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Rainfall in the arid and semi arid areas is limited with high spatial and temporal
variability resulting in low water productivity. Rainwater harvesting (RWH) and
supplemental irrigation (SI) can improve water productivity, control erosion and
contribute to adaptation to climate change and variability. The possibility of implementing
RWH and SI depends on climate, hydrology, vegetation, agriculture practices, and soils.
One common reason for low adoption of improved land and water management practices
is the lack of systematic knowledge on potential areas and suitable locations for these
interventions.  This study aimed to identify areas within watersheds that are most
suitable for RWH and SI, to maximize the benefits from their implementation.  SWAT
(Soil Water Assessment Tool) was used to identify suitable areas in four watersheds in
eastern and western Libya. The paper presents a methodology that enable water managers
to assess the suitability for RWH and SI for such large watershed areas (87-900 km2). GIS
layers including digital elevation model (DEM), soil data, and land use were used to
characterize the watershed for modeling. Data from eleven weather stations for eleven
years (2000-2010) were used for simulation. Model output was used to assess hydrological
process by estimating runoff coefficient (rainfall: runoff) in each sub-watershed and
hydrologic response unit (HRU). Runoff coefficients at HRUs varied from zero to 0.23,
with significant variation among the four watersheds. Areas where RWH and SI can be
implemented can be identified based on runoff coefficient at field scale, while other
techniques such as large dams can be placed on the stream network where high runoff is
generated. These results were integrated with GIS layers of land use, soil and community
distribution to identify potential sites for RWH and SI techniques. Results also indicate
variable areas as suitable for RWH and SI for different watersheds. The results of the
hydrological models were integrated with biophysical and socio-economic information
to provide a useful tool to target RWH and SI as part of sustainable planning at watersheds
level. This approach appreciate the role of spatial variability within watersheds and the
importance of multi-disciplinary integration as viable tools for sustainable resource
planning in the dry environment and under climate change scenarios.
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Libya is one of the arid and semiarid
countries that face very severe water scarcity.
Although rainfall is an extremely valuable resource
in the country, its productivity is often low. At

least 80 percent of Libya agricultural production
depends on irrigated agriculture; however, yields
from rainfed as well as irrigated agriculture are
generally low. Irrigation potential has been
estimated at 750, 000 ha, but when considering
renewable water resources, it is estimated that a
maximum of 40, 000 ha could be irrigated in the
coastal areas (FAO 2005)
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Rainwater harvesting (RWH) and
supplement irrigation (SI) systems are important
in managing scarce rainfall, these practices are
among the most promising and efficient-proven
technologies for optimizing the use of the limited
water available from renewable resources in rainfed
areas, and for improved farmer income in drier
environment (Oweis and Hachum 2003). Success
of RWH and SI systems are mainly depends on
identification of suitable potential sites and
technologies. However, the selection of
appropriate sites for these technologies on a large
scale presents great challenge due to lacking the
necessary data and complexity of watershed
variables.

Water harvesting and supplemental
irrigation technologies have shown an enormous
impact on the livelihoods of smallholders in the
rainfed cropping systems and steppe environments
of West Asia and North Africa (WANA. In the
drier environments, most of the rainwater is lost
by evaporation; therefore the rainwater
productivity is extremely low. Rainwater harvesting
can improve agriculture by directing and
concentrating rainwater through runoff to the
plants and other beneficial uses (Oweis and Hachum
2006). Rainwater harvesting also can improve the
productivity of rainwater and maintain productive
and sustainable agro-pastoral systems in marginal
environments (Abu-Awwad and Shatanawi 1997;
van Wesemael et al. 1998; Prinz, et al. 1998).
Additionally, it could control soil erosion and
reduce the impact of drought (Samuel and Mathew
2008). The potential of rainwater harvesting to
mitigate the spatial and temporal variability of
rainfall has brought about its revival during the
last two decades (Mwenge Kahinda et al. 2008).

The selection of appropriate sites and the
determination of suitable methods for rainwater-
harvesting are very important for ensuring
sustainable implementation of RWH and SI
systems. Often one can achieve high runoff
efficiency (defined as the ratio of runoff volume
collected at the target area to the volume of
rainwater falling on the catchment area), but water
may be lost in deep percolation in the target area,
due to improper selection of the catchment size
relative to target area under the given soil and
climatic conditions (Oweis and Hachum 2006).

Oweis et al. (1998) also indicated that

improper selection of suitable sites and matching
the practice with its technical and socio-economical
requirements can results in failure rainwater
harvesting projects and adoption of RWH
techniques.  A major knowledge gap exists
concerning the identification of those parts of the
drylands in which the chances for impact and
adoption of rainwater-harvesting techniques are
high and to which further studies could be targeted
(De Pauw et al. 2006). Specifically, for planning
and implementation purposes, it is critical to be
able to identify suitable areas for rainwater
harvesting (Mwenge Kahinda et al. 2008).
Therefore, there is a need for approach to identify
areas that are suitable for RWH and SI technique,
which can be used to assess the potential for
implementation these techniques (Patrick 1997).

Suitable areas for RWH and SI that aim at
improving productivity depend on hydrological
characteristics of the watershed and farming
practices. Therefore, appropriate data must be
available on the climate, soil, crops, topography,
and socioeconomics of the targeted area. These
data can be collected through a combination of
field visits, site inspections, topographic and
thematic maps, aerial photos, satellite images, and
geographic information systems (GIS).

Geographical Information Systems (GIS)
help to facilitate this task for large areas and permit
rapid and cost effective sites survey.  For relatively
small areas, a field survey can be conducted by
experienced people. However, for larger areas, the
application of modeling integrated with Remote
Sensing (RS) and Geographic Information System
(GIS) could be the most relevant means (Prinz et al.
1998; Holme and Tagg 1996; De Pauw et al. 2007).
In fact, planning for large scale implementation
requires quantitative information and spatial
distribution of land characteristics, which are often
unavailable for arid environments (Prinz et al. 1998).
Because of the large extent of these environments
and the relatively low population density, it is very
expensive to inventory them using traditional
survey methods (Patrick 2002). Therefore, the use
of available data should be optimized to serve these
purposes and to provide solid basis for site
selection.

The Soil and Water Assessment Tool
(SWAT) is one of the most widely used watershed-
scale water quality models in the world. Nearly 600
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peer-reviewed SWAT-related journal articles have
been published and hundreds more have been
published in conference proceedings and other
formats. The SWAT model has proven to be a very
flexible tool for investigating a range of hydrologic
and water quality problems at different watershed
scales, as well as very adaptable for applications
requiring improved hydrologic and other enhanced
simulation needs. The use of SWAT has expanded
dramatically, not only in North America and Europe
but also in Africa, Southeast Asia and countries
such as China, India, and Iran. Several important
trends have also emerged regarding improved
hydrologic, best management practice, and
pollutant transport methods. This paper presents
a methodology that enables water managers to
assess the suitability of rainwater harvesting and
supplement irrigation for different watersheds of
Libya. The objective is to develop a methodology
for identifying the suitable areas where RWH and
SI can maximize beneficial use of water.

MATERIALS AND METHODS

The study was conducted in Libya 25 00
N, 17 00 E, with total area of 1, 76 million km². The
average annual precipitation is less than 400 mm.
Rainfall occurs during the winter months, but great
variability is observed from place to place and from
year to year. Four watersheds named with the
following codes 37 (Samalous), 83 (Ghadama), 416
(Ganeimah) and 416 (Turghut) were selected in the
eastern and western parts of Libya. The watersheds
were varied with area from 87 to 986 km2 (Fig. 1).
Those watershed benchmarks were selected in Al-
Jablal Al-Gharbi and Al-Jabal Al-Akhdar with
characterization and baseline information (please
refer to the report we prepared for Libya). The
selection of these watersheds included the to the
matching ofselection criteria assigned bu multi-
disciplinary team of researchers with existing
biophysical and socioeconomic conditions of the
watersheds, this included analyzing criteria of
rainfall, cropping systems, communities (rural
settlements), accessibility and visibility,
topography and soil. The watersheds therefore
identified as suitable for targeting rainwater
harvesting and supplement irrigation techniques
(Ziadat et al. 2010)

ArcSWAT 9.3 (Soil and Water

Assessment Tool) interfaced with GIS was used to
characterize the hydrology of the selected
watersheds. The model is used to evaluate the
impact of land characteristics on the hydrological
outputs.  SWATis a physically based, river-basin
scale, deterministic, continuous simulation model
that operates on a daily time step (Arnold et al.
1998; Di Luzio et al. 2002; and Di Luzio et al. 2004).
SWAT can predict the impact of land-management
practices on water, sediment, nutrient and pesticide
yields from large watersheds. The SWAT interface
delineates watershed sub-basins based on
topography and specified threshold drainage area.
Soils and land use maps are overlaid to result in
hydrologic response units with unique soil/land
use combinations.  Watersheds were delineated
based on DEM (digital elevation model), sub basins
distribution, and stream outlets. Model simulation
was done for 11 years from 2000 to 2010 to identify
the most active hydrological areas for runoff.
Watershed delineation process consists of five
sections namely: DEM setup, stream delineation,
outlet and inlet definition, watershed outlet(s)
selection and definition. The output of the model
shows the amount of rainfall and surface runoff
(Q) from which the runoff coefficient and runoff
volume for each sub-watershed are estimated. The
model calculates runoff using curve number
method. The geographic coordinates of eleven
weather stations in and around the targeted
watersheds were derived from various sources and
were used to create map that shows the distribution
of these stations (Fig. 2). A map of rainfall isohyets
based on long-term average rainfall (more than 30
years) was received from the department of
meteorology (Fig. 3). The available land use map
was used to derive land use / land cover layers.
The scale of this map was 1:50,000 and was derived
using the legend of the FAO land cover
classification system (LCCS). Land use data was
interoperated from field work, satellite images (scale
1:50,000), and collection of ground truthing
observations using GPS (accuracy 5-10 m) (Fig. 4).

For topography and slope, data were
derived from digital topographic layers prepared
previously for part of Al-Jamahiriya (mapping the
natural resources for agriculture use and planning
(Fig. 5). These topographic maps (scale 1:50,000)
provided the contour lines (at 20 m vertical intervals
and in some cases at 10 m vertical intervals (Fig. 6).



1356 AL-WADAEY et al., Biosci., Biotech. Res. Asia,  Vol. 13(3), 1353-1362 (2016)

These layers were used to derive digital elevation
model (DEM) using standard command in ArcGIS.
From this DEM, slope grid was derived to cover
the four watersheds. The soil data were derived
from the Russian study that was conducted in 1984.
The scale of the map is 1:50,000 and the soil
mapping units recorded many soil characteristics.
An example for soil depth is shown for the eastern
area and western area (Fig. 7)

RESULT AND DISCUSSION

Runoff coefficients at hydrologic
response units (HRUs) varied from zero to 0.23,
with significant variation among the four
watersheds (Fig. 8). In watershed 37, sub basins
12, 13 and 19 have high runoff coefficient (0.12)
compared with the other sub basins, runoff volume
also can be illustrated for sub catchment (Fig. 9).
For watershed 83, sub basin 1 generate high runoff
(0.15) compared with downstream sub basins.
However, the other two watersheds in eastern part
are generating more runoff than western part (see
sub basins 9 and 11 in Ghanemah with runoff

coefficient of 0.23), which indicated the necessity
of implementing RWH and SI on these sub basins.
Other sub basins in Turghut watershed have less
runoff coefficient (range between 0.12-0.14). Areas
where RWH and SI can be implemented were
identified based on runoff coefficient at field scale;
large dams can be placed on the stream network
where high runoff is generated. Hydrologic
response varies within a watershed as a function
of topography, soil, land cover and climatic
conditions. Spatial and temporal data from targeted
watersheds may provide information on where,
when, how, and why the response varies. General
classes of watershed characteristics attributed to
the differences in hydrological response to rainfall
are watershed size, local climate, vegetation cover,
soil properties; geology anthropogenic activities,
slope, and drainage characteristics (Black 1997;
Uhlenbrook 2003; Sivapalan 2005). Because the
suitability of certain location for RWH and SI
depends not only on the predicted runoff amounts
but also on other biophysical and socio-economic
factors, these results were integrated with GIS
layers of land use, soil and community distribution

Table 1. Selected watersheds and their hydrological properties

Watershed Watershed Number of Average Average Average Maximum
Site  Area Sub basins Precipitation Surface Q Runoff  RC

(km²)  (mm) (mm) Coefficient.

37 (Samalous), 896.368 23 285.89 24.34 0.08 0.12
83 (Ghadama) 986.069 29 268.70 4.59 0.02 0.15
416 (Ganeimah) 87.25 41 363.04 40.87 0.11 0.23
416 (Turghut) 239.537 42 373.97 35.54 0.09 0.14

Fig. 1. Selected watersheds in the eastern area (A) and in the western area (B)
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Fig. 4. Land cover / land use map of the eastern areas (A) and the western area (B)

Fig. 3. Isohyets based on long-term average rainfall for the eastern area (A) and the western area (B)

to identify potential sites for RWH and SI
techniques. The results of suitability analyses
indicated that different watersheds are containing
variable areas that are suitable for various RWH
systems.

The runoff coefficient is the proportion
of total flow to rainfall. Variations in spatial and
temporal efficiencies of watershed-scale rainfall-
to-runoff conversion have led to stream flow

generation concepts such as variable source- area
(Hewlett 1961) and partial-source-area (Dunne and
Black 1970). Therefore; difference in runoff
coefficient values within four watersheds are
results of variation of the amount of runoff that
each sub basin can generate see (table 1) for
hydrological characteristics of the four watersheds.

These results were discussed with
hydrologists from Libya and were compared with

Fig. 2. Distribution of weather stations over the eastern area (A) and the western area (B)
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Fig. 5. Contour lines and drainage system for the eastern area (A) for the western area (B)

Fig. 6. Slope grid for the eastern area (A) and the western area (B)

Fig. 7. Soil depth for the eastern area (A) western area (B) extracted from 1:50,000 soil map

some measured runoff amounts at certain locations.
The results are generally accepted outputs given
the scale of the input data and the purpose for
which these results are going to be used for. It is
anticipated that these results will be used only to
determine potential sites for RWH and SI. However,
the study outputs will not be used to design the
structures of RWH and SI interventions. In fact,
more measurements and detailed information are

required for such in suite implementation. In
addition, variability of seasonal precipitation over
Libya are more strikingly experienced from 1976-
2000 than from 1951-1975 indicating a growing
magnitude of climate change in more recent times
(Fig. 10).

To decide a suitable location for SI, the
most important criterion is the availability of
sufficient water for irrigation mainly by runoff to
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Fig. 8. Runoff coefficient for each watershed’s sub basin  (Triangle red colored
shapes are indicated identified sub basins with high runoff coefficient

Fig. 9. GIS layers of watershed 37 to show
varied runoff coefficient within sub basins

Fig. 10. Trend of average monthly rainfall
from 1950-2010 for two stations in eastern

and western parts of Libya



1360 AL-WADAEY et al., Biosci., Biotech. Res. Asia,  Vol. 13(3), 1353-1362 (2016)

be harvested and stored in dams for later use. This
criterion was explored by overlaying the layer that
shows the predicted runoff coefficient and runoff
volume for each sub-watershed within the selected
watersheds. This provides an idea about the
expected amounts of runoff to be harvested at the
outlet of these sub-watersheds. Three layers of
information were overlaid and examined: runoff
amount from each sub-watershed, land use / land
cover maps and the distribution of communities
for Turghut watershed (Fig. 11) to define the
potential sites for supplemental irrigation
techniques. The layer which shows the runoff
volume was overlaid with the land use / land cover
map to identify areas where both criteria are
satisfied.

In figure (11), although many sub-
watersheds might generate reasonable amounts
of runoff at their outlets, only two of these are
potential sites for supplemental irrigation. This is
because only those two sites (pointed by arrows)
satisfies the above criteria; the outlets of these
sub-watersheds indicated reasonable amount of
predicted annual runoff, being close to
collaborative community and surrounded by
irrigated and rainfed lands, where harvested water
could be distributed by gravity.

The results of SWAT indicated that in

some cases the runoff was too small to ensure
sufficient amount of water to be harvested and in
other cases, the cumulative amount of runoff for
successive sub-watersheds indicated very large
amount of water that need a very large structure,
which is beyond the scope of this study. However,
in each watershed there were a number of possible
sites with reasonable runoff volume. The other
important criterion is the availability of suitable
land to use the harvested water in the vicinity of
the proposed dam or water collection structure.
The availability of suitable land at elevation below
the proposed dam would be an advantage to save
the pumping energy.

CONCLUSION

The analyses indicated that small
percentage of a watershed (could be estimated <
30%) is directly participates in storm flow
generation. Even in these hydrologically active
areas, rainfall-to-runoff conversion rates vary with
the types of runoff generation processes:
infiltration excess or saturation excess. Large
hydrological structures such as dams can be more
effective practices at sub-catchment scale specially
at stream network where high runoff is generated.
Results showed that the methodology provide
approach that can be used for identifying potential
areas for rainwater harvesting and supplement
irrigation technologies. It can be concluded that
integration of watershed modeling and GIS
techniques with limited field survey are useful for
identification potential sites for RWH and
supplement irrigation. This approach is envisaged
to support advanced modeling for such complex
and large watershed scale.
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