and infiltration rate, and the
typically short duration of rain showers and resulting limited rainfall.

Given this complex situation, statistical rainfall-runoff relationships,
which are based on average values for large areas and long time units, do not
describe the actual field condition. In order to show the influence of the
spatial and temporal variability of hydrological rainfall as well as that of the
infiltration rate on the spatial and temporal variability of overland flow
generation and its continuity along a slope, a computerized deterministic
simulation was developed (Lavee, 1986).
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Fig. 11 Specific overland flow yield: the effect of rainfall properties.

DESCRIPTION OF THE SIMULATION

The computer program is written in version 360 of the Continuous System
Modelling Program (CSMP) language (IBM, 1969; Hillel, 1977). The model
provides a quantitative description of the generation and continuity of overland
flow as a function of specific rain conditions and surface properties. It is based on
the Hortonian approach to overland flow generation. Therefore the depth of
overland flow at any given time and point represents the difference between the
combined amount of direct rain and overland flow which had reached the point
up to a given time, and the quantity of water which had left the point by
infiltration, evaporation and overland flow up to that time.

The model takes into account the spatial variability of surface properties
and rain characteristics by dividing the hillslope into N compartments, all parallel
to the slope contours. Within each compartment, the processes associated with
overland flow generation are simulated, i.e. rainfall, infiltration, evaporation and
soil moisture losses. Though these processes occur simultaneously, they do not
necessarily occur at the same rates. The computer solves a set of differential
equations which describe the dynamic system by computing numerically over
short time intervals of one minute. At the end of each interval, the overall effect
is summed and the surface water from each compartment "flows" to the adjacent
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compartment further down the slope. Each variable is then updated and reset for
the beginning of the next time interval.

THE VARIABLES
The model variables are shown in Fig. 12.

Hydrological rainfall intensity (RAIN) in each time interval and
compartment is calculated by:

RAIN (1N) = RAINR x RRR (LN) x RR (1N)

ratio
ratio

where RAINR = rainfall intensity measured by a recorder; RRR
between rainfall amounts in tilted gauge and recorder; and RR
between rainfall amounts at 30 cm and at ground level.

n

The potential evaporation rate (EVAP) and the infiltration capacity
(INF) both vary in time and over space. Data entered to the program are
based on field measurements.

Actual evaporation (RVAP) and actual infiltration (RF) for each
compartment and time interval are calculated as follows:
(@) If TRUN + RAIN 2 INF + EVAP, then RF = INF and RVAP = EVAP;
(b) If INF + EVAP > TRUN + RAIN > INF, then RF = INF and RVAP =
TRUN + RAIN - INF;
(c) If TRUN + RAIN < INF, then RF = TRUN + RAIN and RVAP = (;
where TRUN = overland flow depth at the beginning of the time interval.

Soil moisture (STOR) in each compartment has an initial value (ISTO)
at the beginning of each storm. Soil moisture increases by actual infiltration
and decreases with actual soil moisture losses through evaporation from the
soil and by seepage.

The potential soil moisture losses rate (LOSS) in each compartment
varies with time as a function of soil water content (Fig. 8). Actual soil
moisture losses (SLOS) are calculated as follows:

(a) If STOR < FCAP, then SLOS = LOSS;

(b) If STOR > FCAP and RF 2 LOSS, then SLOS = RF (soil moisture
does not change);

(c) If STOR > FCAP and RF < LOSS, then SLOS = LOSS (soil moisture
decreases);

where FCAP = field capacity.

Depth of overland flow (RUN) on each compartment equals zero at the
beginning of the simulation. It changes in each time interval according to the
above-mentioned processes. At the end of each time interval, the water is
moved lower down the slope to the adjacent compartment.
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APPLICATION TO OVERLAND FLOW CONTINUITY

The simulation program was verified by comparing simulated hydrographs
with the actual ones (Fig. 13). The results show that the model fits well with-
the actual field situation. The model was then used to check the effect of
short rain showers on overland flow continuity along slopes having uniform
surface properties. The program was operated on six hypothetical plots. The
infiltration capacity over the whole plot area was chosen to be equivalent to
that of the stony soil cover surface; thus surface property differences do not
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affect the continuity of the flow. The only difference between the plots was in
their respective lengths - 15, 30, 45, 60, 75 and 90 m. Sixteen rain showers
were simulated on each plot for four different durations and for four
different intensities (Fig. 14). The intensities and durations were chosen on
the basis of an analysis of the rainfall properties at the experimental site. The
relationship between runoff yields from the six plots and their lengths
identifies the length of the slope contributing overland flow to the channel.
Figure 14 indicates that for the above-mentioned surface properties, with a
rain shower lasting 30 min with an average intensity of 12 mm hour), the
length of the slope contributing overland flow to the channel is 30 m. An
increase in the contributing slope length is expected with increasing rain
shower duration and/or intensity.
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Fig. 14 Contributing slope length as a function of rainfall intensity
and duration.

APPLICATION TO ANCIENT FARMING IN THE NEGEV

Intensive agricultural activity took place in the northern Negev in the past.
The most flourishing period began in the third century BC during the
Nabatean era, and lasted approximately 1000 years, throughout the Roman
and Byzantine periods.

One of the main agricultural techniques used was water harvesting from
hillslopes, using small conduits leading into the cultivated fields of adjoining
valleys. These conduits can be seen today (Fig. 15) crossing the contour lines
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Fig. 15 Overland flow collecting conduits.

at an acute angle. Parallel conduits, sometimes as many as 10 on one slope,
can be seen. The distance between two adjoining conduits is usually 10 to
15 m.

The distribution of the conduits raises a question. Why are they so
numerous on the slopes and why were the ancient farmers not satisfied with
one conduit at the base of the slope? Evenari et al. (1982, p. 109-110) have
dealt with this question and state "in this way the overall runoff was divided
into small streams of water so that large flash floods were prevented.”

A complementary explanation can be provided by the hydrological results
presented in this paper. Under typical short rain shower conditions, which
prevail in the study area, a continuous overland flow usually occurs for slope
lengths of 10 to 15 m. Therefore the spatial distribution of the conduits
provides the most efficient system for water harvesting.

Apparently the ancient farmers were well aware of the phenomenon of
overland flow discontinuity. Through observation, they may have come to
realize that the overland flow generated at the upper part of the slopes had
little chance of reaching the valley and would be lost without conduits to
collect the overland flow on its way downslope. They also appear to have
recognized that a shorter separation between conduits would enable them to
receive water even for lower-magnitude rainfall events when flow distance is
relatively limited.
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