




Editor: Gerd Förch

CICD Series Vol.3: Summary of Master Theses from
Arba Minch University, Ethiopia

Oktober 2009





CICD Series

Editor

Prof. Dr.-Ing. Gerd Förch,
Universität Siegen,
Centre for International Capacity Development,
Paul-Bonatz-Str. 9-11
57076 Siegen

E-Mail: info@cicd.uni-siegen.de

Printing Printing Office, Universität Siegen, Germany

c©This work is subjected to copyright. No part of this publication may be reproduced or
transmitted in any forms by any means, electronic or mechanical, recording or any infor-
mation storage and retrieval systems, without permission in writing from the copyright
owner.

ISSN: 1868-8578



CICD Series Vol.3: Summary of Master Theses from Arba Minch University, Ethiopia

Preface
The following volume is a result of long term cooperation between University of Siegen
and Arba Minch University (AMU), which started in 1992 and which was supported by
the German Government through its Ministry of Economic Cooperation and Develop-
ment (BMZ). The project “Assistance to Arba Minch Water Technology Institute - AWTI”
started in 1990 and ended in 2007. University of Siegen, namely the Research Institute for
Water and Environment (FWU) were active partners in this long lasting project of techni-
cal cooperation with Ethiopia. It needs to be acknowledged that BMZ as well sponsored
the printing of this document.

One of the objectives during the last phase of the project was to establish MSc programmes
in water related subjects. Three programmes were started initially in water resources, ir-
rigation and hydraulic engineering. Later programmes in meteorology and sanitary engi-
neering were added. The programmes were handled by the School of Graduate Studies
which received special support from the German side with sponsoring research projects as
basis for the master degrees, establishing some essential infrastructure like hydrological
networks and a PC Pool with internet connection.

The following papers are summaries of the first master theses finalised under this scheme
of university cooperation. They underline the good standard of post graduate education
at this still young Ethiopian University, which was promoted to this status in 2005. Other
results like PhD dissertations are as well going to be published in this CICD series. The
international conference Lars2007 is as well documented (as Vol.1).
It should be stated that with a considerable German support Arba Minch University (AMU)
became one of the leading universities in the water sector in Eastern Africa.

The Editor

November 2009
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1.1 Abstract

A variety of standardised hydrological models is available in order to estimate
the spatial and temporal distribution of water resources in natural systems. How-
ever, the applicability of these hydrological models is generally limited to re-
gions where data availability, temporal and spatial, is sufficient, i.e. to devel-
oped countries. For most of the still developing countries, the lack of data cur-
rently limits the use of verified hydrological models. The aim of this study is
to investigate whether a water balance analysis with a standardised hydrological
model is achievable in regions of lower temporal and spatial data availability.
The Precipitation-Runoff Model NASIM is used for this study.

The area of investigation, the catchment area of the Bilate River (approximately
5500 km2), is a part of the Abaya Chamo Basin in the southeast of the Ethiopian
Rift Valley. The Bilate River covers a difference in altitude of over 2000 m and
has a length of approximately 250 km. The lack of sufficient data for the catch-
ment at an adequate scale, i.e. hydro-meteorological and land use data, makes
modelling relatively difficult. For instance, only five gauging stations are avail-
able in the catchment, which can be used for model calibration. Three of these
stations are located in the upper catchment, while only one gauging station is
situated in the lower catchment of the Bilate River. Moreover, the operation of
some of these stations is outdated.

The Precipitation-Runoff Model NASIM takes into account the necessary wa-
ter balance parameters. The modelling utilises spatially distributed data with a
temporal resolution of one day. NASIM emulates the precipitation-runoff pro-
cess relatively well in relation to the background of the available data. Certainly,
the simulated discharges should be examined closely as, for the discharge peaks,
they do not really represent the reality of the situation. The greatest influence
of the results can be seen with regard to the meteorological data. For these it is
noted that the strong relief and the great variability of the precipitation as well as
the influence of evaporation are not represented adequately by the number of cli-
matic stations. In relation to the gauging stations it is noticed that the calibration
of the model could only lead to a good description of the natural conditions in
the Precipitation-Runoff Model through the use of qualitatively good discharge
measurements at several gauges. Furthermore, in NASIM, the meteorological
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data are considered as station data, not as interpolated regional data. This implies
the following: NASIM does not work on a raster basis at present. Thus, im-
provements towards a raster basis are recommended. An additional aspect is the
non-satisfactory use of GIS for the visualising of simulation results, which can be
traced back to the lack of a raster basis. All in all, it can be stated that modelling
with NASIM is possible. However, it demands a very close examination of the
input parameters and their emphasis with respect to the model. More field work
as well as more research is recommended in order to modify the model.

Keywords: Bilate River Catchment, Precipitation-Runoff Model NASIM

1.2 Introduction

According to the World Water Report of the UNO (2003), about two-thirds of hu-
manity will suffer from water shortage or unavailability by the year 2025. This
development is on the one hand related to increasing demands, on the other hand
to the inhomogeneous global and regional distribution of freshwater. The vari-
ability of climatic and geo-morphological conditions leads to differentiated wa-
ter availability and demand, both temporally and spatially. Particularly in the
arid and semi-arid regions of the earth, water is a scarce resource, the shortage
of which hinders development and represents a high source of natural conflicts
(Online-Magazin der Deutschen UNESCO Kommission, Ausgabe 4-5, April /
May 2003 - http://www.unesco-heute.de /0403/wweb.htm).

The immense increase in population causes an increase in the agricultural use
of land areas. This results in low production rates in agriculture and the loss of
natural resources. Moreover, land degradation is caused by the loss of protective
natural vegetation. In this connection, it is most important to note that the influ-
ences of human effects of climatic extremes on the ecosystem as well as on the
society have changed (BMZ 2006 - http://www.bmz.de/de/
laender/partnerlaender/ethiopien/zusammenarbeit.html; ZELEKE/HURNI 2001).

The responsibility of water management is to balance the society’s demand for
water (usage) and the availability of drinking water, which is naturally limited
both quantitatively and qualitatively. The impacts of changes of the input com-

3



Ingrid Althoff, Gerd Förch

ponents on the total “water balancing” system can be represented and evaluated
with the help of models for the description and quantification of the spatial and
temporal distribution. Significant components of the water balance such as pre-
cipitation, evaporation, infiltration, storage and discharge can be used in this con-
text. The primary target of this study was to ascertain to what extent a water bal-
ance analysis can be realised using a standardised hydrological model in a region
of low spatial and temporal availability of data. The modelled scenarios of land
use will not be described in this paper.

1.3 Landscape Characteristics - Area under Investigation

The Abaya Chamo Basin is situated in the southwest of Addis Ababa, between
5-5.8◦’N latitude and 37- 38.5◦’E longitude. It forms part of the Main Ethiopian
Rift, which in turn is part of an active rift system of the Great Rift Valley. The
Bilate River Catchment, which was chosen to be the area of study, forms the
northern part of the Abaya Chamo Basin. The Bilate River is the longest river
in the Abaya Chamo Basin, with a length of about 255 km. It is also the only
river which flows into Lake Abaya from the north. The source of the Weira forms
the most northerly point in the Bilate Catchment and also in the Abaya Chamo
Basin. Together with the Guder, which has its source on the northwestern border
of the catchment, it is one of the two source tributaries of the Bilate River. In
the west, the area of investigation is defined by the watershed of the catchment
of the Omo River, and in the east it is characterised by the Awasa Basin. The
southern border is formed by Lake Abaya, into which the Bilate River flows. The
upper catchment area of the Bilate is situated on the graben shoulder of the Main
Ethiopian Rift. It is characterised by a dense net of tributaries. According to
BEKELE (2001, 8), the complete catchment of the Abaya Chamo Basin has an
area of around 18.599 km2, about 5500 km2 of which form the part of the area
which was to be investigated.

1.4 Geology

In East Africa, the geological foundations are formed from a complex of meta-
morphic and volcanic rocks, which can be assigned to the era of the Precambrian
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and the Palaeozoic. During this era, Africa was dominated by large folded moun-
tain ranges and their erosion. The rising of the Ethiopian dome became visible
in the Eocene. The continual uprising of the highlands and the continuous drift-
ing apart of the African, Somalian and Arabic tectonic plates led to the breaking
inwards of the central part of the highlands, which sank several kilometres. The
Main Ethiopian Rift was formed, with a length of over 5000km. It divides the
highlands into an eastern and a western part: the Abyssinian Highland and the
Somali Plateau. The Main Ethiopian Rift forms the continental part of an active
valley system: the Great Rift Valley. The continuous volcanic activity had its
main phase (Trapp Series) during the Eocene and the Oligocene. Building on the
flood basalts of the Trapp Series, huge basalt plates formed in large areas of the
Abyssinian Highlands and the Somali Plateau. Here, one can observe an increas-
ing thickness from a few hundred metres on the plateaus to more than 2000m
on the sunken graben borders. In the upper Pliocene, large crevices and pipe
eruptions covered major parts of Southern Ethiopia and filled the valleys with
a layer of ignimbrite which is several hundred metres thick. The middle of the
Pleistocene was defined by an era with immense (volcanic) activity of calderas,
which ranged from Kenya into the Afar region along the eastern graben shoul-
der. Some of the basalt pipes in the Main Ethiopian Rift appeared just in the last
century. Geophysical studies show that the entire Main Ethiopian Rift is situated
in a hot zone with a width of around 1000km, which displays low density and
thickness (BAKER ET AL 1972, 7ff.; FAIRHEAD 1986, 19ff.; MEYER 1987,
32ff.; MOHR 1971, 449; READING 1986, 3ff.).

The geological map of the FAO (1998) shows that the Oligocene-Miocene basalts
dominate in the Bilate River Catchment. These basalts can be found in the central
area between Alaba Kulito and Bilate Tena, accompanied by Quaternary rhyolites
and trachytes in the north and Holocene lacustrine sequences in the south of the
catchment. Furthermore, on the southwest border, many subordinated Oligocene
and Miocene volcanics can be found.

1.5 Relief

The relief of today’s Ethiopia as well as the one of the Bilate River Catchment
is strongly influenced by the geological conditions and therefore structurally
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strongly dependent. Above all, tectonic and volcanic processes have created
the present relief. The Main Ethiopian Rift, situated between the two plateaus
(Abyssinian Highlands and the Somali Plateau), forms a broad, relatively plane
surface with a breadth in the middle of 50 to 70 km, which has its peak at an el-
evation of 1700 m above sea level in the region of Lake Ziway. From this point,
the main rift falls into the Afar depression to the north and to the south into the
Lake Turkana basin. The central volcanic peaks and calderas in the area of the
Main Ethiopian Rift divide a row of basins from one another, with lakes without
any outlet (NYAMWERU 1996, 19ff.; MEYER 1987, 33ff.). Lake Abaya is the
largest of the Ethiopian Rift Valley lakes. The area of investigation is situated in
the northern direction of Lake Abaya. The transition from the plateau to the val-
leys takes place in a variety of ways. On the western edge of the catchment, the
graben shoulder is notably steep with a very mountainous relief character, while
on the eastern edge it runs in a rather less pronounced step. All in all, the area
of investigation shows high relief energy. The northern point of the catchment
area (south of Butarija) is located at an elevation of approximately 3350 m above
sea level, whereas the most southerly point, in the estuary area of the Bilate River
and Lake Abaya, has an elevation of around 1200 m above sea level. This implies
a high significance of the erosion and the deposition processes. Furthermore, an-
thropogenic influences on the relief can be detected in the areas of the catchment,
which are agriculturally used in terms of significant soil erosions.

All in all, the relief is determined by the climate and principally, through the
form of the land, by its exposure and elevation since with increasing elevation,
the temperature in the mountains and highlands falls and the moisture content
of the soil increases. The combination of the influences of climate, relief, land
usage and soil conditions leads to a differentiated picture of evapotranspiration
(SCHEFFER/SCHACHTSCHNABEL 2002, 443).

1.6 Climate

Due to its geographical position between the equator and the northern tropic,
Ethiopia is situated at tropical latitudes. It is thus located in the area where the
Passat winds are influential (northeast Passat). The Passat winds flow towards the
equator. These winds move within the Inner Tropical Convergence Zone (ITCZ)
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in the course of the year. The ITCZ moves with the average zenith position of
the sun between approximately 20◦S and 15◦N. In principle, the climate of the
tropics and subtropics can be explained by the ITCZ’s change of position and the
Passat circulation during the year. The summer (rainy season) is under the influ-
ence of the ITCZ, the winter (dry season) is distinguished by dry Passat winds.
In this respect, however, the Horn of Africa and thus Ethiopia both occupy a
special position. The climate of Ethiopia is on the one hand influenced by the
relief and on the other hand by the special factors of four atmospheric action cen-
tres. These centres are, amongst others, the subtropical high pressure belt of both
hemispheres, the equatorial low pressure region lying in between, and the Indian
monsoon depression. The monsoon is a particular form of the Passat circulation.
In the course of the year, four seasons can be distinguished as a result of the in-
teraction between these pressure systems: the main rainy season (Krempt) which
takes place in the highlands between June and September, the dry season (Bega)
from October/November until March, as well as two transitional phases (Gu and
Der) which take place in April/May and in September/October to November, re-
spectively (ENDLICHER 2000, 283ff.; WESTPHAL 1975, 18ff.).

The Bilate Catchment is not only situated in several precipitation regions but ac-
cording to the climatic classification of KÖPPEN/GEIGER (1928), it is also lo-
cated in two main climatic zones. The catchment is characterised by the savannah
climate (Aw) of the Main Ethiopian Rift as well as by the moderately warm, dry
winter climate (Cw) of the highlands. The monthly average temperature of the
Aw-climate lies above 18◦C. The Bilate Catchment area partly lies on the graben
shoulder of the Main Ethiopian Rift and thus displays a Cw-climate due to the
elevation, the lower temperatures and the higher precipitation. The Cw-climate is
characterised by average temperatures of under 18◦C and a precipitation between
900 and 1500 mm per year. In addition, the area of investigation ranges within
four thermal levels, from the Bercha at the altitude of Lake Abaya (under 1500 m
a.s.l) with temperatures of above 30◦C on a yearly average and an amount of pre-
cipitation which lies significantly under 900 mm per year, to Dega (2600 - 3600
m a.s.l) in the north of the catchment. The annual average temperature in this
zone is around 16◦C. During the dry periods, frosts may appear (ENDLICHER
2000, 284ff.; GRIFFITHS 1972, 380; WESTPHAL 1975, 22ff.).
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1.7 Soil

The significant change between the dry and rainy seasons determines the soil
conditions in the tropics, the subtropics as well as in the moderate continental
climates. In the course of the year, this variation in moisture leads to a much pro-
nounced texture variation in clay rich soils (e.g. Vertisols) and to peloturbation,
while in many silt and loamy soils the bioturbation is very intense and reaches far
into the underground. In high mountain regions, erosion is dominant, which is
the reason why young and flat surfaces prevail. Their mineral content is very sim-
ilar to that of the source rocks. In more developed older soils, this only applies
to the heavier minerals which are more resistant to weathering. The variability
(properties, genesis and formation) of the Ethiopian soils is described in detail
in GRUNWALD (2003). The soil typology notation is the same one used in the
World Soil Map of the FAO (1998).

Within the varying topography of the country, with its diverse geological strata
and varying climatic conditions, various soils could develop. According to the
FAO Soil Map (1998), soil types such as Luvisols, Nitisols and Leptosols dom-
inate in the area of investigation. They can be found throughout the catchment.
Cambisols are present in the north, Vertisols can be found in the south and the
southwest, and Andosols are present in the central area of the catchment between
Alaba Kulito and Bilate Tena. Soil types such as Fluvisols and Phaeozem are
only found in small amounts on the southeastern and on the eastern catchment
borders. According to the FAO Soil Map (1998), the soil depths are between 1.00
and 2.00 m.

1.8 Land Usage

The vegetation is essentially dependent on the topography, the climate and the
soil. The relief of Ethiopia has a special importance in this context as it leads
to a vertical differentiation of the climatic zones, which consequently influences
the vegetation. One must differentiate between the natural vegetation and the an-
thropogenical influences and therefore also the actually existing vegetation (land
use). Climatic changes in the vegetation are usually slow processes; changes in
the landscape caused by humans require a comparatively short time. The main
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populated areas of Ethiopia are found in the cooler middle elevations and not
in the hot lowlands. The natural vegetation in these middle elevations is thus
strongly anthropogenically influenced. A growing population pressure and lim-
ited available land cause a modification of this landscape, which is difficult to
reverse, and the natural vegetation in this zone continues to retreat. Land use is
altering, steeper and steeper slopes are ploughed, cattle must be settled in wooded
areas. This creates soil erosion and the woods disappear in response to the in-
creased need for fields and pastureland (SCHULTZ 2000, 469ff.; WESTPHAL
1975, 44ff.).

During the rainy season and under normal conditions for rain planting, the pre-
cipitation amounts in the wet summer tropics are generally sufficient. The fact
that again and again longer dry periods can occur normally leads to the plant-
ing of annual species. The agricultural areas are largely used by small farmers
(subsistence agriculture). Agricultural use is, as is the natural vegetation, depen-
dent on the climatic conditions of the thermal elevation zones. The Weyna Dega
(1800 - 2600 m a.s.l) as well as the lower part of the Dega represent the most fer-
tile zone due to the temperature and precipitation. They are particularly suitable
for agriculture. In the area under investigation, a range of field crops such as the
Ensete are cultivated at altitudes of 1800 m above sea level. Apart from Ensete,
one can find tuber vegetables such as yams, taro or potatoes, but also grains such
as barley, wheat and teff. Teff is a cultivated plant bounded to Ethiopia. In the
region above 2500 m a.s.l., beside cereals, only a few other plants such as the
Ensete or some bean varieties find suitable growing conditions. The cultivation
limit for cereals is reached at about 3000 m a.s.l. In higher regions, grazing is
the only existing form of food production. Farming is generally carried out with
the help of livestock, which includes cattle, goats and donkeys. However, high
stock levels are linked with the problem of finding suitable grazing conditions.
In the lower regions, commercial agriculture and livestock holdings are carried
out in the areas of the rivers and lakes such as the Bilate River and Lake Abaya.
The state farms consist of huge complexes. In the Bilate Catchment area, three
such farms are present: the farm near Alaba Kulito, the one south of Bilate Tena
(Dimtu) and the Bilate State Farm. Apart from the state farms, little farming
takes place at this elevation. Livestock is found only in a few areas of the valley
(WESTPHAL 1975, 82ff.).
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1.9 Basics of the Precipitation-Runo� Model

1.9.1 Model Conception

In order to simulate the equations of the water balance for the Bilate River
Catchment (Southern Ethiopian Rift Valley) and to find a solution for these,
the lumped Precipitation-Runoff Model NASIM (Hydrotec GmbH, Aachen) was
used. NASIM is distinguished by factors such as the methodology of long-term
simulation in the hydrological section, the mathematical modelling of surface wa-
ters, the representation of all significant physical processes of water storage and
water movement as well as by the simulation of urban drainage. Through variable
time iteration philosophy the flexibility of the model has increased (DOKUMEN-
TATION NASIM June 2005, P. 1.1-1.4).

NASIM belongs to the lumped models which are simply analogous to physical
laws. Using a cascade of storages, the physical parameters of the area of investi-
gation are simulated. Variables and parameters represent average values in these
models, which are representative of the whole area. The description of the hy-
drological processes takes place with the help of semi-empirical formulae with
a physical background. If the parameters of the model are based on physics,
such a model can also consider characteristic changes in the catchment area (OS-
TROWSKI 1982; WALTER 1995; HYDROTEC 2005).

NASIM offers the possibility to work through all the significant features of deter-
ministic hydrology with a single model. This is realised by means of the repre-
sentation of all necessary components of the/a hydrological cycle, along with the
appropriate programming controls. NASIM represents a balanced combination
of conceptual elements, which are based on physics. The model represents the
significant elements of the/a hydrological cycle and hence allows the simulation
of a closed water balance. The simulation rests upon the representation of rain
loads and/or melting snow as well as on the load distribution calculated from
the regional precipitation. Furthermore, it is based on the differentiation of the
load into infiltration, the evaporation and the runoff distribution as well as on the
runoff concentration, which results from the transport and the delay of the runoff
portions. Finally, the simulation is based on the translation of the runoff wave
due to retention in the river (DOKUMENTATION NASIM June 2005, Chapter
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1).

1.9.2 Data Base

The data necessary for modelling can be distinguished into geometrical (space)
data, hydrological data and meteorological data. The primary data include dig-
ital terrain models and digital maps of the sub-catchment; land usage and the
soil type are also necessary. The secondary data required for the digital maps
(themes) is available within the GIS in attribute tables. The tables form an in-
terface to NASIM. The required soil parameters are: the wilting point, the field
capacity, the total pore volume, the water permeability and the maximum infil-
tration rate. The land use parameters are: the rate of impervious area, the land
coverage, the content of the interception store as well as the depth of root pene-
tration. Soil and topography data remain constant over time. Land usage data are
dependent on the season (DOKUMENTATION NASIM June 2005, 3-120ff.).

Meteorological and hydrological data in the form of time series are also required
for modelling. For each time step, meteorological secondary data such as pre-
cipitation, air temperature, relative humidity and possible wind speed, global ra-
diation and the relative period of sunshine must be available. That is why the
last four parameters are needed for the calculation of the potential evapotranspi-
ration. NASIM does not distinguish between evaporation and transpiration, but
these rather are modelled together in the process of evaporation from the soil.
Apart from precipitation, evapotranspiration has a high quantitative influence on
the total water balance and also influences the actual soil moisture. Thus, balance
calculations, especially those in the long run, require the most accurate possible
measurement (consideration) of evapotranspiration. The potential evapotranspi-
ration is received exactly like the precipitation and the air temperature as an input
time series into the model. In NASIM, regional precipitation, evaporation and
temperature are thus used in the form of point measurements, which are individ-
ually assigned to system elements. For the present Master’s thesis a raster-based
assignment in NASIM was not available. Discharge measurements at gauging
stations represent the hydrological data. These must be available in the temporal
resolution of the chosen time interval. This type of data is not necessary for the
modelling process, but the calibration and validation of the model is not possible
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without measured drainage values. NASIM expects taking into account the time
series minute, hours or daily values (DOKUMENTATION NASIM June 2005, P.
2.8ff., P. 5.59). For the water balance modelling of the Bilate Catchment daily
values were used.

1.10 Methodology

1.10.1 Soil Data

The FAO Soil Map (1998) gives information about the varying soil types and the
soil depth in the area to be investigated. However, the information which was
required for modelling with NASIM, such as the soil grain size and physical pa-
rameters like the total pore volume (GPV), the field capacity (FK), the wilting
point (WP) or the water permeability (kf value), could not be taken directly from
these maps. As soil sampling was not carried out in the course of this study, de-
tailed values for the soil grain sizes and the soil physical parameters are not avail-
able in detail. In order to obtain this relevant information, the literature such as
Bodenkundliche Kartieranleitung (1995), DVWK Merblatt 238 (1996), SCHEF-
FER/SCHACHTSCHNABEL (2002), ZECH/HINTERMAIER (2002) was con-
sulted. For defining the soil grain size of the subtler soil, the soil grain sizes were
extracted from the soil types with the help of the triangle diagram of SCHEF-
FER/SCHACHTSCHABEL (2002). The physical parameters were derived from
the soil grain size.

1.10.2 Land Use Data

In the area of investigation, the natural vegetation is more or less strongly in-
fluenced by the agricultural use. The digitalised map of 1978, which was made
available by the Ministry of Agriculture, gives only a very general image of the
current distribution pattern of the vegetation, but it was the only available re-
source for the data required. Thus, on the map, the terms such as “open wood-
land”, “moderately cultivated”, “dense woodland/perennial”, “crop cultivation”
and “state farm” are used without a clearer description of the specific vegetation,
or, in mixed cultivation, without giving any details on the percentages of the var-
ious types of vegetation. The parameters for the depth of root penetration and
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the maximum content of the interception storage were taken from BAUMGART-
NER/LIEBSCHER (1990) or estimated on the basis of the latter. The calculation
of the interception was carried out in NASIM. However ,an upper limit, the max-
imum interception, had to be given for every land area and for every type of
usage. The degree of vegetation coverage was estimated from photographic ma-
terial (THIEMANN/FÖRCH Nov. 2004). By means of the input of differently
sized interception storages and root depths the annual cycle of the phenology was
taken into account in NASIM. This input took place specifically for each month.
The impervious land area given in the form of organic and inorganic crusts as
well as by the paved road network or covered areas in the populated regions of
the Bilate Catchment had to be estimated likewise.

1.10.3 Meteorological Data

For the meteorological data, time series for the last 20 years (from 1984 to 2004)
were available as hard copies for total precipitation, minimum and maximum
temperature, Piche data (potential evaporation), relative humidity and duration
of sunshine. Data for global radiation and wind speeds were not available for the
investigation area. Precipitaton data were available for 15 climatic stations, eight
of which were located in the area of examination itself, with the others being sit-
uated outside the study area. Temperature data were available for eight of the 15
climatic stations. Piche data and data for relative humidity and hours of sunshine
were only available for four of the 15 climatic stations. During the quality control
of the data, some significant sections of missing data were noticed. For reasons
of time, the period between 1997 and 2004 was chosen for the modelling. The
availability of the data in the simulation period is given in figure 1.1.

The missing data in these time series were replaced. The method of direct
comparison with complete neighbouring stations (RAPP/SCHÖNWIESE 1996),
which is also used in the additional NASIM programme TimeView, was consid-
ered unsuitable for the investigation area as the relatively large distances between
stations made the methodology more complicated. Furthermore, the distinctive
relief as well as the relatively large water area of Lake Boyo and the neighbour-
ing wetland in the north of the investigation area led to a strong differentiation
of the mesoclimate. The missing data were finally substituted by means of the
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long-term (several years) average of the measurement stations in question. From
the small spatial representative of the measuring (climatic) stations it followed
that the values had to be estimated for potential evapotranspiration for a large
region of the catchment.

Figure 1.1: Missing climatic data in the simulation period

1.10.4 Hydrological Data

In the area of investigation, five stations are available for the measurement of the
runoff (discharge). Three of them are situated in the upper reaches of the Bilate
River, one in the middle portion and one in the lower reaches of the river. The
stations in the upper reaches do not all lie on the Bilate River itself: one is in
the middle portion of the Guder, a tributary of the Bilate, and another station is
located on the Batena, a tributary of the Guder.

The Guder flows through Lake Boyo with its bordering wetlands before it flows
into the Bilate River. According to the MINISTRY of WATER RESOURCES
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(Jan. 2006), the discharge in m3/s was calculated from the rating curve and the
measured water depth at the station in question. The water depth is measured
with a staff gauge. The gauge pressure is either manually documented or au-
tomatically registered (analogously or digitally). In relation to the rating curve
there is no information available as to whether these values are being checked
or from which time period they stem. The water bodies are subject to contin-
uous changes because of the high sediment deposition. The calculation of the
discharge is completely dependent on the rating curve, on the gauge pressure and
on the water depth, respectively. Furthermore, there is no information about the
point in time when, during the day, the manual documentation took place or if
the actual flood hydrograph was registered.

During the quality control of the time series, significant missing data were no-
ticed. Figure 1.2 shows the available time series for the chosen simulation period
from 1997 to 2004.

Figure 1.2: Availabiliy of the discharge data in the simulation period

The missing data in the time series could not be coherently replaced since a rele-
vant basis for this was not available and sometimes the missing values covered a
period of one to three years.

1.11 Results

1.11.1 Soil Data and Land Use

The soil grain sizes were divided into classes of “Skeletal soil”: sandy loam,
loamy sand, silty loam, loamy clay, clayey loam, sandy clayey loam and silty
clay. The most common among these are the loamy soil grain sizes, which are to
be found throughout the study area. “Skeletal soil” is present in the north and the
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south of the Bilate Catchment and where the soil type Leptosol can be found. In
the middle region of the investigation area as well as in the north, sandy substrates
are to be found, and in the south and southeast silt portions dominate. The usable
field capacity demonstrates a range of values between 120 mm/m and 178 mm/m.
The lowest value is found in the region of the Lakes Boyo and Abaya as well as
in the wetland of Lake Boyo. The highest values spotted in the north, the south
and the southeast of the investigation area, where “skeletal soil” (Leptosols) and
loamy sand (Cambisols) are present. The evaluated hydraulic permeability of the
soil grain sizes or soil types takes values between 0.001 mm/h and 103.4 mm/h.
Logically, the lowest value is found in the region of the Kakes Boyo and Abaya
(0.001 mm/h). The highest value (103.4 mm/h) is detected where Leptosols are
present, followed by the loamy sand (Cambisols) with 38.5 mm/h in the north of
the investigation area.

As initially mentioned, the land use in the investigation area can only be repre-
sented in a highly generalised manner. Perennial crop cultivation in substance
takes place on the western graben shoulder as well as in the northwest of the Bi-
late River Catchment. Areas which are moderately cultivated are found through-
out the catchment. Furthermore, open grassland exists in the region of Lake Boyo
and on the eastern flank of the area of investigation. The natural vegetation, for
example woods with eucalyptus, various acacia species, juniper trees (Juniperus
procera) or yews (Podocarpus gracilior), as well as shrub land is only found in
small areas or rather to a small extent. The three State Farms in the investigated
area cultivate mainly maize, tobacco and grain. The impervious land area, which
is given in the form of organic and inorganic crusts as well as in the form of paved
road networks or covered areas in the populated regions of the Bilate Catchment,
was estimated between 5% and 10%.

1.11.2 Meteorological Data

For the evaluation of the data, the period from 1997 to 2004 was considered in
the first place. However, the period after 1984 was also considered in order to
observe potentially significant values.
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Precipitation

For the measurement stations a good spatial representation in the investigated
area is of great importance. The accuracy of the results desired implies a par-
ticular number of registration stations for precipitation measurement, and this is
dependent on the size of the area, the form of the land, the altitude, the wind
direction and the degree of variation of the precipitation. According to DISSE
(2005, 89), in flat land, one station per 40 km2 is desirable; in mountains, it is one
station per 20 km2. Due to the great variability of the precipitation, stations with
a smaller dispersion (10-15 km2) would have been an advantage for the Bilate
River Catchment. Figure 1.3 shows all climatic stations for precipitation in the
Bilate Catchment and its surroundings. The circles around the stations have a ra-
dius of 11.5 km. The areas of the circles correspond to the spatial representation
of the stations. One can see that a complete coverage of the area of investigation
is not given.

Comparing the annual averages of precipitation, a decrease in the precipitation
from the graben shoulder to the bottom of the rift can be seen (Figure 1.4). Thus,
the stations are situated at the thermal altitude level Weyna Dega with a regis-
tered precipitation between 1646 mm/a and 1139 mm/a. At this thermal altitude
level the stations Angacha, Aleta Wendo, Shone, Fonko, Sodo, Boditi, Hosaina,
Durame und Butajira are located.

At the next lower thermal altitude level named Kolla (1500-1800 m a.s.l) the cli-
matic stations Humbo Tebela, Bedessa, Alaba Kulito und Awassa are situated,
with annual precipitation values between 1151 mm/a and 927 mm/a. The lowest
annual precipitation was found at the station Bilate Tena with 886 mm/a and at
the Bilate State Farm with 663 mm/a. The latter can definitely be assigned to the
Bercha. The Bilate Tena station, however, lies on the border between the lower
Kolla and the upper Bercha. The annual precipitations calculated here give only
a rough starting point, not allowing to derive mean values over periods of several
years, since the average values were only calculated over a period of 8 years and
also because data were missing in the time series at several stations. One should
notice that the period from 1984 to 2004 is also not much more expressive be-
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Figure 1.3: Measurement stations in the Bilate Catchment; Source: THIEMANN/FÖRCH
Nov 2004; ALTHOFF May 2006

cause missing data in the time series signify that the period of observation is also
partly restricted to less than 20 years.

With regard to the average of the annual pattern of the time series, the partly
varying distribution is noticeable (figure 1.5). In this connection, the stations Be-
dessa, Bilate Tena, Humbo Tebela, Boditi and Sodo are clearly distinguishable
from the rest. The annual pattern of precipitation demonstrates a division, the
maximum of which lies in spring, summer and autumn, and from which no clear
second rainy period can be distinguished. The remaining stations are more or less
similar in their annual patterns. Relatively high, though not constant amounts of
precipitation fall from March to October, usually with an absolute and a relative
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Figure 1.4: Annual average precipitation, middle of 8 years; Source: Own graphic

maximum. The difference between the stations lies in the occurrence of the max-
ima. For the stations Shone, Fonko, Butajira, Hosaina, Durame and Awassa, the
influence of the southwest monsoon can be seen as a significant maximum, which
is present in summer, mostly in July/August. The average precipitation amounts
are higher than those in spring, in the phase of the “small rains” in April/May.
The lowest precipitation months are those from December to February, which are
under the influence of the northeast Passat.

Figure 1.5: Annual pattern of the time series, middle of 8 years; Source: Own graphic
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A fact that can nevertheless be derived from the average precipitation is that the
Bilate River Catchment is not a homogeneously structured area, but rather an
area with different precipitation regimes. This becomes more obvious when one
considers the average of the annual patterns of the time series. However, it is ev-
ident that apart from the large-scale climatic processes at the stations, micro- and
meso-climatic influences also play a role, for example the geographical position
within the rift and the windward and leeward positions associated with this at the
time of the varying current directions. Furthermore, the orographic precipitation
is significant, which appears in southeasterly weather situations in the western
highlands.

Temperature and Evaporation

Similar to the precipitation, the temperature time series of the eight stations in
the area of investigation shows a certain spatial structure (figure 1.6). It has to
be recognised that the stations in the thermal altitude of the Weyna Dega rep-
resent a clearly lower annual average value with a maximum temperature of
23.6◦C (Hosaina) than they do in the Bercha, with a temperature of 30.3◦C (Bi-
late State Farm). Thus a dependence on the altitude exists. Regarding the min-
imum temperature, the State Farm has also the highest value with 16.6◦C in the
middle; and once again Hosaina is last, with 10.8◦C in the middle. According
to ENDLICHER (2000), the course of the temperature is generally distinguished
by the fact that the maximum temperatures fall with the onset of the first rainy
season due to the lower irradiation. Likewise, the minimum temperatures rise as
a result of the reduced radiation. If one considers the time series of the precipita-
tion and the time series of the temperature (figure 1.6), this can be clearly stated
for the majority of the stations.

As for the temperatures, the time series of evaporation of the four stations in
the study area shows a certain spatial structure. The highest annual mean values
of evaporation are, with regard to the temperature, that of the Bilate State Farm
station with 2505 mm/a, followed by the stations Awassa with 1650 mm/a, Sodo
with 1608 mm/a, and finally the Hosaina station with a mean annual evaporation
of 1321 mm/a.
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Figure 1.6: Annual pattern of the time series; max. and min. temperature, middle of 8
years; Source: Own graphic

As far as temperature and precipitation are concerned, there is a dependency on
the thermal altitude level. The stations in the thermal altitude level of the Weyna
Dega show a significantly lower annual amount of evaporation than the station in
the Bercha. The annual pattern of the time series for evaporation shows a regular
regime for all stations. At the beginning of the first rainy season (February) the
curve reaches its peak. However, due to the lower irradiation, it sinks similarly
to the maximum temperature. The minimum is reached at the end of the “long
rains” in August. After this, the curve slowly rises again.

1.11.3 Results of the Model Calibration and Validation

Regarding the assignment of the climatic stations to the individual sub-catchments,
the altitude above see level brought the best results for the precipitation data as
well as for the temperature and the evaporation values. The suggestion to use the
Thiessen polygon for the assignment was not suitable due to the distinct relief
and the variability of the data. The calibration of the simulated discharge wave
represents a complex of interactions between precipitation, evaporation and soil
functions, and therefore between the runoff formation and the runoff concentra-
tion. None of these parts lead to the desired success on their own.
In the following passage, the total result of the calibration process is represented
and then briefly described on the basis of the subsequent two examples (figure
1.7 and 1.8). The time period used for the calibration is not identical for every
gauging station due to missing data in the discharge values.
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In Figure 1.7 the calibrated regional precipitation (above), the measured dis-
charge (below) and the simulated discharge of the gauging station Weira are
shown for the period from 20.02.1997 to 15.02.1998. The fast/immediate re-
action of the simulated discharge to the events of the precipitation can be clearly
seen. Therefore, there is a direct precipitation-runoff dynamic, in which a very
fast increase to the peak value of the discharge is present as well as a less steep
decrease over an intermediate discharge to the basis-discharge.

Figure 1.7: Measured and simulated discharge of the gauging station Weira, period
20.02.1997 to 15.02.1998; Source: Own graphic

The measured discharges are in time relatively well in line with the precipitation.
In this context, a fast reaction between precipitation and discharge can also be
recognised, whereas nevertheless a fast rise to the peak of the discharge is fol-
lowed by a fast decrease over an intermediate discharge to the basis-discharge.
Furthermore, the peaks of the discharge are particularly significantly higher than
those that are simulated, and the basis-discharged peaks are lower than those sim-
ulated. A good correspondence of measured and simulated discharge levels can
be seen for the intense rain of October 1997, whereas in other sections of the
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simulated period (Figure 1.7) the conformity has to be assessed as relative.

In Figure 1.8, the calibrated regional precipitation (above), the measured dis-
charge (below) and the simulated discharge of the gauging station Alaba Kulito
are shown for the period from 20.02.1997 to 15.02.1998. At this station a direct
precipitation discharge dynamic exists as well. A temporal delay between dis-
charge and precipitation can be recognised in the hydrograph including October.
In October/November the simulated peak of the discharge lies before the intense
rain in November. Furthermore, the peak of the discharge in November is not
as high as that in October, despite the significant event. The measured discharge
reacts similarly to the simulated one. For the latter, however, a time delay con-
cerning the precipitation can be seen.

Figure 1.8: Measured and simulated discharge of the gauging station Alaba Kulito, period
20.02.1997 to 15.02.1998; Source: Own graphic

The peak of the discharge measured in November is equally similar. It is not
as high as the one in October, despite the intense event. As for the simulated
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discharge, the curve rises very fast to the peak and falls, as fast as it rose, to
the intermediate and basic discharge. Furthermore, the peaks of the measured
discharge are significantly higher than the ones of the simulated discharge, and
only in October/November they do lie under the simulated discharge. A rela-
tively good analogy between the measured and simulated discharges is effectively
present only in the time between the intense rain in October/November 1997 and
at the beginning of the “small rains”, from July to October. No correlation can
be ascertained. The validation process was carried out for the period after the
calibration up to 2004. It should be noted that, with regard to the discharge for
some gauging stations, significant sets of data were missing in the time series, so
that no continuous validation could be carried out. The parameters specified for
the calibration of the Precipitation-Runoff Model were constant during the entire
period of validation.

1.12 Discussion

For the calibration of the data, the measured discharge time series from the indi-
vidual gauging stations were used. The aim of the calibration was to reach the
best possible approach for the measured discharge. The calibration of the model
between the gauging stations Alaba Kulito and Bilate Tena proved to be most
difficult as relatively large catchments had to be calibrated in this connection,
with significant inflows from the tributaries. As a result of the lack of gauging
stations on the larger tributaries or in the Bilate River, no smaller areas could be
calibrated. Another difficulty occurred through the presence of Lake Boyo and
the bordering wetland in the catchment of the gauging station Alaba Kulito due
to the fact that no measurements for evaporation or for inflow or outflow of Lake
Boyo were present here. The lake and the wetlands were finally simulated by a
very high evapotranspiration and storage.
The quality of the calibration process must be seen in the context of the fact
that many parameters had to be estimated, for example land use, soil and evap-
otranspiration. Furthermore, the computation was not carried out with regional
precipitation and evapotranspiration, but the time series of a particular climatic
station were assigned to a certain sub-region, so that only five gauging stations
were available for the calibration of the model. Considering this background, the
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results of the model calibration can be considered satisfactory. It is important
to mention that this was not primarily a question of the exact quantification of
precise discharge values, as would for example be the case with the simulation
of flood protection. The question was rather whether a simulation of the water
balance under the given conditions was sensible and possible anyway. However,
the simulated discharges must be regarded very carefully because with regard to
the discharge peaks they do not really represent the reality of the situation.

The reasons why the peaks of the measured and simulated discharge-frequency
curve differ can be various and will be discussed in the following. One reason is
due to the fact that local precipitation in the catchment was not recorded by the
climatic stations. Actually, the precipitation captured in the precipitation gauge is
only representative of the particular measurement area. If the altitude of precipi-
tation in the measurement areas can be extended to other locations or larger areas,
and if so to what extent, is broadly a function of the correct choice of the location
(representation) of the individual measuring point. As can be seen in Figure 1, the
prevailing part of the Bilate River Catchment demonstrates, according to DISSE
(2004), no complete area coverage of the precipitation stations. In respect of
this, the situation at the western graben shoulder is better than the one at the val-
ley bottom or at the eastern graben flank of the Bilate Catchment. The orographic
disposition of a catchment exerts a relevant impact on the distribution of the pre-
cipitation. Due to this impact it is important to realise it when the stations are
located windward or leeward, at an open hill top or in deep incised valleys. This
can lead to significant differences in the altitude of precipitation, even in a small
space. Generally, it can be stated that for a long-term analysis, the orographic and
climatologic conditions are important. Due to the special characteristics of the
Bilate Catchment a larger spatial density of measuring stations would have been
important in order to better record the large spatial and temporal variability of the
precipitation. An additional reason for inaccuracies is probably the fact that not
interpolated regional precipitation values (raster-based) were used for the calcu-
lation, but station values, whereas it is not proven whether the simulation with
raster-based regional precipitation would have led to better results. In order to
prove this once and for all, a comparative calculation would be necessary. An-
other aspect is the number of gauging stations. In case of a larger representation
of gauging stations in the Bilate River, a calibration in smaller parts would have
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been possible, which might have led to better results. One should also mention
that the functionality of the stations, up to those in Alaba Kulito, could not be ver-
ified because of time shortage. Furthermore, it could not be definitively settled
how the recording of the data had been carried out (manually or automatically)
and in which way one had measured (with staff gauge or radar). Moreover, it is
unknown in which period of time the rating curves were checked and how the dis-
charge had been calculated. Regarding the gauging station Alaba Kulito (figure
1.9) the stones in alignment with the staff gauge are notable. The stones cause a
pier accumulation, which falsifies the water level measurement. The same effect
can be found under the bridge.

Figure 1.9: Gauging and climatic station Alaba Kulito; Source: Own graphic, January
2006

It cannot be assumed that the hindrances in the rating curve and in the calcu-
lation of the discharge have been taken into account. The meteorological and
hydrological data were made available in form of hard copies, and errors in the
transcription of the data as such cannot be ruled out. But also the discharge pa-
rameters (soft copies) can have mistakes because they are manually typed into
Excel lists.
In addition, the physical soil parameters and the parameters of the vegetation
(root depth, interception storage, etc.) taken from the literature are related to the
Central European area and are partly based on subjective assessments. The land
coverage was finally estimated.
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1.13 Conclusion

The Precipitation-Runoff Model NASIM considers the necessary water balance
parameters described above and partly implements them in a physically-based
way (soil model). The modelling takes place in a differentiated manner according
to the area, and temporally with a daily resolution, although in this connection
one can calculate with hour or minute values as well. The choice of a lumped
model was necessarily dependent on the available data material. The processes
of water balance were relatively well-described and based on the available data
(material). The limitations which arose from the missing soil data and land use
data could in principle only be corrected through field work, whereas in relation
to the results the greatest influence was seen in terms of the meteorological data.
With regard to this aspect, it should be noted that the distinct relief and the large
variability of the precipitation as well as the influence of the evaporation will in
no way be represented by the number of climatic stations. The simulation would
probably have led to better results, if a better basis of meteorological data as well
as a higher number of gauging stations had been used. As far as the gauging sta-
tions are concerned, it should be stated that the calibration of the model can only
lead to a good description of the natural conditions in the Precipitation-Runoff
Model through the use of qualitatively good discharge measurements at several
gauges.

At the time this Master’s thesis was written, the NASIM programme did not yet
work on a raster basis. Thus, improvements in this very direction make sense,
since in this way in relation to meteorological data for example, a calculation
with interpolated regional data would be possible instead of a calculation with
station data. A supplementary point consists in the non-satisfactory use of the
GIS for the visualisation of the simulation results. The GIS is used at present
for the administration and pre-processing of the data and only limited to the pre-
sentation of results, which are, however, not convincing enough. The relation to
the GIS in the form of a raster-based representation would be better in this case.
It should be noted in respect of NASIM that the model is prevailingly used for
the simulation of flood discharge, which can be seen in the very good represen-
tation of the time results by means of TimeView. The simple handling of the
programme was an advantage, as was the possibility to directly make changes in
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the system plan.

All in all, it can be stated that modelling the water balance with a standardised
hydrological model such as NASIM was possible but required a very detailed
examination of the results as well as of the input parameters and their empha-
sis for the model. Both the calibration as well as the validation of the model
must be viewed as semi-quantitative since, in addition to the low degree of data
availability, the quality of the data could not be sufficiently classified either. In
conclusion, the results of the modelling must be seen as satisfactory in the light
of the available data material.
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2.1 Abstract

The famous and universally applied drought index known as Palmer Drought
Severity Index (PDSI) was used to examine the drought parameters of the basin.
This method uses precipitation, evapotranspiration, soil moisture recharge, soil
moisture loss and actual and potential values as input data. The drought situation
of the basin was studied by using 34 years (1970 - 2003) rainfall and mean tem-
perature data from 18 stations which are located inside the basin. Furthermore,
the soil types were utilized in order to determine its available water holding ca-
pacity (AWC). The analysis shows that PDSI can be positive (moisture surplus)
or it can be negative (moisture stress or drought condition). By using the results
of the PDSI values of each station, an SDF graph of the basin was developed.
Based on the SDF value of each station, the basin was regionalized by using of
Arc View GIS environment.

Key words: PDSI, SDF, Drought index, GIS, return period, severity, AWC

2.2 Introduction

A part of the Abaya - Chamo Basin (ACB) is a drought prone area. Through time,
the effects are coming into an increasing manner. The expected main reason was
the decreasing rate of rainfall amount in the basin. Therefore, the erratic distribu-
tion and less amount of rainfall from the long term mean value highly affect the
production. As a result, this can cause a problem of food security for the basin.
Moreover, in the basin farmers are using a mixed farming system; the problem
of drought extends to their cattles as well. Severity, duration and frequency are
drought parameters. By determining its magnitude and the return periods of cer-
tain durations of drought we can address several of the described elusive drought
properties. Obviously, drought is an unavoidable phenomenon, but it can be mit-
igated through proper mitigation measures by studying the characteristics of its
incidences.
The knowledge of regionalized drought maps are important in order to plan and
manage the water resources potential of the basin. And also, these maps are im-
portant to provide information about the recurring behavior of drought for people
that are living inside the basin.
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Figure 2.1: Typical rainfall pattern at Gidole and Awassa

2.3 Drought De�nition and its Indices

There is no universal definition of drought but some authors tried to produce
definitions. These available definitions of drought might be categorized as ei-
ther conceptual or operational. With conceptual, it refers to those definitions in
general term to identify the boundaries of the concept of drought. For example:
“a long period with no rain, especially during the planting season.” Concep-
tual definitions provide little guidance to those who wish to apply them to cur-
rent (i.e. real time) drought assessments. Drought is frequently defined accord-
ing to disciplinary perspectives. These definitions of drought are clustered into
four types: meteorological, agricultural, hydrologic, and socioeconomic (Don-
ald, 1987). Generally, drought is expressed by using indices. Different indices
can interpret drought in different time periods, parameters and concepts. For this
paper the Palmer Drought Severity Index (PDSI) is used.

2.3.1 Palmer Drought Severity Index (The Palmer; PDSI)

In 1965, W.C. Palmer developed an index in order to measure the departure of
the moisture supply (Palmer, 1965). Palmer based his index on the supply-and-
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demand concept of the water balance equation, taking into account more than just
the precipitation deficit at specific locations. The objective of the Palmer Drought
Severity Index (PDSI), to provide measurements of moisture conditions that were
standardized so that comparisons using the index could be made between loca-
tions and between months (Palmer 1965). The PDSI is a meteorological drought
index, and it responds to weather conditions that have been abnormally dry or
abnormally wet. When conditions change from dry to normal or wet, for exam-
ple, the drought measured by the PDSI ends without taking into account stream
flow, lake and reservoir levels and other longer-term hydrologic impacts (Karl
and Knight, 1985). The PDSI is calculated based on precipitation and tempera-
ture data, as well as the local Available Water Content (AWC) of the soil. From
the inputs, all the basic terms of the water balance equation can be determined,
including evapotranspiration, soil recharge, runoff, and moisture loss from the
surface layer. The analysis is not considering human impacts on the water bal-
ance, such as irrigation.

Figure 2.2: PDSI Value Classification
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2.4 Analysis Procedure

The PDSI calculation is based on a supply and demand model of the soil moisture
at a specific location. The supply is the amount of moisture in the soil plus
the amount that is absorbed into the soil from rainfall. The demand, however,
is not so as easy to determine, because the amount of water lost from the soil
depends on several factors, such as temperature and the amount of moisture in
the soil. This method used evapotransiration, runoff, soil moisture recharge and
soil moisture loss all in its potential and actual values as input parameters.

2.4.1 Potential Values of Input Data

Potential Evapotranspiration, PET is calculated using Thornthwaite’s method.
Thornthwaite’s method is calculating the PET on a monthly basis.
An Empirical formula to determine Potential Evapotranspiration (PET) devel-
oped by Thornthwaite is given by

Potential Recharge, PR is the amount of water that could be absorbed by the
soil, or the difference between the AWC and current soil moisture, so

PR = AWC - Si−1 ————– (4)
Where Si−1 is thesoil moisture content at the end of previous month or at the
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beginning of current month.

Potential Runoff, PRO is calculated assuming any precipitation that falls is ab-
sorbed until the ground is saturated, and then the rest runs off. Thus, PRO is
the difference between the potential precipitation and the amount of moisture the
soil can absorb. Palmer decided to set the potential precipitation to AWC, and the
amount of moisture the soil can absorb is then simply PR, so

PR0 = AWC - PR ———— (5)

Potential Loss, PL is slightly different; it involves the value of PET.

1. Si−1 >= PETi, the moisture in the soil is enough to meet the demand, so the
most moisture that can be lost is the amount in the soil.
PL = PET ——————-(6)

2. Si−1 < PETi, the moisture in the soil is not enough to meet the demand,
therefore PL = Si−1 ——————–(7)

2.4.2 Actual Values of Input Data

Along with these four potential values (PET, PR, PRO, and PL), their corre-
sponding actual values (AET, R, RO, and L) are also calculated depending on the
relationship of precipitation P, PET, and the soil moisture model.
The moisture in the soil can be used up, when demand is higher than supply and
to be recharged when there is a surplus of precipitation and a deficit of soil mois-
ture. The maximum recharge is up to Available Water Content (AWC), which is
the maximum water holding capacity of the corresponding soil type. There are
several cases, sub cases, and sub-sub cases to consider in order to determine how
much moisture is gained or lost for each soil. The following relation shows the
general relationship of a water balance equation:
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2.5 Water Balance Equation

2.5.1 Moisture Departure, d

The Moisture Departure, d is basically the deficit or surplus of moisture for a
given month. It is calculated by using the following formula:
d = P - p̂ ———————— (8)
Here, P is the precipitation and p̂ is the CAFEC (Climatically Appropriate For
Existing Conditions) precipitation. P̂ is calculated as follows:
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α,β ,γ,δ are coefficients, the subscript m refers to the month of the year any they
are determined by the following formulas:
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2.5.2 Moisture Anomaly, Z

The moisture departure, d, is the deficit or surplus of moisture, adjusted for the
seasonal changes in climate.

2.5.3 The PDSI

Based on the above moisture departure and moisture anomaly values the drought
index i.e. the PDSI is calculated. The PDSI itself can now be calculated using
the following formula
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2.6 Data Analysis & Results

2.6.1 Rainfall, P

In most stations the distribution of rainfall has a bimodal pattern. The first high
rainfall was observed from March to May and the next high rainfall was observed
from July to November. This shows that there are two cropping seasons per year.
Therefore, moisture deficit occurred either one season only or both seasons and
it may also extend for the next third consecutive seasons.
From 18 stations the minimum monthly average rainfall was recorded at Mirab
Abaya (61.04 mm) and in the contrary the highest average monthly rainfall was
recorded at Yirga Chefe (131.30 mm).
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Figure 2.3: Rainfall Distribution Pattern for Mirab Abaya and Yirga Chefe stations for the
selected year interval

Analyzing variation from the mean is important to determine the anomalies of
rainfall. The highest standard deviation was shown at Yirga Chefe (111.38mm)
and the lowest rainfall variation was shown at Awassa (56.72mm). Where the
subscript (i) and (i−1) indicate current and previous months respectively, and
PDSI0 = 0.

2.6.2 Mean Temperature, T

From 18 stations the highest yearly average temperature occurred at Mirab Abaya
(23.35◦C) and the lowest yearly average temperature was at Fiseha Genet (17.37◦C).
But anomalies from mean temperature show that the highest standard deviation
was observed at Gidole (3.36◦C) and at Yirga Chefe the lowest value was ob-
served i.e. 0.94◦C.

2.6.3 Potential Evapotranspiration, PET

For a station, if the difference between potential evapotranspiration and rainfall
values for a specific month are small, it can be roughly concluded that the rainfall
satisfies the PET demand of that month. A higher gap means that there is an
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indication of moisture stress or moisture surplus in the area. A higher negative
difference between mean rainfall and mean PET shows a higher moisture stress
whereas a higher positive difference shows moisture surplus. Generally, a higher
negative value takes place at Mirab Abaya (-39.65mm) and a higher positive
value takes place at Yirga Chefe having a value of 63.97mm.

2.6.4 Actual Evapotranspiration, AET

The value of the AET depends on the supply condition of water i.e. the rainfall
and the existing soil water content. If the AET is equal to the PET, it shows
that there is no moisture stress in the area. The difference between PET & AET
gives hints on moisture condition. A higher difference between the two values
shows a higher deficit on moisture supply. But the AET itself does not indicate
the deficit and surplus of moisture in the soil. A higher variation was observed at
Mirab Abaya i.e. its mean monthly PET value was 100.69 mm whereas the mean
monthly AET was 55.71 mm.

2.6.5 Relation between Rainfall, Mean Temperature and PDSI Value

The following figure (figure 2.4) shows the condition at Arbaminch in the period
from 1999 to 2003. Roughly, it shows that when the rainfall value is increasing,
the corresponding mean monthly temperature is relatively at decreasing value. As
a result, the PDSI has a positive value i.e. it is a wet spell and the opposite is also
true. But the previous month value of rainfall and temperature are influenced by
the above remarking statement. For other stations, the relation between rainfall
(P), mean temperature (T) and the corresponding PDSI value is similar to the
above condition.

2.6.6 Sensitivity Analysis

It is obvious that the variation of input data affects the output (PDSI value). But
the degree of influence differs. Such characteristics of input data on output is
evaluated with the help of a sensitivity analysis. High sensitive data means that
the influence on the result is significant. Therefore, with a sensitivity analysis it
can be evaluated which parameter has a great role in influencing the PDSI value.
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Figure 2.4: Relationship between P, T and PDSI for a typical station (Arba Minch)

The result shows that, if the rainfall amount is reduced by 50% the correspond-
ing average change of deviation of PDSI is 50%. And also if the PET value is
reduced by 50%, the corresponding PDSI value is changed by 90%. Therefore,
the analysis shows that the PDSI is more sensitive on the change of PET value
than rainfall i.e. PDSI highly depends on mean temperature because the PET
value is mainly the result of a mean temperature.

2.6.7 Drought Parameter Evaluation

The drought parameters are severity, duration and frequency. Each of these pa-
rameters are independent values. But the combination of these three parameters
gives a logical meaning for drought monitoring.
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2.6.8 Drought Severity

Severity shows the degree of moisture deficit or surplus. It can be expressed
based on PDSI values (figure 2.2) and it is calculated by equation 18 above.
For this analysis, drought occurs when PDSI is less than or equal to -1.00 (from
mild drought to extreme drought). Mild drought (PDSI between -1.00 & -2.00)
means, that the degree of severity is low and the moisture deficit can be recovered
by less amount of rainfall compared to moderate drought (PDSI between -2.00 &
-3.00).

2.6.9 Drought Duration

The duration of drought is the number of successive months in which the PDSI
value is in mild, moderate, severe or extreme conditions. A cumulative drought
is the sum of all types of drought occurred within a certain return period succes-
sively i.e. it considers the worst combination of all forms of drought. Most of the
time, one follows the other, but sometimes it occurs randomly.
When counting the length of a drought duration, a single wet month between dry
periods does not show the drought was at an end.

2.6.10 Drought Frequency

Drought frequency is the return period (in years) of a specified duration and
severity of drought. The frequency is analyzed in a period of 8, and 10 years
return periods. The method employed to determine the frequency of drought is
by counting the specified drought severity and its duration at a station then by
arranging its distribution by a weibull plotting formula. In general, the return
period of mild drought is more frequent than moderate drought and so on.

2.6.11 Severity - Duration - Frequency (SDF) values

The SDF value illustrates the severity of certain durations of drought having a
specified return period (frequency). For most of the stations, when the degree of
severity increases, the corresponding duration for a specific return period are
decreases. Based on SDF values, the basin was regionalized. Regionalizing
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means delineating areas having similar values of SDF together; it is well suited
for decision making procedures.

2.6.12 Predicting Drought Occurrences

Past experience was important in order to forecast future events. So, past occur-
rence of drought severity, duration and frequency repeats itself in the future. For
more simplicity, 8 and 10 years return periods are analyzed for 18 stations. Based
on these data the point data were changed into area data by linearly interpolating
between stations. This method gives SDF curves of the basin. By doing so, it can
regionalize the basin based on drought parameters. Thus, the results are inter-
preted by the help of Arc View GIS using different colors. Similar colors show
areas having equal SDF values.

2.6.13 8 years Return Period Drought

The eight years return period drought expresses that the length of drought in
months occurred within eight years. In this case, the frequency of drought is con-
stant i.e. 8 years, but the duration and severity is variable depending on locations.

2.6.14 Mild Drought (MD- 8)

MD - 8 stands for a mild drought 8 years return period. MD - 8 map displayed
in figure 2.5, the map shows that 85 percent of the basin areas have a duration of
less than 5 months and around Mirab Abaya the duration extends to 6 - 7 months.
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Figure 2.5: MD - 8 maps

2.6.15 Moderate Drought (MoD- 8)

MoD - 8 means a moderate drought having 8 years return period. The MoD - 8
map shown in figure 2.6 shows that most of the eastern part of the basin areas have
a drought duration of 3 - 4 months and the western part of the basin areas have
a duration of less than 3 months. Around Alaba Kulito, Burji and Ageremariam
small areas have 4 to 5 months of moderate drought.

Figure 2.6: MoD - 8 map
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2.6.16 Severe Drought (SD- 8)

Severe droughts having 8 years return period is abbreviated by SD - 8. Figure
2.7 shows that most of the areas have less than 2 months of severe drought. Near
to Gidole, Fiseha Genet and Yirga Chefe the length of drought extends to 3 - 4
months.

Figure 2.7: SD - 8 map

2.6.17 Cumulative Drought (CUM- 8)

CUM - 8 means a cumulative drought having eight years return period. It shows
that the length of drought occurs during this period is greater than six months.
Hence, in the basin all areas are affected by drought. A minimum duration will
occur around Bodity which has 6 to 7 months of drought. In the vicinity of
Gidole, Alaba Kulito, western and eastern border areas of Abaya Lake at least
one complete failure of production for both season will happen within eight years,
for other areas the condition of drought will be between this two events and it is
illustrated by figure 2.8. The duration of drought will increase from north to
south of the basin.

2.6.18 10 years Return Period Drought

The ten years return period drought in different severity conditions are shown by
the following successive figures. Showing the different trends of drought, it is
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Figure 2.8: CUM - 8 map

important consider it’s convalescence opportunity.

2.6.19 Mild Drought (MD- 10)

MD - 10 means mild drought 10 year return period. The MD - 10 maps illustrated
in figure 2.9 shows that 58 percent of the basin areas have a duration of less than 5
months of mild drought and close to Mirab Abaya small areas have 7 to 8 months
of mild drought.

Figure 2.9: MD - 10 map
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2.6.20 Moderate Drought (MoD- 10)

Moderate drought having a 10 year return period is abbreviated by MoD - 10 and
it is clarified by figure 2.10 below. The map shows that 68 percent of the basin
areas have a duration of 3 - 4 months of moderate drought and around Burji and
Alaba Kulito small area have 5 to 6 months of moderate drought.

Figure 2.10: MoD - 10 maps

2.6.21 Severe Drought (SD- 10)

Severe drought of 10 years return period is abbreviated by SD - 10 and its dis-
tribution is shown in figure 2.11. According to the figure, most of the northern
part (it covers 50 percent of the basin) has less than 2 months of severe drought.
Hence, the northern part of the basin is less susceptible than the others. But the
area around Yirga Chefe the length of drought prolongs to 4 to 5 months.

2.6.22 Cumulative Drought (CUM- 10)

The 10 year return period cumulative drought shows that at least one season
will be completely affected by drought i.e. a minimum drought length of 7 to 8
months. But most of the area (92 percent) will be completely lost both season
productions. Around Bodity and Hosaina the length of drought moment will be
relatively shorter than the others. In this area, the drought length can completely
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Figure 2.11: SD - 10 mapy

affect the production on one season and slightly on the next season. This is shown
by figure 2.12 below.

Figure 2.12: CUM - 10 maps

2.7 Summary, Conclusion and Recommendation

Different literature concludes that the PDSI method of drought evaluation is su-
perior to others because its value depends on the demand and supply concept of
moisture. But the method does not consider man made adjustments like irrigation
practices.
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Almost in all the stations the rainfall distribution has a bimodal pattern. This
shows that there are two cropping season per year. It is important since, if one
season fails the next season covers the problem within a relatively short period
of time. High trouble of drought will be expected, when the length of drought
extends to both seasons and a more catastrophic drouht can be expected, when it
extends to the third consecutive season.

The main input data for the PDSI are rainfall, evapotranspiration, soil moisture
recharge and soil moisture loss both its potential and actual values and also avail-
able water holding capacity of the soil. But all input data were resulting from
either rainfall or mean temperature. Therefore, the sensitivity analysis shows
that the PDSI is more sensitive on temperature.
In order to regionalize the basin, the point SDF value at a station should be
changed to an area’s value by linearly interpolating between stations. For the
result it was essential to show several drought maps of a basin. These maps were
used to know the coverage of a specific type of drought. For example, from the
map of a mild drought having less than 5 months of drought duration occurred
within 10 year return periods covers 58% of the basin areas similarly; a moder-
ate drought having less than 3 months of duration occurred within 10 year return
periods covers 9% of the total basin area. From this, it can be concluded that the
rate of raising drought duration for moderate case is higher than mild.

A successive drought map shows that the most drought prone areas are located
at the southern part of the basin comparatively around Gidole, Mirab Abaya and
Burji compared to the northern part of the basin. But the result perhaps does not
make proportions to the recent available conditions that people are observing,
since the study does not consider the existing irrigation practices.

2.8 Recommendations

Rainfed agriculture in areas which are frequently affected by drought is not pos-
sible, therefore in such areas irrigation schemes should be constructed in order to
reduce the hazards of drought. The construction of irrigation schemes in drought
prone areas may be difficult due to lack of enough and good quality of water and
also available irrigable land. In that case, less drought prone areas should be se-
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lected to resettle the population from high drought prone areas.
Integrated environmental managements, like protection of natural resources from
erosion, wild fire etc. must be considered together with drought management
strategy.

This investigation is better for preliminary reference for further study about the
drought situation of the basin, as well as to extend the studying area.
The study focused only on meteorological drought but for a better analysis this
agricultural drought assessment is important,as well.
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3.1 Abstract

When the issue of water supply and demand for certain purposes is raised, the
availability of water sources and the assessment of their conditions are insepara-
ble considerations.
The assessment of groundwater (GW) conditions in a certain area may include the
water withdrawal rate, the utilisation and management of groundwater, the type
of formations from which it is derived, the hydrogeological properties as well
as quality conditions of groundwater, the presence of influx (recharge) and other
aspects. The type of aquifers out of which the boreholes pump water was deter-
mined. The area was highly heterogeneous and anisotropic with the transmission
rate of the aquifer varying from 2 to 532.3m2 per day. The general groundwater
flow direction in the area was towards the lake (Abaya), determined by means of
water level contour interpolated in the ArcVew GIS.

A natural scene of higher values of groundwater constituents and parameters
could be observed near Lake Abaya with a general trend of decreasing upstream
to the GW flow direction. The higher levels of Potassium, Nitrate and total dis-
solved salts in the borehole of the Kola Shara village were indicators for the
groundwater recharge from irrigation return in the area.
An approximate soil-water balance approach to determine the groundwater recharge
from rainfall after the necessary runoff accounting, evapotranspiration and soil
moisture storage requirements indicated almost no recharge from rainfall in the
area.

3.2 Introduction

Groundwater is generally the most abundant fresh water source in the world be-
side glaciers and ice capes. Estimates of global water supply show that GW
represents about 0.6% of the world’s total water. Since a high amount of GW
below a depth of 0.8km is saline or costs too much to develop with the present
technology and economic conditions, the total volume of readily available GW
is about 4.2x106 km3, much more than the 0.126x106 km3 of fresh water stored
in lakes and streams (Bouwer,1978).
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For the most part, water supply for domestic purposes in the world stems from
underground storage systems due to its abundance and potability without exces-
sive treatment. There are also places where GW is used largely for irrigation and
industrial consumption (Bouwer, 1978).
Several towns and villages in Ethiopia get their water supply from underground
sources due to the greater potential of GW in the country as well as to the un-
availability and good inaccessibility, the need of extra treatment and the high
investment in the infrastructure set up for surface water sources.
The Arba Minch area is an area characterised by various surface as well as sub-
surface water bodies. The surface water bodies include the lakes (Abaya and
Chamo) and the rivers (Kulfo and Hare). The evidence of existence of subsur-
face sources consists in the tapping of GW for various purposes at most sites
of the area. In this connection, Arba Minch springs also need to be mentioned.
These have their eyes at the foot hills of the Bekele Molla Hotel at colluvial
deposits, which makes difficult the identification of their actual number (DHV
Consultants, 2002).

Geologically, the area belongs to the category of the Rift Valley system. The
geological units in the Rift Valley region are mainly the result of volcanic ac-
tivity during the Tertiary period. The whole Rift Valley is underlain by ancient
basement rocks, which are defined as genesis grading in metamorphic granites,
ignimbrites (consolidated hot-ash flows) and granodiorites. A more recent layer
of volcanic rocks and ignimbrites has been added over the basement (Wayand,
1999).
According to the geological map of Ethiopia (1973, scale 1:2.000.000), basaltic
flow and related spatter cones are also the major geologic units from which the
well-known ’forty springs’ flow.
According to the Ethiopian Institute of Geological Surveys (EIGS, 1973), the
area falls into the extensive aquifers with intergranular permeability (unconsoli-
dated sediments: alluvium, eluvium, colluvium, lacustrine sediments and poorly
cemented sandstone) of high productivity, which is the result of a high degree
of faulting and fracturing of volcanic rocks and the occurrence of relatively per-
meable and unconsolidated sediments. The evidence of geological well logs of
the Arba Minch area consists also in the fact that the area is composed of multi-
layered aquifer system.
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The great advantage of GW is its use for drinking purposes without any treat-
ment. Hence, considerable care should be taken to protect GW aquifers from
irreparable damage through the disposal of waste materials. The quality of GW
is influenced mainly by the quality of its source. Changes or degradation in the
quality of its source waters can seriously affect the quality of GW supply. Unlike
organic pollutants, inorganic pollutants can easily get access through the soil, and
once introduced they are very difficult to remove. That is why GW possesses a
high level of dissolved salts.
Influx of saline lake water into ground water may also partly increase the salinity
of the Rift locality. In the southern parts of the Rift, sodium and bicarbonate
(high alkalinity) are the dominant dissolved constituents (NERC, 2001). Flu-
oride has long been recognised with regard to water-related health concerns in
Ethiopia. Concentrations greater than 10 mg/l are often found in waters from
the Rift. However, unusually low fluoride concentrations have been reported in
ground waters from wells and springs in the Rift Valley town of Arba Minch and
the nearby escarpments in southern Ethiopia. This is apparently due to inputs
of low-fluoride runoff from the highlands or from nearby rivers or lakes (NERC,
2001).

The sources of groundwater could be rain through deep percolation, seepage from
streams, lakes and subsurface underflow, artificial recharge and sometimes inci-
dental recharge (Bouwer, 1978).
Because of the lowering of the water level and consequently increased energy
costs for pumping, it is recognised that GW extraction should balance GW recharge
in areas with scarce fresh water supplies. This is achieved either by restricting
the GW use to the water volume which becomes available through the process
of natural recharge or by artificial recharge. Both options require knowledge of
GW recharge processes through the unsaturated zone from the land surface to
the regional water table. Recharge estimation can be based on a wide variety
of models which are designed to represent the actual processes. Methods which
are currently in use include (i) the soil water balance method (soil moisture bud-
get); (ii) the zero flux method; (iii) the one-dimensional soil water flow model;
(iv) inverse modelling for estimation of recharge (the two-dimensional GW flow
model); (v) the saturated volume fluctuation method (GW balance); and (vi) iso-
tope techniques and solute profile techniques (Kumar, 2003).
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Study Objectives

The objectives of this study were:
Assessing GW conditions

• Determining hydrogeological conditions of the area

• Determining the general direction of GW flow in the area

• Analysing GW quality conditions of the area

• Indicating the source of GW recharge and estimating recharge

Laying the foundation (data-base organisation) for further and more detailed
studies of GW in the area

3.3 Data Collection and Organisation

As far as subsurface data are concerned, most of the time they are not available
and it is costly to collect primary data of the subsurface. In this study, data con-
cerning the location of boreholes in the area, water levels in the boreholes, pump-
ing test data, water quality indicators (chemical and physical characteristics and
parameters) from the respective locations of boreholes, soil characteristics and
land use patterns as well as representative temporal rainfall quantity data of the
area were collected and organised.

The topographic map of the area (scale 1:50.000) was one of the important pieces
of data collected which was scanned and saved in TIFF format. The map was
then transferred from the raster map to its vector equivalent in the ArcView GIS
environment. In other words, the map was geo-referenced to the real world co-
ordinate system. All other important spatial features useful for the study were
incorporated in the final vector map.
The locations of the boreholes were determined using the Global Positioning Sys-
tem (GPS). This was the most important information for the spatial analysis of
groundwater conditions in the area since no other underground information could
be obtained by using other methods.

61



Samuel Dagalo

3.4 Geological Well Logs and Interpretations

There were 16 boreholes dug in the area in the past years besides several hand-
dug wells. Seven of these are at AMU, four at ATF, one at an adult school, three
at a crocodile ranch and one in the Kola Shara village. Among these boreholes,
only eight currently function according to the intended purpose: two at AMU,
three at ATF, one at an adult school, one at a crocodile ranch and one in the Kola
Shara village. Other boreholes are non-operational and abandoned due to reasons
beyond the scope of this study.
Data of well logs were available for only ten of the boreholes: four at AMU, four
at ATF and two at a crocodile farm. There were no field data on pumping test
as well as no other necessary data except for the eight boreholes at AMU, the
crocodile ranch and ATF.
Depths to the bottom of the boreholes (basaltic in many cases) ranged from 60m
at ATF to 100m at AMU. As far as the geological well logs were concerned,
there was no significant relation between aquifer materials at the same depth.
Variations of formation material with respect to depth at a given borehole site
were quite significant. Hence it could be said that the formation was highly
heterogeneous and anisotropic.
The dominant formation materials composed mostly of sands, gravels, pebbles
and cobbles of basaltic nature were understood as good water-bearing formations.
Hence, considering the availability of water in the strata, an abundant amount of
GW existed in the area. As the data pertaining to formation materials were scanty,
it was difficult to delineate the groundwater basin of the area.

3.5 Borehole Locations and Designations

In past days, the boreholes were not located in their respective positions of real
world coordinates. While this study was in progress, the existing boreholes were
superimposed on their respective location on the map - a scanned, geo-referenced
and digitised map of the Arba Minch area.
The process of locating boreholes on the map required the use of a Global Posi-
tioning System in the field as well as bringing these data to a GIS environment.
Then, with X & Y coordinates available, a point on the geo-coded map could be
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located easily. After ArcView GIS was activated, a project window of the exist-
ing file with the map was opened. In the view window of the view menu scroll
bar, a new theme was selected and a point was chosen. After the name of the new
theme had been specified, the addition of fields and records became possible in
the attribute table of the new theme dialog box. In the dialog box, the X & Y co-
ordinates of a point were included as a field and finally the values of a point were
entered as a record in the attribute table. When editing had been completed and
after the new theme check box had been selected, the points were located on the
map (figure 3.2). Figure 3.1 shows the location of boreholes at their respective
positions with respect to the UTM (Universal Transverse Mercator) projection of
grid zone 37.

Figure 3.1: Locations of boreholes in real world coordinate system
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Figure 3.2: Study area and borehole locations

3.6 Aquifer Types and Parameters

The types of aquifers were determined following two approaches: 1) depending
on the respective positions of SWL, confining layers and water bearing forma-
tions; and 2) depending on the pumping test data analysis (Kruseman & de Rid-
der, 1994). After the types of aquifers had been determined, aquifer parameters
were established using the available models.

The most important parameters of an aquifer system are the permeability (hy-
draulic conductivity), transmissivity and the storage coefficient or specific yield.
Among the variety of techniques to determine hydraulic parameters of aquifers,
the most reliable one consists in pumping tests of wells. There were about eight
stations (borehole sites) available with such a data in the area. With regard to
such a test, a number of models to evaluate the aquifer parameters for different
specific conditions have been developed. In this study, the Theis curve matching
method, the Cooper-Jacob approximation as well as the Theis recovery method
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approach were used for the most part.
The Theis curve matching approach is a graphical method to determine the aquifer
transmissivity (T) and the storage coefficient (S). The method is applied for con-
fined aquifers and makes use of the following equations:

having a similar nature of arrangement, where
Q = test pumping rate(L3/T) - available data for a well; s = drawdown (DD) (L)
at a distance r from the pumping well - available data for a well at r = rw; T =
transmissivity (L2 /T); S = storage coefficient; t = time (T) - time of test pumping;
W(u) = Theis well function; u (dummy variable) = r2 S/4Tt.
By plotting (log-log plot) the field data points (s vs. t/r2

w) on the transparent paper
and by superimposing it on the type of curve (W(u) vs. u) developed by Theis,
values of W(u), u, s and t/r2

w are obtained (Todd, 1980). The value of aquifer
transmissivity is then computed from the above-mentioned equation. Since the
values of S obtained by this method go highly beyond the reasonable limit, they
are deleted. This is mainly due to S being a highly dependent parameter on the
radial distance from a well.
The Cooper-Jacob approximation is an extension of the Theis formula and has
the following form (Todd, 1980):

For constant values of r, the derivative turns out to be

For a per log cycle of ∆ log10(t) in s-t of the semi-log plot:
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From the aforementioned equations and derivatives, S can be evaluated as fol-
lows:

where r = rw and to = the time at which s = 0.

The semi-log plot was drawn for the data points (s vs. t) and the best fit line was
drawn from which the
∆ s value could be obtained (figure 3.3) for the per log cycle of t in the excel
spreadsheet. From the equation of the fitted line, the value of to was computed
for the drawdown value of zero. Thus, the values of T and S for the known values
of Q and rw were computed from the equations mentioned above.

Figure 3.3: Time-DD curve for the estimation of transmissivity according to Cooper and
Jacob
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The Theis recovery approach, also a useful tool in verifying pumping test data
validity, has the following formula for a sufficiently small u (dummy variable):

where s’ is the residual drawdown, t’ is the time since pumping has stopped and
t is the time since pumping has started with constant discharge (Q).
Consequently, field data of recovery tests were conformed to the above-mentioned
equation and the per log cycle of (t/t’) was taken for a straight line portion of the
s’- t/t’ curve (figure 3.4) to determine the value of ∆ s’ as well as the aquifer
transmissivity (T). This method did not support the determination of the value of
the aquifer storage coefficient (S). Figure 3.5 summarizes the values of aquifer
parameters obtained using the aforementioned methods.

Figure 3.4: Residual drawdown curves to determine aquifer transmissivity (Theis recovery
method)
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Figure 3.5: Values of T (m2/day) and S according to various methods

3.7 Water Level Measurements and Groundwater Flow Direction

Water level measurements belong to the subsurface investigation of GW studies.
The significance of such measurements lies in the determination of the GW flow
direction, the management of aquifer pumping, the determination of contaminant
transport and storage coefficients etc.
To get an overview of the regional/general direction of the GW flow in the area,
water level measurements were conducted for accessible existing wells in the
area. Depths to water level were measured at the respective positions of boreholes
indicated in figure 3.6. The measurements were just started at the end of the dry
season (March). This work was done using a “hydrometer” with a graduated
plastic ring which dipped into a well. When an open-ended stainless rod at the
end of the plastic ring dipped into the water, the circuit was completed and the
lighter on the body of the instrument gave light. In this way, one could easily
read the depth at which the water level was located from the ground.
Having determined the water level elevations at the respective locations of bore-
holes, the values of water level contours were interpolated and drawn using GIS
software (ArcView 3.1). The work was performed in an ArcView GIS environ-
ment from the attribute table of well points, which showed the water levels as
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Figure 3.6: Measurement values of water level elevations of the wells (typical date)

a field. From the surface menu bar of the view window, the creating contours
option was chosen and then with the input of water level values, ArcView auto-
matically computed the water level contours. From the values of the GW level
contours, the general direction of GW flow was determined (figure 3.7).
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Figure 3.7: Water level contours and GW flow direction

3.8 Groundwater Quality Conditions

The quality of groundwater is determined by its physical, chemical and biologi-
cal/bacteriological characteristics (Tomar, 1999).
Some important physical and chemical analyses of groundwater in the area were
conducted in the field and in the water quality laboratory at AMU. Then the varia-
tions of some chemical characteristics were spatially analysed. The measurement
values and further information on the data are depicted in figure 3.8 and 3.9.
The results of the chemical analysis of important constituents of GW showed that
higher values of chemical constituents could be found near the lake. This effect
usually decreased towards the west (study area) (see figure 3.10).
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Figure 3.8: Sampling point details

Figure 3.9: Results of the chemical and physical analysis of GW in the area
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Figure 3.10: Spatial characteristics of some groundwater components

3.9 Groundwater Recharge Estimation from Rainfall

Groundwater recharge refers to the replenishment of aquifer systems from vari-
ous sources such as rainfall, irrigation return flow, inflow from natural streams,
subsurface inflow and artificial recharge (Singh, 1992).
The general soil water balance equation can be represented by:

Gr=[P+I]-Ea+∆ S-Ro,

where
Gr = GW recharge
P = total precipitation
Ea = actual evapotranspiration
∆ S = change in soil water storage
Ro = runoff
I = irrigation return flow

Many components of the soil water balance equation (such as recharge from
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canals, reservoirs, injection wells, GW inflow to and outflow from the area, in-
fluent and effluent seepage, artificial extraction and leakage from the bottom of
semi-confining layers) were ignored in the aforementioned equation since some
of them were not necessary for the report. Moreover, some of the components
were difficult to obtain and beyond the scope of this paper.
The area experienced surface irrigation since the past decades, but there were
no adequate data on the amount of inflow/diversion of irrigation water and the
history of water loss due to deep percolation. Therefore, the estimation of GW
recharge due to this parameter was left out. Thus, the amount of recharge was to
be estimated from total daily rainfall.
Using the above-mentioned soil water accounting model, GW recharge was esti-
mated as follows: The rainfall data for 10 years (1989-1998) were arranged ac-
cording to their temporal sequence; by means of this procedure, the conditional
antecedent moisture condition was determined. Runoff was estimated using the
SCS method for known land use and hydrologic soil groups. The average PET
value according to Penman-Montheith was one of the inputs to the evaluation of
recharge. Soil water storage was computed as follows:

St = Pe f f (t ) + S(t−1) - PET(t ) ,

where
t = the day under consideration
(t-1) = the previous day
Pe f f (t ) = effective rainfall (P-Ro)
S(t−1) = storage considered from the previous day
PET(t ) = potential evapotranspiration expected at that particular date

Hence, storage was considered to be zero when Pe f f (t ) + S(t−1) - PET was less
than zero and there was no recharge. When the net amount of the algorithm
(value of typical day soil moisture storage) was positive and beyond 120mm on a
particular day, the offset was taken to be the recharge. The whole algorithm was
caught using the Excel spreadsheet.
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3.10 Results and Discussion

The boreholes in the area were mainly installed for domestic and industrial water
supply (ATF) purposes. Only eight (50%) of the developed wells were in opera-
tion at the time of the study.
The dominant type of aquifers from which the wells pump water was determined.
The potential aquifers near AMU were mostly confined types; in the vicinity of
the textile factory, both semi-confined and unconfined aquifers prevailed. This
showed that, in combination with the variation of formation material at borehole
sites, the aquifers were strictly heterogeneous and anisotropic, composed of mul-
tiple aquifer systems.

Representative values of aquifer parameters were determined using various ap-
proaches. The value of transmissivity according to the Theis recovery approach
varied from 2m2/day (AMU5) to 535.23.5m2/day (ATF3). The storage coefficient
according to Cooper & Jacob, though rough, fell in the range from 2.99x10-10
(ACR2) to 0.281 (ATF4).
The static water level measurements at the boreholes indicated that the water
level elevation in the boreholes varied from 1199m (at ATF3) to 1172m a.m.s.l.
near Lake Abaya.
The general direction of the GW flow of the area, determined by means of the
water table contour map, was from north-west (from the north-west high escarp-
ments) towards the south-east to Lake Abaya.

The chemical analysis of the GW revealed that the values of constituent ele-
ments and water quality parameters (conductivity, hardness, TDS, etc.) near Lake
Abaya were generally higher than in other parts of the area. The values of the
constituent components generally decreased when proceeding from Lake Abaya
towards the west (AMU area). This also indirectly confirmed that the direction of
GW was from AMU towards Lake Abaya. Relatively high values of Potassium,
Nitrate and TDS occurred in the borehole of Kola Shara.
An approximate soil water balance approach on daily bases for the estimation of
recharge from rainfall showed that there was no recharge from rainfall in the area
for the analysis period. The basic assumption of the analysis was that the volume
of water beyond the field capacity of the particular soil satisfying the maximum
evaporative demand percolated and joined the GW reserve.
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3.11 Conclusion

Aquifer types in the area are dominantly confined, with unconfined and semi-
confined types also existing in some parts. The high values of transmissivity in
the area indicate that one can carry a good yield from the formation in the area.
The flow of GW from the area of AMU towards Lake Abaya indicates that the
GW gradient also follows the surface gradient in the area.

The area most probably gets main recharge from the upstream highlands (most
probably through an extensive fault line running north to south along the ridges
west of the area). Additional recharge is obtained from the two accompanying
perennial rivers. The area also gets appreciable recharge from irrigation water
loss.
The overall condition of the GW quality for drinking purposes is fair and suitable
except for the case of the crocodile farm.
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4.1 Abstract

This study was carried out to evaluate the impacts of limited irrigation develop-
ment in the Blue Nile River Basin, Ethiopia, with regard to the spatial availability
of water resources for downstream countries, using the WEAP water resources
planning model. 17 irrigation projects covering an area of 220.416 ha of land
were considered from the gauged tributaries of the basin. Accordingly, the total
water requirement of these irrigation projects was estimated to be 3 bcm annually.
This is equivalent to less than a 6% reduction of the total mean annual volume of
an approximately 52.9 bcm flow at the border to Sudan (Tesfahun, 2006).

Key words: Limited Irrigation Development, Blue Nile River Basin, WEAP
Model

4.2 Introduction

The development of transboundary rivers like that of the Nile River Basin primar-
ily requires a forum for communication, understanding and building trust among
riparian countries through implementing various confidence building measures as
well as through the upstream and downstream riparian countries building collab-
orative efforts for the common good of all and by means of deriving sustainable
benefit from the waters of such basins. It is a fundamental requirement to guaran-
tee a sustainable allocation of the available water resources based on scientifically
proven approaches and internationally accepted rules.

Due to growing food insecurity coupled with the population explosion and the
degradation of the environment, it becomes more and more clear that riparian
countries have to utilise their water resources sustainably and without causing
harm to each other (particularly to downstream users). This shared responsibility
is the binding tie for the cooperation of both upstream and downstream riparian
counties. Despite recent opportunities and an enabling environment created by
the NBI programme, there is neither a clearly articulated statement of agreement
acceptable for all riparian countries nor a consensus of any kind that may dictate
the sustainable development and sharing of the resources of the Nile River sys-
tem.
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In this regard, due to unreliable climatic conditions and the high demographic
pressure, Ethiopia is embarking to develop its land and water resources potential.
High emphasis has been put on using the available irrigation potential for allevi-
ating the prevalent food insecurity and the dependency syndrome on food aid. In
this respect, the study was carried out to evaluate the impact of limited irrigation
development in the Abbay Basin.
Ethiopia may be one of only few countries in Africa with abundant water re-
sources but is still frequently hit by recurrent drought and famine associated with
health problems and other extended social crises. The majority of the country’s
rivers are transboundary in nature, transporting multitudes of water and fertile
soil abroad, leaving their country of origin degraded and abandoned. The utilisa-
tion of these rivers is limited to the development of minor small-scale irrigation
projects and to the purpose of drinking at some of the uppermost tributaries of
the rivers.
On the basis of the necessity to develop the resources and to formulate a solution
for the proper utilisation and management, a number of master plan studies have
been conducted. For most of the main basins of the country master plan study
documents have been prepared by foreign contractors. The involvement of lo-
cal professionals in the study is either limited or non-existent. This restricts the
exposure of the master plans on the indigenous professionals’ awareness and dis-
cussions. Moreover, the habit of evaluating the development plans using updated
models for an alternative resources allocation is not common in the country.

On the one hand, the need to see previously developed proposals with advanced
and recent models will facilitate the formulation of other alternatives and optimal
domestic resource allocations. On the other hand, for the case of transboundary
rivers, a proper allocation of the precious asset using such models will minimise
the apprehension of riparian nations. Besides, with the advancement of models,
additional outputs are also expected which have not been parts of the previous
models applied to the development of master plans.
The model selected for this purpose was the Water Evaluation and Planning Sys-
tem (WEAP) which evaluates a full range of water development and management
options and takes into account multiple and competing uses of water systems.

The main objectives of the study were 1) to examine the flow of the main and
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tributary river flows before and after the implementation of the irrigation projects
under consideration and 2) to investigate the repercussions on the downstream
water availability.

4.3 The Blue Nile River Basin

The Blue Nile River Basin is located in the western part of Ethiopia between
7◦45‘N - 12◦46‘N latitude and 34◦05’E - 39◦45’ E longitude. The basin has an
estimated area of 199.812 km2. About 46% of the basin area falls into the Amhara
State, 32% falls into Oromia and the rest of about 22% into the Binishangul-
Gumuz State. The basin covers about 17.5% of Ethiopia’s land area (BCEOM
phase3, part1, 1998). The location of the basin with respect to the other major
basins of the country is shown in figure 4.1.

Figure 4.1: Location map of the study area with respect to other basins

The basin accounts for the major share of the country’s irrigation and hydropower
potential. However, the current utilisation is very low. Irrigation development is
very limited except for the operational Finchaa project phase one of 6.205 ha and
other small-scale farms constructed along tributaries.
According to the 1994 census (figure 4.2), the total population of the Abbay
Basin alone is estimated to be around 14.231.429 which represents 25% of the
country’s population. The region-wise population distribution shows that 64%
of the population inhabits the Amhara Region. The corresponding figures for
Oromia and Benishangul-Gumuz are 33% and 3%, respectively.
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Figure 4.2: Population of the basin according to the 1994 census; Source: BCEOM (1998,
phase 2, section II, volume XVIII, page 44)

The rain-fed agriculture could provide about 18.5 tons of this requirement. The
balance of 11.5 million tons has to be produced under irrigated conditions or to
be imported into the country. Similarly, the sugar requirement will reach over 2.7
million tons and about 1.13 tons of cotton should be produced for clothing. To
meet the aforementioned demands, about 2.9 million ha should be brought under
irrigation in the sub-basins.

The need to produce more food to meet the demands of the rapidly increasing
population throughout the basin and in the country is unquestionable. In the last
two to three decades, however, the recurrence of droughts and famines as well
as the inconsistency and variability of rainfall has often refused the people of
Ethiopia the access to the basic human right of getting food. Therefore, rain-fed
agriculture can no longer provide the people with sufficient food and relying on
irrigation development can be considered the only viable alternative to cope with
the severity of the problem. This study was an attempt to investigate the limited
irrigation development option in the tributaries of the Blue Nile Basin, using the
WEAP model. The study focused on answering the following questions: 1) What
amount of water will be consumed by projects proposed on the tributaries of the
river distributed over the basin? 2) What will be the impact of the consumption
on the flow of the tributaries in particular and on the main course in general? 3)
Are there any environmental and transboundary impacts of such limited irrigation
development on the downstream countries?
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4.4 Overview of the Nile Basin and its Irrigation Development

Various studies conducted on the Nile basin have revealed the geomorphology of
the river as well as the extent of its irrigation potential and hydro-politics con-
ditions. Regarding the Ethiopian part, the Nile emanates from the highlands of
three major tributaries (Tefera, 1997). The contribution of these main tributaries
to the Nile from the Ethiopian highlands is between 70-90%, mostly (86%) of
the flow at the Aswan High Dam. The three tributaries Blue Nile (Abbay), Baro-
Akobo and Tekeze contribute 59%, 14% and 13%, respectively, to the total low
and peak flows of the Nile.

Appelgren (2000) on his part states that in 1990, the human population in the
Nile Basin was estimated to be 160 million and projected to increase to 300 mil-
lion people by 2010. Some of these countries fall below the poverty line (GDP
≤ $ US 300 per head) with the exception of Egypt, Uganda and to some extent
Kenya. The Nile economies are expected to continue being dependent upon low
productivity. Subsistence agriculture contributes more than 50% to their GDP.
The basin comprises on average % of the labour force that represents only 22%
of the cumulated economy in the Nile Basin countries. Except Egypt, most of
the countries in the basin are classified as food insecure. Food security is threat-
ened either by demographic growth or by shortage of land and/or water or both as
well as by a limited capacity to absorb shocks such as droughts, floods and civil
conflicts. To provide the minimum acceptable level of food security, the food
availability in the basin needs to increase by 35%-50%.

4.4.1 Irrigation Potential and Utilised Extent of the Basin

The majority of irrigation potential studies conducted in the country so far have
revealed that the Abbay Basin accounts for the principal proportion. The overall
irrigation potential of the country was estimated to be 2.716.600ha, with the Ab-
bay Basin constituting an area of 760.000ha equivalent to 28%.
Based on pre-feasibility and other reconnaissance studies conducted in the basin,
its maximum irrigable area was estimated 72.829 km2 of which 525.957ha were
identified as maximum irrigable land. As shown in figure 4.3, the unrestricted po-
tential scenario evaluates the upper limit for the development of irrigation within
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the Abbay River Basin. The scenario considers that 100% of the average water
resources (after deducting the ecological requirement) can actuall bey delivered
to any potential irrigation areas. On the basis of this analysis, excluding the
potential of the Beshelo, Welka, Jema and Northwest Sub-basins of Rahad and
Dendir, the total identified irrigable land amountedto 411.377ha (BCEOM, phase
3, main report, 1998).

Regarding the potential of the basin brought under utilisation, BCEOM (phase
3, main report, 1998) considered the first phase 6.205ha of Finchaa as the only
large-scale development site. The total command area of small-scale irrigation
sites under operation was not given except specified as entirely traditional. As a
result, no clear-cut extent of the total irrigation area brought under development
was given. On the other hand, according to HALCROW (1989) the percentage
of the area utilised did not exceed 4%. This shows that the potential of the basin
is yet untouched.

Figure 4.3: Overall unrestricted full development potential of each sub-basin of the Abbay
Basin; Source: BCEOM (1998, phase 3, main report, Appendix 10.8, p. 66)

The requirement of water for the development of irrigation has been estimated by
some studies. The estimates lack consistency as presented by Ethiopia’s technical
experts’ paper on the 1993 Nile conference. This paper states that according to
the United States Bureau of Reclamation (USBR) study of the Blue Nile Catch-
ment in Ethiopia, conducted between 1958 and 1963, 6 billion m3 of water were
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estimated as the optimal requirement to irrigate 430.000ha of land. The paper
adds that a recent water resource study conducted in 1990 offered an estimate of
12 billion m3 of water to irrigate 300.000 ha of land within the Blue Nile Basin
alone (Nile 2002 Conference, 1993). The amount of water estimated by both
studies for one ha of land is thus contradictory. In other words, the first study
proposes a relatively small amount of water for a large area whereas the second
study allocates a huge amount of water for a relatively small irrigable area. This
shows that a lot of work needs to be done to estimate the actual water requirement
of the basin.

BCEOM on its part states that if all the currently identified projects were to be
built at some time in the future including the four large hydropower schemes on
the main stream, the average annual flow at the border gauging station would
be reduced by about 11 to 12%, which would allow Ethiopia to irrigate 370.000
to 440.000 ha within the basin and to produce 26.000 to 28.000 GWh/year of
hydro-electric power (BCEOM, part 1, main report, 1998).

4.5 Sources of Data and Data Availability

4.5.1 Selected Irrigation Development Coverage

On the basis of gauged tributaries the following 17 sites were selected from the
master plan document for the analysis:
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Figure 4.4: Demand sites selected for the analysis

4.5.2 Crops and Cropping Patterns for the Projects

25 types of crops were considered for the development within the basin, depend-
ing on the ecological requirements of the crops and their economic advantage.
The document considered the wet season covering the period from May to Octo-
ber, the months of November and April as dry season. The maximum cropping
intensity amounted to 100% during the rainy season and to 80% during the dry
season. The spatial distribution and the types of crops proposed for irrigation
were presented as follows:

Cropping pattern 1 assumed to be representative for the Lake Tana Basin with
maize, wheat, barley and sugarcane as the major irrigated crops.
Cropping pattern 2 represented the future patterns in the Northwest Basin and
the Lower Beles Basin with cotton and maize dominating during the wet season
and maize, sunflowers, sugarcane and soybeans during the dry season.
Cropping pattern 3 was representative of projects in the Upper Beles, Fincha and
Amerti-Nesh Basins with sugarcane as the dominant crop.
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Cropping pattern 4 included projects in the Didessa, Angar and Dabus Basins
with cereals and oil crops dominating in the wet season.
Cropping pattern 5 was representative of the Guder project with major crops be-
ing maize, wheat, barley, groundnut fruits and grapes during the wet and dry
season.
Cropping pattern 6 assumed to be representative of rice projects in the Lake Tana
area comprising 60% of the irrigable area during wet and dry seasons.
Cropping pattern 7 represented projects in the Debre Markos Basin with cereals
during the wet season, vegetables during the dry season and fruits as perennial
crops.

4.5.3 Stream Flow Data

The stream flow data provided in the master plan document were updated by
including recent years’ records obtained from the Ministry of Water Resources.
Except the data of currently non-functional and abandoned stream gages, most of
the stations’ recent data were included in the analysis. For some of the stations
short-duration missing data filling was carried out by simply averaging back-
wards and forwards the recorded monthly historical values.

4.5.4 Precipitation and Potential Evapotranspiration Data

The WEAP model required the data of precipitation and evaporation to compute
the net evaporation from the reservoirs of the project sites. It also needed the
annual irrigation water requirement to compute the monthly consumption of the
crops to fulfil their evapotranspiration need.
The data provided in the master plan document were effective precipitation and
potential evapotranspiration, which were computed for each sub-basin.

The net evaporation of the reservoirs was computed as the difference between the
potential evapotranspiration and the effective precipitation. It became apparent
that the effective rainfall was less than the actual precipitation. Effective rainfall
is that portion of the total rainfall that satisfies the evapotranspiration require-
ments. Rainfall lost by runoff from the soil surface and by drainage through the
soil is not considered effective (Acres, 1995).
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Figure 4.5: Relative location of project sites with stream gages and discharge estimation
methods used

Besides, utilising the potential evapotranspiration maximises the actual evapora-
tion rate. According to Linesly and Franzini (1984) evapotranspiration is some-
times called consumptive use or total evaporation, describing the total water re-
moved from one area by transpiration and by evaporation from soil, snow and
water surfaces. Allen et al. (1998) regard climatic parameters as the only fac-
tors affecting potential evapotranspiration (ETo). ETo expresses the evaporating
power of the atmosphere at a specific location and time of the year and does not
consider the crop characteristics and soil factors.

Hence, taking the difference of these two values obviously maximises the net
evaporation. This implies that the water lost as a result of evaporation in Ethiopia
gets maximised. This in turn maximises the reduction of flow at the border.
On the other hand, it was attempted to estimate the actual precipitation and evap-
oration data using a FAO-developed software known as local climate estimator
(LocClim). LocClim is a computer programme that estimates the climate for any
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location on the earth. It uses the database of FAO agrometeorology for both do-
mestic and neighbouring countries’ station data. Moreover, the programme uses
the altitude, latitudinal and longitudinal location of the area of interest. It utilises
at least 10 neighbouring stations for full performance to compute various values
of temperature, rainfall, potential evaporation, wind speed and relative humidity.
LocCLim computes these values based on the equation of the Inverse Distance
Weighted Average Method (Grieser, 2002).

The data of net evaporation computed from LocClim and those values derived
from the master plan data were compared. It could be concluded from their over-
all annual net evaporation value that the results obtained from LocClim were
underestimated as compared to those of the master plan. While investigating the
monthly values, the results of LocClim estimated more for the dry months than
the wet season, contrary to the master plan except for some cases. The effect
of this variation in the overall water consumption of the projects was seen as
insignificant.

4.5.5 Reservoir Capacity and Physical Data

The sources of the reservoirs’ geographic location, capacity and elevation vs.
the volume relation of the storage area and dead storage data were taken from
phase 2, section III, volume 2 of the master plan document. Due to the absence
of a clearly stated optimal storage capacity, the highest value from the volume-
elevation curve data was taken as the storage capacity. This might be a drawback
from an economic as well as from a volume of stored water point of view.

4.5.6 WEAP Model Con�guration of Irrigation Projects

Before proceeding directly to the methodology of the data analysis section of the
study, it is worth mentioning and looking at the overall versatility and operation
of the WEAP model from a bird’s eye view (Figure 4.6).
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Figure 4.6: Programme structure of the WEAP model

4.5.7 Data Organisation for the WEAP Model

Stream Flow Data

As stated before the stream flow data at each project site were of different nature.
There were rivers having stream flow historical data recorded at the spot where
development projects were proposed or the project sites were close enough to the
stream gages, which resulted in insignificant water resource variation between
the two sites.

Some of the project sites were situated either upstream or downstream of the
stream gages. In this case, the stream flow data of the sites were estimated to
show considerable differences in comparison with the recorded data. There were
also some project sites which had neither upstream nor downstream flow data.
The only option for such kinds of sites was to use the basin-specific discharge
provided in the master plan document.
Hence, based on the above-mentioned conditions the selection of sources and
data analysis performed can be summarised as follows:
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1. Direct data from the master plan: Depending on the similarity of area be-
tween the proposed reservoir site and the stream flow gage location, direct mean
monthly stream flow data were computed from the available years’ mean monthly
data of the master plan updated to the recent record.

2. Simple area ratio method: The area ratio method was used to determine the
flows at the required sites from the main or tributary rivers’ mean stream gauge
values. This method used the drainage areas to interpolate flow values between
or near gauged sites on the same stream. Flow values were transferred from
a gauged site, either upstream or downstream to the ungauged site (Rumenik,
1996).

The area ratio method formula and the preconditions for utilising the formula
were set as follows:

Qsit e = (
Asit e

Agauge
)n∗ Qgauge

where
Qsit e is the discharge required at the reservoir site
Qgauge is the discharge at the nearby gauge site
Asit e and Agauge are the drainage areas at the reservoir and the gauge, respectively
n is a coefficient that varies between 0.6 and 1.2

If Asit e is 20% of the Agauge value or lies within the range of 0.8 ≤ Asit e /Agauge ≤
1.2, then n=1

According to Dereje (2005) quoting Awulachew (2000) the obtained estimated
discharge at site was estimated to be within 10% of the actual discharge.
The steps followed during applying the simple area ratio method were given by
Rumenik (1996):

1) Locating the nearest gauge sites.
2) Determining the drainage area for the ungauged site between the gauged sites.
3) Multiplying the mean flow at the gauged site by the drainage area of the un-
gauged site and dividing it by the drainage area of the gauged sites.

The area ratio method was employed for those areas where Asite was 20% of the
Agauge or the ratio Asit e /Agauge lay within the range of 0.8-1.2.
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3. Weighted area ratio method: This method was employed for computing the
mean flow of a given dam site situated in between two flow gages. It considered
the weighted area ratio of the catchment area of upstream and downstream gages.
When Asite was within 50% of Agauge, two stations’ data were taken for data
transfer. A relation can be developed to estimate a weighted average flow at a
site lying between upstream and downstream gauges (Gulliver & Rogger, 1991).

The governing formula employed for the computation is given as follows:

where the suffixes 1 and 2 represent downstream and upstream discharge and ar-
eas, respectively. The method incorporates the discharges of upstream and down-
stream catchment properties. This technique was mainly applied for those sites
where there were upstream and downstream flow gages and a Asit e /Agauge ratio
beyond the limit given for the simple area ratio method.

4. Specific discharge: BCEOM provided specific discharge values expressed in
terms of litre per second per km2 for each month for some basins.
The results of these estimates were used for a number of sites that did not have
closer stream flow gages and where the area ratio value was highly variable. For
the purpose of dependability the discharge values computed from these specific
discharges were compared with the recorded values of known sites like Didessa
and Guder. The results obtained showed significant similarity.

Border Flow Estimation Using Main Stream Gages

The stream flow data of four main river course flows were utilised for the com-
putation of the border flow volume. The mean monthly flows obtained from the
historical records of Bahir Dar, Kesse, Shegole and Border were utilised. Based
on these data the overall stream flow volume at each gage site on the mainstream
was computed by WEAP. As indicated in Figure 4.7 and 4.8 the mean annual
flow of Abbay was found to be 49.7bcm at the border and 3.8bcm at Bahir Dar
below the outlet of Lake Tana. The value of border flow obtained from this anal-
ysis was highly compatible with the estimate provided in the master plan, which
was 50bcm.
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Figure 4.7: : Mean annual flow volume at the main stream flow gages

Figure 4.8: Graphical representation of the mean annual volume of Abbay

Figure 4.9 and 4.10 reveal that with regard to the discharge of the river in October,
November and December the volume of water at Shegole exceeded that of the
Border, which requires further investigation.

Figure 4.9: Mean monthly flow volume of Abbay at each gage
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Figure 4.10: Mean monthly volume of Abbay at the main stream gages (bcm)

Figure 4.11: Schematic overview of stream gage locations on the main stream and on
tributaries

In order to ease the analysis, the last tributary river with record data, Besles, was
taken as a point of downstream reference. The total mean annual volume of water
obtained from the gauged tributaries was analysed. The monthly and annual flow
conditions for the projected 20 years assumed as a cut-off year for the impact
analysis are indicated in the graphs of figure 4.12.
Figure 4.12 shows that the mean monthly discharge volumes of all the projected
years indicate a rapid peaking in August and a subsequent decline. The mean
monthly flow amounted up to 4.915bcm in August.
Figure 4.14 on the other hand shows the projected flow conditions for the coming
20 years. It indicates the flow trend if the existing condition tends to continue.
While developing the graph, the software took the trend of the historical data into
consideration.
As shown in figure 4.13, the mean annual flow volume obtained from the gauged
tributaries was found to be 18.111bcm at the downstream of Beles. Compared
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Figure 4.12: Existing average monthly flow below each river computed from historical
data of gauged tributaries

Figure 4.13: Mean monthly discharge (MCM) of the main tributaries before the imple-
mentation of the projects

to the previously computed mean annual volume of flow (49.7bcm), the contri-
bution of the gauged rivers was 36%. This shows that the contribution of the
sub-basins excluded from the analysis was considerably high and the stream flow
gages on the mentioned tributaries did not represent the exact confluence point
input.

4.5.8 Computation of Irrigation Water Requirements

On the basis of the availability of complete data for the model, 17 irrigation
sites indicated in figure 4.15 and 4.16 were selected and analysed to their full
potential. Thus, the impact assessment of this study considered the development
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Figure 4.14: Projected annual flow of Abbay based on historical data

of 220.416ha of irrigable land. Two techniques were implemented to compute
the water requirement of the project sites as given in the subsequent sections.

Figure 4.15: Schematic overview of irrigation project sites and reservoir locations
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Figure 4.16: Description of irrigation projects included in the analysis

Direct Water Demand Computation Method

The total water demand excluding losses at each site was computed with WEAP
after filling the required data. The water demand of all projects summed up to
1.53bcm. Reviewing the consumption of each project, it could be revealed that
the peak water requirement belonged to the Tis Abbay project associated with its
high command area size, whereas the water demand to area ratio was found to be
high for the Finchaa project (close to 8.735m3/ha); the minimum of 5.535 m3/ha
was found for the Upper Guder project which is situated in the high land area.
Figure 4.17 shows that the irrigation requirement of the projects culminates dur-
ing the months of January to March and November to December. On the other
hand, during the months of June to September the analysis revealed that there
was almost no need of irrigation. However, there could be supplementary irriga-
tion during these months to prevent crop failure that could happen as a result of
rainfall, delayed setoff or early cut-off.
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Figure 4.17: Mean monthly water demand of all the demand sites

Figure 4.18 indicates the total water requirement for fulfilling the irrigation re-
quirement without including the losses that could happen with regard to con-
veyance, distribution and application to the plant. The results of the computation
revealed that, disregarding the losses, the annual water requirement to irrigate the
proposed 220.416 ha of land was 1.532 billion m3. Assuming that the irrigation
system was of a surface irrigation type and had an overall efficiency range of 40%
to 70%, the annual gross volume of water consumed in Ethiopia would amount
to 2.2-3.83bcm.

Indirect Total Water Demand Computation Method

This method was implemented in relation to the computation of the border flow
which was carried out using the historical data of the gauged tributaries. As
previously determined the border flow of the river was found to be 18.11bcm
before the implementation of the irrigation projects under consideration. Using
the same historical data and projection year, the condition of flow volume after
full potential implementation of the irrigation projects was investigated. The
same projection year was considered so that the differences that could arise due
to external factors related to periodical variation were deleted.
Having run the model for this condition, the results obtained from the analysis
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Figure 4.18: Average monthly water demand excluding losses (MCM) for the case of
reservoir added

are presented in figure 4.19 and 4.20.

Figure 4.19: Average monthly stream flow hydrograph of Abbay after the operationalisa-
tion of the irrigation projects

The graph of figure 4.19 reveals that the shape and volume of the peak changed in
comparison to the previous figures. The graph showed an attenuation and gradual
rise nature which could be considered the result of the reservoirs’ regulation on
the tributaries. The peak month shifted from August to September.

The mean annual flow volume of the river after the implementation of all the
projects under consideration was reduced to 15.78 billion m3 and the peak monthly

98



Yilma Demissie, Semu Ayalew Moges

Figure 4.20: Projected stream flow of Abbay after the implementation of the projects

flow became 4.4MCM in September.
From the two analyses mentioned before and according to the project condition,
the difference in the magnitude (2.33bcm) was the water consumed for the devel-
opment of 220.416 ha of land.

4.5.9 Unmet Demands

Without Reservoir Scenario

In this case, the amount of water delivered to each project by a simple diversion
of the stream flow was considered. The analysis showed there were projects that
did not require a reservoir to meet their water demand for the specified com-
mand area. Among such projects the Lower Dabus project capable of irrigating
5.100 ha needed no reservoir. This was also confirmed by the master plan. On
the other hand, with regard to the Fincha project at its initial phase of irrigating
6.205 ha, the need for a reservoir was not compulsory. But for the generation of
hydropower and further intensification of the farm the presence of the dam as it
exists now is crucial.

In the absence of reservoirs the model predicted the probable annual unmet de-
mand based on the historical data of the rivers. Figure 4.21 shows the variability
of the unmet demand in the coming twenty years that emanate from the nature of
the historical data utilised and the procedure followed by the software to predict
future flows. The graph indicates the need of reservoirs to meet the demands of
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the projects.

Figure 4.21: Without reservoir scenario, projected annual unmet demand

With Reservoir Scenario

Having discovered the necessity of reservoirs and taken the master plan’s rec-
ommendation into consideration, the proposed reservoirs for each project were
analysed. The amount of water supplied to the projects and the demands met
were evaluated.
In this scenario those projects found to be at low coverage of their water require-
ment in the “without reservoir” case became operational to their full potential.
This was mainly due to the fact that the water stored in the reservoir had aug-
mented the existing flow deficit.
The water delivered to each project in the “with reservoir” case, which amounted
to 1.351bcm annually, is shown in figure 4.22. Compared to the total water de-
mand (1.532bcm) the annual supply was less (by 0.181bcm) for all the projects
under consideration. The project-wise and mean monthly distribution of the un-
met demand is shown in figure 4.23.
As indicated in figure 4.23, even in the presence of the proposed reservoirs there
were still projects in shortage of water to satisfy their monthly demand. The
degree of shortage varied among the projects and months as shown in figure
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Figure 4.22: Supply delivered for each project on a monthly basis

Figure 4.23: Mean monthly unmet demand of demand sites over the whole years

4.25. The probable unmet demand for the coming twenty years projected from
the historical data is shown in figure 4.24.
Both the monthly and annual unmet water demand showed that the shortage of
Rib and Negesso was considerably high and extended the whole projected period.
As indicated in figure 4.26, the monthly coverage or the percentage of water
demand fulfilled at a particular month of these projects lowered up to 49.6% for
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Figure 4.24: Projected annual unmet demand for reservoir-added scenario computed from
historical data

Negesso in March and 56.7% for Rib during April. Unless this deficit is deleted
by supply from other sources or the command area is reduced, the deficit will
have a considerable impact on productivity.

Figure 4.25: Average monthly unmet demand of each demand site (MCM) for reservoir-
added scenario
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Figure 4.26: Demand requirement coverage (in %) of the demand sites for the reservoir-
added scenario

Assuming the two cases of 80% and 75% monthly coverage as the minimum
reliable values, the projects not fulfilling these conditions and the number of
failure months derived from figure 4.26 are shown in figure 4.27.

Figure 4.27: Percentage of reliability and number of months below the threshold

From figure 4.27 it can be concluded that due consideration should be given to
implementing the Rib, Negesso and Koga irrigation projects. Figure 4.28 shows
the probable overall condition for the water allocation of each project.

4.5.10 Discharge before and after the Project Condition

The overall flow condition of the tributaries utilised for irrigation development
and that of the main stream was computed for the conditions of the pre- and post-
project case.
On the basis of the above-mentioned procedure, WEAP computed the whole trib-
utaries’ flow and the main stream flow before and after the implementation of the
projects. In order to convert the monthly flow volume into discharge (m3/sec),
the volume given was divided by the number of days in the month multiplied by
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Figure 4.28: Summarised demand, supply and unmet demand of each project

86.400 seconds/day.

Based on these computational methods, the following fundamental issues can be
highlighted:

• The flow in the natural stream became zero for a month or consecutive
months. This conditions needed due consideration for the Tis-Abbay, Rib,
Negesso, Bir and Megech projects. However, the flow lowered up to 40
litres per second for the Koga, Jema and Gumera projects.

• Unless other downstream tributaries of the above-mentioned rivers with
zero stream flows augment the ecological and downstream water users’ de-
mand, it will be difficult to implement the proposed irrigation potential.

• The overall reduction of flow of the main river Abbay before and after the
projects is shown in figure 4.29 and 4.30. The figures reveal the monthly
and projected annual flow of the river below its confluence with the men-
tioned rivers selected for comparison. The projected flow indicates that the
volume of water to be abstracted annually after the year 2010 will remain
constant.
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Figure 4.29: Mean monthly flow of Abbay before and after the projectsŠ conditions

4.6 Conclusion

From the analysis performed in this study it can be concluded that the total irri-
gation water requirement to irrigate 220.416 ha of land was found to be 3bcm.
The overall mean annual flow from the mean monthly data of the main stream
gauges was estimated to be 49.7bcm at the Sudan border. The water required to
irrigate the mentioned command area accounts for 6% of the Abbay mean annual
flow at the border to Sudan. Compared to the results of scenario 1 of the master
plan, the border flow reduction amounted to 7%, which was compatible with the
results of the master plan. However, the mean annual flow of 50bcm given in the
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Figure 4.30: Projected mean annual flow of Abbay before and after the projects

master plan was almost equal to the study result of 49.7bcm.
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5.1 Abstract

The Intensity-Duration-Frequency (IDF) relationship of rainfall amount is one
of the most commonly used tools in water resources engineering for planning,
designing and operation of water resources projects. The reason for the objective
of this research, is to develop operational IDF relationships for the SNNPR State
based on nineteen first class stations. Three different forms of IDF curves have
been developed considering application to both gauged and un-gauged areas and
presented in the form of general mathematical equations, curves relating to the
Intensity-Duration-Frequency of rainfall and the IDF regionalized maps.
The IDF curve and the general mathematical form are intended to estimate the
magnitude of the rainfall intensity of a given return period within 25 km radius
of the principal station. For areas that are further away than 25 km from the
principal station (un-gauged area), regional IDF parameters have been developed
and can be used to estimate the magnitude of intensity values.

Therefore, planners and designers in the country, as well as the regional state can
effectively utilize one or all of the procedures to derive the IDF value in any part
of the region. The objective is the planning and designing of reasonable water use
and road infrastructures. We also recommend that the projects that are operating
in the state may revisit their planning and design guidelines on the basis of the
new findings.

Key: IDF curve, Regional IDF curves, distributions, parameters, Standard Error
of Estimates (SEE)

5.2 Introduction

Rainfall Intensity-Duration-Frequency curves (IDF curves) are a graphical rep-
resentation of the precipitation within a given period of time. The Intensity of
Rainfall (I) is the rate at which it is falling, Duration (D) is the time during which
it is falling with that given intensity and frequency (F) is the average recurrence
time of that magnitude of rainfall (DuPont & Allen, 2000).
The development of intensity duration frequency IDF curves for precipitation re-
mains a powerful tool in the risk analysis of natural hazards. Indeed, the IDF
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curves allow for the estimation of the return period of an observed rainfall event
or, conversely, of the rainfall amount corresponding to a given return period for
different aggregation times. The purpose of this study is mainly to produce IDF
relationships for the precipitation at nineteen different first order recording cli-
mate stations in the South Nations Nationalities and Peoples Regional State.

This study can be considered as a essential work to fill the gap of design param-
eters as a result of limited data. Furthermore, the study was intended to develop
regional IDF curves for the Southern Nations Nationalities and Peoples Regional
State (SNNPR) which can be found in the south western part of Ethiopia (figure
5.1).
According to the Central Statistics Authority (CSA, 2005), (an annual statistical
report cited in www.ethiopar.net, 2005), the state has an estimated area of about
112.323 km2 and accounts for some 10% of Ethiopia’s total area. Regarding the
size of its population, the regional state has an estimated population of about 14.9
million, or 20 percent of the total population. About 56% of the state’s total area
is located below 1.500 metres mean sea level, which is categorized largely as
the hottest low land (“Kolla”). The other 44% is situated in the temperate cli-
matic zone. The state’s mean annual rainfall ranges from 500 - 2.200 mm. Its
intensity, duration and amount increases from South to Northeast and Northwest.
The mean annual temperature of the state in general ranges form 15◦C to 300◦C
(www.ethiopar.net, 2005).

Figure 5.1: Location maps of the selected rainfall stations with in the study area
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5.3 The Data

Rainfall recording stations with automatic recorders have been identified in and
around the state to extract different data concerning the rainfall duration and in-
tensity. A total of 19 stations and their data have been identified and were col-
lected by the NMSA. Those stations are located inside the state, except for Gore,
Woliso and Sekoru. These stations were added from the neighboring region,
Oromia, to develop more refined regional curves that will be more applicable.
Figure 5.2 lists the basic information and length of observed data for the selected
stations.

Figure 5.2: Basic information of the rainfall stations

For most of the stations, charts of continuous data recorder are available and
the rainfall intensity of different durations has been extracted. Table 2 shows
the sample intensity values for durations of 30-minute, 1-hour, 2-hour, 3-hour,
5-hour, 6-hour, 12-hour and 24-hour which occurred in different months of the
year 1974 E.C at Arbaminch station.
For an individual duration the maximum rainfall depth is extracted as the annual
maximum D-hour intensity (for e.g. 1974 the maximum intensity is shown at the
bottom of figure 5.3). This procedure has been done for the whole period of time
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Figure 5.3: Samples of data collected from rainfall charts for 1994 E.C

in which the data is available and to all the 19 station.

In order to validate the quality and nature of the data, various tests have been car-
ried out, such as the outlier test (Maidment, 1993), independence and stationarity
tests. All in all, the outlier tests proved that there is no data out off the outlier test
threshold and the data series from all station have been found to be random.

5.4 Procedure and Development of IDF-Curves

5.4.1 Selection and Evaluation of Parent Distributions for the Rainfall
Data

The abstracted annual maximum series of different durations of rainfall depths
have been treated by using a frequency analysis procedure in order to select
the best applicable probability distribution and parameter estimates to each sta-
tion (Rao and Hamed, 2000). 15 probability distribution methods have been
tested, both graphically and numerically. Some of the graphical methods in-
clude Moment Ratio Diagrams (Cunnane, 1989), L-Moment Ratio Diagrams
Hosking (1990) and probability plots. Finally, the standard error of estimate
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(SEE) has been used as a final distribution and parameter selection method. The
most efficient method is the one which gives the smallest SEE (Rao and Hamed,
2000). Figure 5.4 presents the type of distribution and estimation method for
Arba Minch station.

Figure 5.4: SEES of the Candidate distributions for1-h rainfall at Arbaminch station

Figure 5.5: SEE of the candidate distributions for 6-h rainfall at Arbaminch station

Based on the smallest standard error of estimate, the best fitted candidate distri-
butions of different rainfall durations for all stations are shown in figure 5.6.
On the basis of distribution and parameter estimation methods shown in the above
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Figure 5.6: Best Fitted Distributions for the indicated durations

table, estimated quantiles of the return period, starting from 2 to 100 years, have
been derived for each station. This quantiles are used to derive the IDF curves.
Figure 5.7 shows typical quantiles for the Arba Minch station.

Figure 5.7: Estimated Quantiles for Arba Minch station
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5.4.2 Estimation of the IDF Parameters

The general mathematical form of the IDF equation (Eqn.1) has been used to
meet each return period quantile estimates of different durations. Parameter es-
timations of ’A’, ’B’ and ’C’ have been done using minimum standard error of
estimate (SEE) criteria. For instance, for Arbaminch station each I2, I5, I10, I25,
I50„ I100, IDF equation can be derived for each duration. This procedure has been
applied to all 19 stations and derived IDF equation given.
I = A

(D+B)C ——————————(1)

Where: I= rainfall intensity (mm/hr)
D= duration of rainfall (minutes)
A= coefficient with units of mm/hr
B= time constant in minutes
C= an exponent usually less than one

The derived parameter of ’A’, ’B’, and ’C’ for all 19 stations and selected dura-
tions (2, 5, 10, 25, 50 and 100 hour) have been given in figure 5.8.

In general, the value of the “A” coefficient increases with an increase in return
period for most of the stations considered. However, there are some cases where
this coefficient decreases with an increase in the return period. This decrease
in the “A” coefficient is obtained mainly for larger return periods ( 50 and 100
years). The “B” constant depends on the relative increase or decrease of the “A”
coefficient. For most of the stations with a different frequency, these two pa-
rameters increase or decrease with an increase or decrease of the “A” coefficient.
Similar to the cases for the “A” coefficient, there are some cases where these pa-
rameters decrease for an increase in the “A” coefficient.

After determining the numerical value of the IDF parameters, the rainfall inten-
sity for any duration and recurrence interval can be determined. Based on the
estimated parameters of the IDF relationships a general equation of the form
shown below (Equ. 2) has been derived for all durations and each station.
i = exp[(ln(A)−Cln(B+D))] ———————-(2)

The resulting six equations for each station can be used for intensity calculations
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in the area represented by that station. Listed below, are the six equations for the
IDF relationships for Arbaminch station.
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Similar mathematical equations have been developed for each station located in
the Regional State of SNNRP. Such equations can be used to plan and design wa-
ter and related infrastructures such as bridges, culverts, dams, etc. for locations
within 25km radius from each stations.

Figure 5.8: Summary of the Estimated IDF parameters

5.4.3 Construction of the IDF Curve

The IDF curves were plotted on a double logarithmic scale, the duration D as
abscissa and the intensity I as ordinate, thereby making use of the IDF curve fit
tool. Figures 5.9 and 5.10 show the IDF curves plotted on double logarithmic
scales and normal scales respectively for the Arbaminch station.
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Figure 5.9: IDF curves plotted on double logarithmic scale for Arbaminch Station

Figure 5.10: IDF curves plotted on a normal scale for Arbaminch station

5.5 Regional IDF Maps

Regionalization refers to the identification of a homogenous region that contains
stations having similar climatic characteristics. This can be achieved by using in-
formation that is obtained from geographic proximity, physiographic and climatic
characteristics. Statistically, a homogenous region is a region which consists of
sites having the same standardized frequency distributional form and parameters.
Such a region must be geographically continuous and it forms a basic unit for
carrying out regional frequency analysis.

In the case of estimating rainfall quantiles, the regional analysis is based on the
concept of regional homogeneity. This assumes that annual maximum event pop-
ulations at several sites in a region are similar in statistical characteristics and are

119



Feleke Gerb, Semu Aylew Moges

not dependent on a certain catchment size (Cunnane, 1989).
Regionalization serves two purposes: for sites where data are not available, the
analysis is based on regional data (Cunnane, 1989). For sites with available data,
the joint use of data measured at a site, called at-site data, and regional data from
a number of stations in a region provides sufficient information to enable a prob-
ability distribution which then can be used with greater reliability.

5.5.1 Homogenous IDF Regions

Homogenous regions have been developed for the annual maximum rainfall depth
of all durations on the basis of L-MRD. It is assumed that (LCs, LCk) values
of one station varies linearly with (LCs, LCk) values of the neighboring station.
These parameters have been used to delineate homogeneous regions. Two bound-
aries are fixed, one from the LCs and the other from the LCk values. The final
boundary between regions is fixed between the mid ways of the two boundaries.

Two statistical tests have been utilized to test the homogeneity of each region
(Hosking et. al., 1991; cited in Rao & Hamed, 2000). The first statistic is a
discordance measure, intended to identify those sites that are grossly discordant
with the group as a whole.
The second statistic is a heterogeneity measure intended to estimate the degree
of heterogeneity in a group of sites and to asses whether they might reasonably
be treated as homogenous. Figure 5.11 shows the L-MRD.

Figure 5.11: L-MRD used to identifying stations of similar nature
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Figure 5.12: Established homogenous regions

5.5.2 Regional Quantiles

The quantiles for the classified regions are estimated based on the selected best
fit distribution. The estimated quantiles are then pooled together to calculate the
mean of those stations within the region for each return period and each dura-
tion. The pooled mean quantiles are used for the estimation of the regional IDF
parameters for the specified region. Typical pooled regional quantiles for region
one and durations of 30 minutes and one hour are shown in figure 5.13.

Figure 5.13: Station and regional quantiles for 30 and 60 minutes of region one

The IDF parameters for each classified regions have been derived from pooled
quantiles for each regions and parameters derived on the basis of a minimum
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SEE. The estimated regional IDF parameters are shown in figure 5.14.

Figure 5.14: Estimated regional IDF parameters with the SEE

5.5.3 Validation of the Regional IDF Parameters

In order to verify whether the estimated parameters are adequately representing
the classified regions, the intensity of rainfall obtained from the estimated pa-
rameters of the stations within the region is compared with the intensity values
obtained from the estimated regional parameters. The R2 value for all stations
within the region obtained from graphs of the two intensity values it can be con-
cluded that the regional parameters significantly represent the station parameters.
Figure 5.15 indicates the graph of regional and at-station intensity values for re-
gion one.

122



Feleke Gerb, Semu Aylew Moges

Figure 5.15: Evaluation of estimated regional IDF parameters for region one

5.5.4 Regional IDF Curves for Un-Gauged Catchments in SNNRP

IDF curves are constructed for the classified regions based on the regional inten-
sity on a double logarithmic scale using the IDF curve fit tool as shown in figure
5.16. These curves can be used for intensity determinations for un-gauged areas
within these regions except for the limitations described in the previous sections.
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Figure 5.16: Derived Regional IDF curves in order to use in un-gauged catchments

5.6 Conclusion

Three different approaches have been implemented to derive rainfall intensity-
Duration-Frequency relationships in the SNNRP State. The first method is the
general IDF mathematical form that relates the intensity, duration and frequency
of rainfall analytically. The second relationship is the IDF curve plotted on a
double logarithmic scale with intensity as an abscissa and duration as ordinate.
The third method is the IDF map and regional curve applicable for un-gauged
areas of the regional state.

The mathematical form of the IDF is developed in the form of I = A/(B + D)C

for each station in the region based on the estimated optimum IDF parameters.
In general, the value of “A” coefficient increases with an increase in return period
for most of the stations considered. However, there are some cases where this
coefficient decreases with an increase in the return period. The “B” constant
and the “C” exponent depend on the relative increase or decrease of the “A”
coefficient. For most of the return periods these two parameters increase with an
increase of “A” coefficient and vice versa.
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The best-fit IDF curves are developed based on the optimum parameters for each
station by making use of the IDF curve fit tool in which all the curves show a
similar shape. An exception for the shape of these curves is for the case of the
Gojeb station in which an elliptic shape is obtained. The reason for this deviation
might be the short record length of the annual maximum rainfall used for this
station.

At-station IDF curves and mathematical expressions can be used to estimate the
rainfall intensity of a given return period and duration for areas within 25 km
radius from the principal stations (as per WMO Guidelines). In order to extract
the intensity of rainfall of any duration and frequency at areas farthest from the
principal stations, the Regional IDF curve or maps can be used to derive such
rainfall intensity quantities. Therefore, planners and designers in the country as
well as in the Regional State can effectively utilize one or all of the procedures
to derive the IDF value in any part of the region for planning and designing
purpose. We also recommend that the projects operating in the State may revisit
their planning and design guidelines on the basis of the new findings.
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6.1 Abstract

This study aims at constructing regional low flow frequency curves for the up-
stream Lake Victoria basin, Tanzania. This is done based on at-site calibrations
of low flow frequency distributions and low flow QDF relationships for some of
the stations along the basin. The low flow data for six stations are considered and
analysed for their distribution using the Q-Q plots method developed by Willems.
The analysis of the results reveals that all of the stations show an exponential dis-
tribution. Furthermore, low flow-duration-frequency (QDF) curves are developed
at these stations and model fitting is performed separately for each station. These
curves relate to the low flow values as an integral function of return period and
flow duration.

QDF models are often applied in regional studies, leading to regional QDF re-
lations derived for hydrologically homogenous regions. This paper is the first
experimental work on the attempt to regionalise a QDF plot for the upper Lake
Victoria basin. The regional QDF plots developed can be used to estimate the
availability of water during specific time intervals (aggregation periods) and for
different return periods within this homogenous region.

6.2 Introduction

As a result of population growth, economic development and adverse effects of
land use and climate change the pressure on water resources is constantly in-
creasing. The impact on freshwater systems is most severe during periods of
low groundwater and low stream flow, resulting in significant and widespread
economic and environmental damage during extreme droughts. Thus, to design
and manage water resource schemes, it is essential to estimate the spatial and
temporal variability of droughts in order to mitigate the impact on surface and
groundwater resources.
A drought is a natural disaster which develops very slowly without being noticed
and which can be generally defined as a natural event resulting from an extreme
decrease in precipitation during an extended period of time (Smakhtin, 2000).
However, the focus of this paper is limited to hydrological drought characterised
by a decrease in stream flow, which will result in low flows. The low flow charac-
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teristics of a stream are a measure for the adequacy of the stream flow to provide
requirements to municipal or industrial supplies, for supplemental irrigation, dis-
posal of liquid wastes, and maintenance of suitable conditions for fish. Some
of these low-flow characteristics are also useful as parameters in regional draft-
storage studies, as the basis for forecasting seasonal low flows and as indicators
of the amount of groundwater flow into the stream (Riggs, 1972).

During a period of hydrological drought, as flows decrease, the proportion of
river flow arising from surface runoff becomes negligible. In the absence of rain-
fall, the magnitude of the base flow component also continues to decrease and
minimum river flows occur when a prolonged dry period occurs. The analysis
of these continuous low flows and their frequency of occurrence is one of the
concerns in low flow hydrology (Smakhtin, 2000). Moreover, establishing the
relation between low flow discharge, flow duration and frequency of occurrence
in an integrated way enables to demonstrate the probabilistic picture of the low
flow regime of a river in both flow and time dimensions.
In most cases the locations for which low flow estimates are required do not have
stream flow data which could be directly used since it is impractical to gauge
all the river reaches. Thus, regional low flow analyses have to be employed to
provide estimates of low flow where no gauge exists. That is to say regional low
flow frequency analyses are essential for low flow estimation on ungauged rivers.

6.3 Study Objectives

The main objective of this study is to analyse the low flow hydrology within the
basin and to establish a relationship between the low flows, duration and their
return period. This compasses the generation of the independent low flows at the
gauging station and, later on, low flow frequency analyses to evaluate the ability
of a stream to meet specified flow requirements at a particular location. Subse-
quently, fitting of the parameters with the calibrated distribution is performed to
establish the low flow-duration-frequency (QDF) relation which is the basis for
regionalisation to estimate the flows at ungauged sites.
This is done for a number of gauging stations having adequate observed stream
records in the basin, with the main goals of developing low flow QDF curves to
represent a probabilistic picture of the low flow regime of a river in both flow and
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time dimensions, and to describe the relationship between the low flow Q, the
time scale D and the return period or probabilistic frequency F.

Unlike the gauged catchments where there are adequate observed stream flow
records, ungauged catchments pose a different problem. Thus, a regionalisation
approach is used for the construction of regional curves for low flow frequency
estimation, which enables the prediction of the low flows at ungauged sites.

6.4 Materials and Methods

6.4.1 Data Consideration

The hydrological data available for this study are discharge data recorded at
six different gauging stations within the basin. The source of these data is the
FRIEND Nile project. The selection of the stations is based on the time reso-
lution of the available data. The daily time resolution is the most favourable as
it contains more detailed information about the discharge of the stream and the
low flow events. Figure 6.1 shows the description of the selected hydrodynamic
stations within the basin.

Figure 6.1: Selected hydrometric stations of upstream Lake Victoria, Tanzania, for low
flow analysis
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6.4.2 At-Site Low Flow Analysis - Independent Low Flows Extraction

With regard to the analysis of the low flows, the first step is the extraction of the
low flows from the time series. The independence of the low flows is an important
condition underlying the extreme value theory. The WETSPRO tool developed
by Willems (2004a), which uses the peaks-over threshold (POT) technique, can
be used to select independent low flows while ascertaining high degrees of in-
dependency. The tool contains a series of Microsoft Excel macros for analysing
extreme flow data (Willems, 2004a). This VBA code uses a procedure based on
the ’recession constant’ of subflow to ascertain independency between the suc-
cessive low flows. The method independent of the subflows uses the recession
constant of the overland flow. The recession constant can be defined as a time
at which a flow component reaches a value lower than 37% of its peak after an
exponential decrease in time during dry weather periods. This method considers
two successive peaks as independent when the time p between these two peaks is
longer than the recession constant k, and when the minimum discharge between
these two peaks is smaller than a fraction f of the peak discharge (e.g. smaller
than 37%). In addition, a criteria qmax > ql im is used to avoid the selection of
small peaks.
The method based on the recession constant of the base flow can also be used
for POT selection. According to this method, independency is reached when the
smallest discharge between the two peaks reaches almost the base flow value.

6.4.3 Extreme Value Analysis

For a given stream having a discharge data record for a certain number of years,
the same or larger number of low flows is possible. These low flows are the
basis for determining the probability of occurrence of low flows of various mag-
nitudes. This is done by arranging the low flows in descending order and assign-
ing the cumulative probability to each value which will constitute the theoretical
probability distribution for the low flows.
An empirical approach to determine the form of the theoretical probability dis-
tribution of low flows consists in fitting a number of theoretical distributions to
observed data and deciding, by means of suitable criteria, which distribution fits
the data best (use goodness-of-fit tests). This method is a subjective one and not
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always conclusive. The choice of distribution is narrowed down by selecting one
of the three distribution families of the generalised extreme value distribution or
the generalised Pareto distribution.
The most efficient way to analyse the type of distribution is by means of the so-
called ’quantile-quantile plots (Q-Q) plots’) (Willems, 1998a, b; Willems 2000).
In Q-Q plots the empirical quantiles are plotted versus the theoretical quantiles.
The empirical quantiles match the observed extremes xi , i=1,., m (x1≤..≤xm),
with pi=i/(m+1) as their corresponding empirical probabilities of exceedance,
while the theoretical quantile is defined as F−1(1-pi). The function F(x) is the
cumulative distribution that will be tested in the Q-Q plot (exponential Q-Q plot,
Pareto Q-Q plot). For instance, the distribution and inverse distribution for expo-
nential Q-Q plots are as follows:

The hydrological extreme value analysis tool (ECQ) developed by Willems (2004b)
at the Hydraulics Laboratory of K. U. Leuven, simplifies the fitting of the ex-
tremes in a visual way without the knowledge of the parameter values through
adopted Q-Q plots. As Willems (2000) explains, the so-called quantile function
U(p) is plotted instead of the inverse distribution F−1(1-p). The function U(p) is
defined as the most simple function of p that is linearly dependent on F−1(1-p)
and independent of the parameter values of F(x). The quantile plots (exponen-
tial, Pareto) are plotted with U(p) or ln(U(p)) on the horizontal axis and x or
ln(x) on the vertical axis. The exact expressions for each quantile are given in the
following:

Thus, these adopted Q-Q plots are used to set the fitting of the tail’s empirical
distributions by determining where the observation distributions appear more or
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less linear. In other words, if the observations agree with the considered distribu-
tion, the points in Q-Q plots approach linearity. The minimum threshold values
can also be determined from the slope Q-Q plots where the mean square error is
at a minimum. This is a statistically optimal way of minimising the mean squared
error of the regression so that the distribution above it is maximised. This method
is applicable only for high flow extreme value analyses. Thus, a transformation
1/Q of the low flows is a must in order to use this method.

6.4.4 Low Flow-Duration-Frequency (QDF) Relationship

Once the parameters of the extreme value distribution are determined for a range
of aggregation levels created by moving average, the uncertainty due to limited
length of available time series and POT values in the calibration of the extreme
value distributions for individual distributions can be reduced by fitting relation-
ships between the parameters of the extreme value distribution and the aggrega-
tion level. The plot of these parameters versus the aggregation level indeed needs
to be aligned to have a balanced mathematical relationship. When the balanced
relationships for the parameters of the distribution are used to calculate the QDF
relationships, calibrated QDF relationships will be derived. The equations used
for the calibrated QDF relationships for the low flow Q, the aggregated duration
D and the return period T are:
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6.4.5 Results of Extreme Value Analysis and QDF Plot

Figure 6.2: Exponential Q-Q plot showing normal tail for 1/Q and QDF plot at Kyaka
Ferry

Figure 6.3: Exponential Q-Q plot showing normal tail for 1/Q and QDF plot at
Kyaka/Bukoba Road

6.4.6 Regionalisation of QDF

In the Nile basin, marked hydrological differences are apparent among its sub-
basins. As a result, single station low flow analyses are best applied to locations
on the same stream. However, low flow characteristics are not available for all
sub-basins of the Nile basin due to the absence of a gauging station or the poor
quality of collected stream flow data. Therefore, regional relationships are de-
veloped to estimate low flow at sub-basins within homogenous low flow zones
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Figure 6.4: Exponential Q-Q plot showing normal tail for 1/Q and QDF plot at Mwendo
Rerry

Figure 6.5: Exponential Q-Q plot showing normal tail for 1/Q and QDF plot at Rusumo
Falls

Figure 6.6: Exponential Q-Q plot showing normal tail for 1/Q and QDF plot at Nyakanyasi
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Figure 6.7: Exponential Q-Q plot showing normal tail for 1/Q and QDF plot at Kalebe
Bridge

having similar catchment characteristics.

After an at-site analysis of the low flows and developing the QDF plots, the next
step in the regionalisation of the QDF is to standardise the QDF plots at a site
within this homogenous region by dividing discharges, with a product of dis-
charge area (A) and mean annual rainfall (MAR) in this case, to convert the QDF
plots to a similar scale. This technique relies on the basic assumption that the
discharge is proportional to the product of the discharge area (A) and the mean
annual rainfall (MAR). Thus, linear models are developed using regression anal-
ysis to investigate the proportionality. The regression analysis method is used to
establish the relationship between the low flow, the product of area and the mean
annual rainfall on a logarithmic scale. In the linear regression model, low flows
(Q), drainage area (A) and mean annual rainfall (MAR) are included according
to the following equation:

Log(Q) = a+blog(A∗MAR)

The standardised curves in this homogenous region are then plotted together and
a regional curve is fitted through the middle of the curves after choosing the rep-
resentative curve from one of the curves and dividing by some factor which is
dependent on the catchment area and the spatial variation in annual rainfall vol-
umes. This means that all parts of the homogenous region contribute the same
amount of discharge per AR. Thus, the low flows for ungauged sites can be easily
determined by multiplying back the ordinates of the regional curve by the prod-
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uct of catchment area and mean annual rainfall at that site.
Standardised and regional QDF plot results for the Tanzanian region of the up-
stream Lake Victoria are shown in figure 6.8 and 6.9. The linear models that
show proportionality after a log transformation are presented in figure 6.10.

Figure 6.8: Standardised QDF plot for the stations at upstream Lake Victoria, Tanzania,
for 1.5-year (a), 3-year (b) and 6-year (c) return periods
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Figure 6.9: Regional QDF plot for upstream Lake Victoria, Tanzania

Figure 6.10: Linear regression models (Log (Low flows(Q)(m3/s)) versus Log (drainage
area (A) (km2) mean annual rainfall(MAR)(mm)) for 1.5-years return pe-
riod for 1, 10, 30,120,180 and 240-days low flow at upstream Lake Victoria,
Tanzania

6.5 Discussion and Conclusion

For the purpose of estimating the probabilities of occurrence for low flows and
for making tests of significance of such estimates, it is necessary to determine the
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underlying probability distribution of the data. The low flow data for six stations
in the upper Lake Victoria, Tanzania, were considered and analysed for their dis-
tribution using the Q-Q plots method developed by Willems. The analysis of the
results revealed that all stations showed an exponential distribution. The knowl-
edge of the probability distribution of minimum stream flow at these stations is
useful for the water resources manager in the area.
Furthermore, low flow-duration-frequency (QDF) curves were developed at these
stations and model fitting was performed separately for each station. The curves
related to the low flow values as an integral function of return period and flow
duration.

QDF models are often applied in regional studies, leading to regional QDF re-
lations derived for hydrologically homogenous regions. This paper is the first
experimental work on the attempt to regionalise a QDF plot for the upper Lake
Victoria basin. The regional QDF plots developed can be used to estimate the
availability of water during specific time intervals (aggregation periods) and for
different return periods within this homogenous region.
In a regional QDF analysis it is assumed that the QDF from all gauged sites in a
region can be combined in such a way as to produce a single regional QDF curve.
This curve is applicable, after appropriate rescaling by some factor depending on
the catchment area and the spatial variation in annual rainfall volumes, anywhere
in that region.

The regional QDF can be used for different water use applications such as the de-
sign of water supply systems, the estimation of safe surface water withdrawals,
and the classification of the potential of streams for waste dilution (assimilative
capacity). It can be used to indicate the water shortages if the threshold level be-
low which the water runs out is known for that typical use of water application.

6.6 Recommendation

This study was performed for some of the stations within the upper Lake Victoria
basin. More research needs to be carried out in this field of regional low flow fre-
quency analysis in order to be further extended to other stations and to develop
regional QDF plots covering the entire units of hydrologically homogenous re-
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gions in the Nile basin.
Another important research aspect to be considered in future consists in the anal-
ysis of the stationary series in the extreme value series, and in the investigation
of cycles and trends. Current investigation indeed assumed that the series can
be considered stationary. This assumption was not objected after visual check
of the extreme value series but in fact requires a more detailed investigation on
statistical trend tests.

The results obtained from this study are based on the data available for the analy-
sis. The distribution of the stations used in the analysis varied from one region to
another. In some regions only few stations were available for the analysis while
for other regions a considerable number of stations were available. The reliability
of the results obtained for the different regions are expected to vary depending on
the amount of data included in the analysis. In this regard the results presented in
this study need to be improved in the future when additional data are available.
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7.1 Abstract

This report presents results of algal biomass and physicochemical parameters
analysed during the last six months, which is part of the year-round project. The
report reveals that the algal biomass of the two study lakes is related to nutrient
availability and water transparency. The limiting nutrient was found to be NO3-
N. NO3-N was varied from 0.18 to 1.00mgl−1 and from 0.15 to 1.10 mgl−1,
whereas the algal biomass varied from 0 to 10.2 mgChlm−3 and from 86 to 101
mgChlm−3 for the Lakes Abaya and Chamo, respectively. The average lake water
transparency was 14.5cm for Lake Abaya and 27.8cm for Lake Chamo. This
shows that, for Lake Abaya, the low water transparency is attributable to a low
algal biomass. The project is running until the end of 2006 and more information
is expected by then.

7.2 Introduction

The water quality of a water body affects the abundance, biomass, species com-
position, productivity and physiological condition of aquatic organisms. There-
fore, a good quality of water is required if species are to flourish in an ecosystem.
Three methods are in use for the assessment of water quality: physical, chemical
and biological measures.
Biological methods have comparative advantages over the two other measures,
not least because of their low costs and the ease with which they are conducted.
According to APHA et al. (1999), the common biological methods used for
assessing water quality include among others the collection, counting and iden-
tification of aquatic organisms; biomass measurement; and metabolic rate mea-
surement. The information gathered may help to identify the nature, extent and
biological effects of pollution, to document the short- and long-term variability
of water quality and to correlate the biological mass or composition with water
chemistry or condition.

In this study, algal biomass is used as a reference parameter. Most algae, par-
ticularly planktonic algae, have long been used as an indicator of water quality.
Thus, the objective of the present study was to investigate the temporal variations
in the biomass of phytoplankton in relation to some physicochemical variables in
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the Lakes Abaya and Chamo and to predict their relation to aquatic productivity.

7.3 The Study Area

The two study lakes, Lake Abaya and Lake Chamo, are the most southern lakes
found around Arba Minch town. The region around these lakes is characterised
by a moist sub-humid climate with an annual rainfall of about 900mm (Tekle-
Giorgis, 2002). The region experiences alternating dry and wet seasons, with the
dry period between November and February and peak rainfalls occurring during
April and May and again during October and November.
Lake Abaya (figure 7.1) is located between 6◦02’ to 6◦35’N latitude and 37◦40’
to 37◦5’E longitude in Southern Ethiopia, east of Arba Minch town. The lake has
a surface area of 1.160 km2, which means that Lake Abaya is the second largest
lake (next to Lake Tana) in Ethiopia.

Figure 7.1: Map of the Lakes Chamo and Abaya

Lake Abaya is the largest of the Ethiopian rift valley lakes, with a maximum
depth of 13m and a length of 60km at an elevation of 1169m a.s.l. Lake Abaya
receives inflow from a number of large rivers (such as River Bilate) and it over-
flows to Lake Chamo during the high water periods.

Lake Chamo (figure 7.1) is a tectonic lake and the southernmost lake of the
Ethiopian Rift Valley (5◦45’ N latitude and 37◦30’ E longitude). It is fed by
a perennial river, Kulfo, that enters Lake Chamo from the north, and by a number
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of small but non-perennial rivers including the Rivers Sile and Sego. The lake
is characterised by a gently sloping shoreline covered by extensive emergent and
submergent vegetation.

7.4 Materials and Methods

Surface water samples were regularly collected from the two lakes and occa-
sionally from the feeder rivers. In-situ measurements were performed for some
parameters: Lake water transparency was estimated using the Secchi disk. Sur-
face water temperature and pH were measured with a portable digital pH meter.
Alkalinity was determined by titration with standard HCl. Electrical conduc-
tivity was determined in lab. with a conductivity meter. Phytoplankton biomass
was estimated as Chlorophyll concentration based on the monochromatic method
(Lorenz, 1967, as outlined in Wetzel & Likens, 2000).
Various chemical parameters were analysed by using the Hack spectrophotometer
2000. Samples filtered through glass fibre filters (GF/C) were used for the anal-
yses of chemical parameters except alkalinity, total phosphate and total solids.

7.5 Results and Discussion

7.5.1 Physicochemical features

Some physical characteristics of the two study lakes and the feeder rivers mea-
sured over the study period are given in figure 7.2. The mean surface water
temperature is 32.8◦C for Lake Abaya and 29.5◦C for Lake Chamo. Lake trans-
parency is very low for Lake Abaya (14.5cm), owing to its high turbidity that
might be due to turbid feeder rivers. In the case of Lake Chamo, lake trans-
parency has a relatively higher value (mean=28cm).

Figure 7.2 also presents the aggregate chemical features of the lakes measured
over the study period. The Total Solids (TS) value varies from 751 to 850mg/L
and from 1298 to 1429mg/L for the Lakes Abaya and Chamo, respectively. The
high TS value for Lake Chamo may stem from plankton materials. Electrical
conductivity (K25) varies from 958 to 1200µS cm−1 and from 1876 to 1976µS
cm−1 for the Lakes Abaya and Chamo, respectively, with higher values for Lake

148



Eyasu Shumbulo, Fikre Assefa

Chamo. Total alkalinity (in mgl−1) is also relatively higher for Lake Chamo,
which is close to earlier studies (e.g. Kebede et al., 1994; Gebre-Mariam et al.,
2002) with respect to Lake Chamo.

Figure 7.2: Surface Water Temperature, ZSD, pH, Total Alkalinity, Conductivity (K25),
Total Solids and Turbidity measured over the study period

Figure 7.3 and 7.4 present the concentration of inorganic nutrients measured over
the study period. Nitrate levels recorded in this study are much higher than those
reported for Lake Chamo by the author of this paper and by others (e.g. Belay
& Wood, 1982: 217-445 µg l−1). Nitrite-nitrogen concentrations were usually
found out to be zero, although a low concentration (< 10 µg l−1) was reported
last year. Similarly, low concentrations of nitrite (2 -18 µg l−1) were recorded in
1979 for Lake Chamo by Belay and Wood (1982). The concentrations of nitrite-
N were always much lower than those of nitrate-N and Ammonium-nitrogen
as they usually are in African lakes (Talling & Talling, 1965; Tilahun, 1988).
Ammonium-nitrogen ranges from about 0.13 to 0.5 mg l−1 and from 0.05 to 0.8
mg l−1 in the Lakes Abaya and Chamo, respectively. Surface concentrations of
ammonium-nitrogen in the lakes are often temporarily raised a) following the
collapse of algal blooms and b) during increased circulation (Kalff, 2002).
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Figure 7.3: Concentration of inorganic nutrients recorded over the study period

Figure 7.4: Inorganic nutrients in relation to algal biomass

7.5.2 Phytoplankton biomass

Phytoplankton biomass estimated as chlorophyll concentration exhibits temporal
changes (see figure 7.5), with a larger value corresponding to high rainfall data.
Phytoplankton biomass varies from 86 to 101 (mean=75.7) mg m−3 for Lake
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Chamo and from 0 to 10.2 (mean=4.4) mg m−3 for Lake Abaya. The average
standing crop recorded for Lake Chamo in this study is larger than that in the
previous study by this author but still comparable to the values reported for the
Lakes Abaya and Chamo (Belay & Wood, 1982), Lake Abijata (Wood et al.,
1978) and Lake Ziway (Belay & Wood, 1984). The reason for the increased
value could be the increased rainfall in this period.

Figure 7.5: Algal biomass in relation to rainfall

7.6 Conclusions and Recommendations

The inorganic nutrient concentration of the lakes is increasing. This might be
due to the inflow of flood-driven materials from the surroundings. Therefore, the
disposal of untreated wastes and the application of fertilisers and other chemicals
need to be checked. To establish the exact level of water quality, further repeated
and extended studies are required This project is running until the end of 2006
and more information is expected by then.
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8.1 Abstract

This study focused mainly on the hydrological characterisation and application of
a GIS-based semi-distributed watershed model (HEC-HMS) to establish rainfall-
runoff relationships in the Gilgel Abbay Sub-basin, which is located in the up-
permost part of the Abbay (Ethiopian Nile) River Basin.

The semi-distributed GIS-based model, HEC-HMS, was applied for both long-
term and short-term simulations. In both cases, four combinations of basin mod-
els were used. According to the R2 and IVF criteria, the model set containing the
Initial and Constant method of excess runoff volume determination, the Snyder
Unit Hydrograph and the Recession method of base flow estimation was found to
be the best model combination for short-period flood forecasting. In accordance
with the same criteria, the model combination containing Deficit and constant
loss, the Snyder Unit Hydrograph and Recession as a flood forecasting model
yielded satisfactory results for long-term simulation with regard to the study area.

8.2 Introduction

All water-related engineering activities require a proper estimation of the runoff
magnitude. For efficiently designing, planning and managing river basin projects
that deal with the conservation and utilisation of water for various purposes, the
long-term water availability and extreme flows are of vital interest. In order to ac-
curately determine the quantity of surface runoff that takes place in a river basin,
an appropriate understanding of the complex relationships between rainfall and
runoff processes, which depend upon many geomorphologic and climatic factors,
is necessary. The simulation of time series of representative streamflow values
requires a model that is simple enough to be understood as well as to be used, yet
complex enough to be representative of the system.

Establishing a rainfall-runoff relationship is the central focus of hydrological
modelling, from its simple form of unit hydrographs to rather complex models
based on fully dynamic flow equations. As the computing capabilities are in-
creasing, the use of these models to simulate a catchment has become a standard.
Models are generally used as utility in various areas of water resources develop-
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ment, among others in assessing the available resources, in studying the impacts
of human interference in an area such as land use change, deforestation and other
hydraulic structures as for instance dams and reservoirs (Moreda, 1999).

The current study focused mainly on the hydrological characterisation and ap-
plication of a GIS-based semi-distributed watershed model, HEC-HMS, in the
Gilgel Abbay Sub-basin to establish rainfall-runoff relationships and to perform
a preliminary investigation of the hydrological dynamics of climate change.

8.3 The HEC-HMS Model

GIS-based hydrological model systems are increasingly becoming major hydro-
logical modelling tools because of their capability to handle the spatial variation
of hydrological and physiographic inputs of the watershed. Several models which
are either embedded in the GIS environment or have the capability to import the
GIS-derived spatial and temporal attributes have been developed, including Ar-
cView GIS-based models such as HEC-HMS, SWAT GRASS GIS-based models
as for instance AGNPS, ANSWERS, GLEAMS and TOPMODEL as well as sev-
eral others which are locally developed and used for specific objectives (Semu,
2003).

HEC-HMS (the Hydrologic Engineering Center’s Hydrologic Modeling System)
is the United States Army Corps of Engineers’ hydrologic system computer
programme developed by the Hydrologic Engineering Center (HEC). The pro-
gramme simulates precipitation-runoff and routing processes, both natural and
controlled. HEC-HMS is the successor to and replacement for the HEC’s HEC-1
programme and for various specialised versions of HEC-1. HEC-HMS was de-
signed to improve the capabilities of HEC-1 and to provide additional capabilities
for distributed modelling and continuous simulation (USACE, 2000).

HMS contains four main components: 1) an analytical model to calculate over-
land flow runoff as well as channel routing; 2) an advanced graphical user in-
terface illustrating hydrologic system components with interactive features; 3) a
system for storing and managing data, specifically for large, time-variable data
sets; and 4) a means for displaying and reporting model outputs (Semu, 2003).
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Figure 8.1: Typical HEC-HMS representation of watershed runoff (USACE, 2000)

8.4 Description of the Catchment

Ethiopia has about 12 major drainage basins, among which the Abbay (the Ethiopian
Nile) River basin is by most criteria the most important one. It accounts for about
17.5% of Ethiopia’s land area, 50% of its total average annual runoff, and 25%
of its population. With Lake Tana it has the country’s largest freshwater lake,
covering about 3.000 km2. The Abbay River itself has an average annual runoff
of about 50 BCM. The rivers of the Abbay basin contribute about 62% on av-
erage to the mean Nile total at Aswan, a high dam in Egypt. Together with the
contributions of the Rivers Baro-Akobo and Tekeze, Ethiopia accounts for more
than 80% of the runoff at Aswan (BCEOM, October 1998).

The hydrography of the basin is dominated by the Abbay River, which rises in
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the centre of the catchment and develops its course in the clockwise spiral. It col-
lects tributaries all along its length of almost 1000 km before reaching the Sudan
border.
The study area, the Gilgel Abbay Sub-basin, is located south of the famous Lake
Tana. The Gilgel Abbay River, which in Amharic literally means “the small
abbey”, has its source in the mountainous Sekela area and flows northward re-
ceiving other tributaries on its way to Lake Tana, where it joins other big rivers
like Megech, Ribb and Gumara and forms with these the great Abbay River (Blue
Nile).

Figure 8.2: Study area (BCEOM, 1998)

8.5 Data Analysis

8.5.1 Hydrological and Climatic Data

The 10-year average seasonal rainfall, potential evapotranspiration and discharge
in millimetres per day are plotted (figure 8.4) to characterise the hydrology and
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Figure 8.3: Summary information on the available flow and rainfall data used for the study

climate of the sub-basin. As can be seen from the table above and the mean sea-
sonal diagram below, the Gilgel Abbay Sub-basin has in general a high rainfall
runoff transformation coefficient (0.52), with more than 50% of the rainfall con-
verted to runoff. Moreover, it exhibits mono-modal behaviour. The high annual
runoff coefficient may be partly attributed to the lower evaporation values in the
highland areas of the catchment. As figure 8.3 indicates, the annual rainfall over
the basin is greater than the annual evaporation volume by 34.4%. This may
also be partly due to a bias introduced to the areal rainfall as a result of the poor
representation of the whole sub-basin with only two rainfall stations.

Figure 8.4: Seasonal mean variations of rainfall, discharge and evapotranspiration in the
Gilgel Abbay Sub-basin
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8.5.2 Topographic Data

Using terrain data with a resolution of 90m by 90m, the terrain pre-processing is
carried out using HEC-GeoHMS in an ArcView GIS environment as a series of
steps to derive the drainage networks. The steps consist in computing the flow
direction, flow accumulation, stream definition, watershed delineation, watershed
polygon processing, stream processing, and watershed aggregation. Prior to this,
the sinks of the DEM have to be filled in order to avoid problems in calculating
the flow direction. Then the resulting “depressionless” terrain model as shown in
figure 8.5 (A) is used as input for the analysis. The Terrain Processing menu is
used to modify the process and to analyse the terrain.

Figure 8.5: Spatial data development process and final HMS project for the Gilgel Abbay
Sub-basin

After having finalised the stream and sub-catchment delineations, HEC-GeoHMS
computes several topographic characteristics of streams and watersheds. The
streams’ physical characteristics (such as length, upstream and downstream ele-
vations, and slope) are extracted from the terrain data and stored as attributes in
the stream table. Similarly, the sub-catchments’ physical characteristics (such as
longest flow lengths, centroidal flow lengths, and slopes) are extracted from the
terrain data and stored as attributes in the watershed table.
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Figure 8.6: Spatial data development process and final HMS project for the Gilgel Abbay
Sub-basin

Figure 8.7: Spatial data development process and final HMS project for the Gilgel Abbay
Sub-basin

8.6 Modelling Results and Discussion

As mentioned before, modelling is performed in the HEC-HMS environment.
HEC-HMS is a highly graphical user interface model and involves the construc-
tion of three model components that are required for a run: the Basin Model, the
Meteorological Model and the Control Specification Model.
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On the basis of the available data and evaluation of the model components, the
combinations of models shown below are chosen. The models are applied for
both the short-period (seasonal) and long-term continuous mode.

The combinations of models used in the Basin Models are as follows:

• Combination A: Initial& Constant Loss Model, SCS UH Transformation
Model, and Recession Base Flow Model (ICScsR)

• Combination B: Initial & Constant Loss Model, Snyder UH Transforma-
tion Model, and Recession Base Flow Model (ICSnyR)

• Combination C: Deficit-Constant Loss Model, SCS UH Model, and Re-
cession Base Flow Model (DCScsR)

• Combination D: Deficit-Constant Loss Model, Snyder UH Model, and Re-
cession Base Flow Model (DCSnyR)

Six years of data from 1993 to 1998 are used for the calibration of the Gilgel
Abbay Sub-basin for long-term continuous modelling. For short-term (seasonal)
continuous modelling, only 4 months of data (May - Sep. 2000, which cover the
rainy season of the study area) are selected for the calibration of the sub-basin.
Verification of the model is done using four years of data (1999-2002) for long-
term continuous modelling, whereas for short-period (seasonal) continuous mod-
elling five months of the rainy season of a different year (May - Sep. 2002) are
used.

With regard to both the short-term (seasonal) and the long-term modelling pro-
cesses the procedure of automated calibration (optimisation) fine-tuned by the
manual calibration method is found to give better results.
The objective function used for the short-term (seasonal) model for measuring the
goodness of fit between the computed and the observed hydrographs is the Sum
of Squared Residuals. Two methods of search available in HEC-HMS are the
Univariate Gradient Method and the Nelder-Mead Search Algorithm, with the
Univariate Gradient Search Algorithm being used for this study. For the long-
term model, the objective function used is the Peak-Weighted RMS Error, the
search method is the Univariate Gradient Method.
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In this study, the well-known Nash-Sutcliffe (1970) efficiency criterion (R2) is
used for the assessment of the performances of the selected models.

where f(Qobs) and f(Qcal) are the observed and calculated streamflow (or trans-
formed streamflow), f (Qobs)

is the mean observed streamflow (or transformed
streamflow) over the calibration period and n is the number of time steps.
The Index of Volumetric Fit (IVF) is another criterion used for performance as-
sessment of the models in this study.

8.7 Results

The summary of the results for the model calibration and verification periods in
both the short-period (seasonal) and the long-term continuous mode is shown in
figure 8.8 below.

Figure 8.8: Application results of the various combinations of HEC-HMS models for the
Gilgel Abbay Sub-basin
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8.7.1 Short-Period Simulation

According to the R2 and IVF criteria, the short-period (seasonal) forecasting
mode generally performs well, particularly during the verification period. As
can be seen from figure 8.8, the best model combination for the study area con-
sists of the Initial & Constant Loss Model, the Snyder Unit Hydrograph and the
Recession Base Flow Model (= combination B).
This model set produces an overall efficiency (R2) of 62.4% in the calibration
and 72.7% in the verification periods. The volumetric fit was also close to unity
in both the calibration and the verification periods, showing higher model consis-
tency. But the percent change in volume during verification is relatively higher
in this model combination (-9.18%).
As figure 8.9 reveals, the model reproduces a good hydrograph fit in terms of
shape during both the calibration and the verification periods. However, a ten-
dency of overestimation can be observed between June and July in both periods.
And as can be evidenced from the error diagram, there are no systematic errors
in both the calibration and the verification periods, which indicates the model
adequacy.
According to the R2 criterion, the least performance (R2 = 57.8%) in the ver-
ification period is exhibited by the following model combination: the Initial &
Constant Loss Model, the SCS UH Transformation Model and the Recession Base
Flow Model (= combination A).

8.7.2 Long-Term Simulation

The best model combination which gives the best performance for the sub-basin
contains the Deficit-Constant Loss, the Snyder Unit Hydrograph and the Reces-
sion models (= combination D). The performance efficiency (R2) in the calibra-
tion and verification periods is 73.0% and 74.8%, respectively. While the model
reproduces a better hydrograph fit in terms of shape and volume during calibra-
tion, calibration results consistently underestimate the peak flow values, whereas
the verification results do so to a lesser extent.
Another noticeable feature of the long-term simulation consists in the fact that
while all model combinations give an excellent volumetric fit during the calibra-
tion process, the verification results consistently overestimate the volume; the

165



Hayalsew Yilma, Semu Ayalew Moges

Figure 8.9: Short-period results for the Gilgel Abbay Sub-basin

percentage changes in volume range from 13% to 16.3%.
Further diagnosis of the error diagrams reveals little or no systematic errors.
According to the R2 criterion, similar to the short-term simulation, the least per-
formance (R2 = 68.6%) in the verification period is exhibited by the following
model combination: the Initial & Constant Loss Model, the SCS UH Transfor-
mation Model and the Recession Base Flow Model (= combination A).
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Figure 8.10: Long-term results for the Gilgel Abbay Sub-basin

8.7.3 Climate Change Analysis

After having the model calibrated and verified, attempts are made in order to
asses the possible wet season climate (rainfall) change on the corresponding
streamflow hydrograph and the volume at the model gauge station in the study
area. The model combination used for this assessment is combination B (IC-
SnyR: Initial & Constant Loss Model, Snyder UH Transformation Model, and
Recession Base Flow Model).This combination gives the highest R2 (72.7%)
value in the verification period of the short-term (seasonal) model, 1 May 2002 to
30 Sep. 2002. The same period is used for the assessment of the rainfall change
impact.
Values of 5%, 10% and 15% decrease and increase in the ordinates of the sea-
sonal rainfall hyetograph are used to estimate the corresponding change in the
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streamflow hydrograph and volume. The results of the response of the river dis-
charge for 5%, 10% and 15% decreases in the rainfall amount are shown in figure
8.11. The estimated response of the Gilgel Abbay River at the model gauge sta-
tion for 5%, 10% and 15% increases in the rainfall amount shows the same linear
trend. This is due to the linearity assumption in the unit hydrograph used for the
direct runoff transformation.

Figure 8.11: Estimated response of the Gilgel Abbay River at the model gauge station for
5%, 10% and 15% decrease in the rainfall amount of the catchment

8.8 Conclusion

Regarding the GIS-based semi-distributed HEC-HMS model, the following con-
clusions can be reached:

1. According to the R2 and IVF criteria, the model set containing the Ini-
tial and Constant Method of excess runoff volume determination, the Sny-
der Unit Hydrograph and the Recession Method of base flow estimation is
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found to be the best model combination for short-period flood forecasting
in the Gilgel Abbay Sub-basin.

2. In accordance with the same criteria, the model combination containing
the Deficit and Constant Loss Model, the Snyder Unit Hydrograph and the
Recession Model as a flood forecasting model gives satisfactory results for
long-term simulation in the study area.

3. For both the short-term and the long-term simulations, model combinations
containing the SCS Unit Hydrograph do not give the best performances for
the Gilgel Abbay Sub-basin.

4. As can be seen from the results of the climate change analysis, percentage
changes in the ordinates of the rainfall hyetographs result in higher percent-
age changes in the streamflow volume.
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9.1 Abstract

Low flow analysis and regionalisation were carried out for the Blue Nile River
Basin (BNRB) using three approaches: low flow frequency analysis, the flow du-
ration curve and the Base Flow Index. On the basis of low flow frequency anal-
ysis six homogeneous regions were identified. The GEV distribution provided
a good fit to low flows in the regions one, two and three while the Wakeby dis-
tribution fitted well in the regions four, five and six. The method of probability-
weighted moments was considered the best parameter estimation procedure com-
pared with the method of moments and maximum likelihood. Moreover, the
regression model of mean annual minimum flow (7 days) as a function of catch-
ment characteristics was developed for the delineated six regions to predict the
7-day minimum flow quantile of the return period T for ungauged catchments in
the basin.
On the basis of Flow Duration Curves (FDC) with a duration of 1, 7, 10 and
30 days, four homogeneous regions were identified. The right tail end of the
flow duration curve beyond the 80% exceedence flows was used to group the
characteristics of the curve and the BNRB was classified into four homogeneous
regions. Similarly, the low flow characteristics of the basin were classified into
five homogeneous regions on the basis of the Base Flow Index (BFI).

The use of one or the other established low flow region generally depends on
the information requirement of planners and designers in the water sector. For
instance, if low flow volume or discharge of a return period T is required by a cer-
tain ungauged catchment, the regionalisation based on low flow frequency can be
used. In the case of BFI regions, one can generally estimate the mean subsurface
flow contribution of each homogeneous region.

9.2 Background and Introduction

The beneficial use of stream flows requires a proper balance between agricultural,
industrial and domestic demands on the one hand and in-stream conditions on the
other hand to support wildlife aquatic and recreational uses. In general, during
storm seasons, a sufficient amount of water is available for both off-stream and
in-stream uses. Dry periods, however, are critical. There are many possible def-
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initions of low flow. In this study, low flow is the simple lowest mean flow over
durations ranging from 1 to D days in a year (FREND, 1989).
Low flow characteristics can be determined by frequency analysis and flow du-
ration analysis. Frequency analysis relates the minimum average discharge for a
given number of consecutive days to the recurrence interval in years. Flow du-
ration curves show the flow characteristics of a stream throughout the range of
discharge. Low flows of a stream vary randomly. Moreover, the durations of low
flows are important. A prolonged period of low flows is the drought. Thus, any
analysis of low flows must consider both magnitude and duration. The duration
can be taken into account by averaging the flows over a period of time (1 day, 7
days, 10 days, 30 days, etc.).

The estimation of flow regimes at ungauged sites may be achieved by transfer
of statistics derived from gauged catchments using regionalisation procedures.
The term regionalisation in hydrology refers to the grouping of catchments into
homogeneous regions. A homogeneous region is a region which has sites with
similar low flow characteristics. Therefore it has the same standardised frequency
distribution form and parameters.
Information on the magnitude and frequency of low river flow estimates is essen-
tial for planning water supplies, water quality management, issuing and renew-
ing waste disposal permits as well as hydropower and the impact of prolonged
droughts on aquatic ecosystems. The estimation of low flow is also important for
small-scale irrigation projects that contribute significantly to poverty alleviation
by means of an increased crop production and generation of rural employment
(Abebe, 2003). Thus, the analysis of low flows could provide an accurate under-
standing of the demand that may safely be placed on a stream flow.

Little study has been carried out on the low flow characteristics of the Abbay
River Basin so far. Furthermore, the volume and duration of dependable base
flow is not quantified. Most of all, the availability and quality of information are
not adequate. Hence, any further development of water resources projects within
the region is difficult and unreliable, unless the low flow characteristics are well
known. Therefore, this study tried to analyse and characterise the low flow of the
Abbay River Basin and to provide the necessary low flow information for gauged
and ungauged sites.
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9.3 Location and Description of the Study Area

The study area, the Abbay Basin, is located in the north-west part of Ethiopia,
between 7◦45’-12◦45’N latitude and 34◦05’-39◦45’E longitude (see figure 9.1).
This river basin is by most criteria the most important river basin in Ethiopia and
has a water availability index for water scarcity of 3602 m3/capita (Engelmann &
La Roy, 1993).

It covers about 17.58% of the Ethiopian land area, 43.11% of the country’s total
average annual runoff and 25% of the population of Ethiopia. The study area has
an average annual runoff of about 52.6bcm. The annual rain fall varies between
above 800 mm to 2220 mm, with a mean about 1420 mm. The basin collects
tributaries all along its length of 992 km, before reaching the Sudan border above
the Rosaries dam (BECOM & ISL Consulting Engineers, 1990).

Figure 9.1: Location map of Blue Nile River Basin

9.4 Sources, Availability and Analysis of Data

In order achieve the goals of the research, various data from different agencies
and individuals were collected, including time series data, topographical data and
a digitised map of the study area.
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9.4.1 Flow data

128 hydrological stations are available in the basin, with 68 stations offering data.
38 gauging stations with an average record length of 23 years were used for the
analysis.
The stations consisted of daily flow series and were used to produce different
durations of low flows, flow duration curves, base flow and base flow index.
Moreover, they were used for low flow frequency analysis for the whole region.

Range of missing data in % from the record length
Range of missing data in % Number of stations

0-5 18
5-10 19

10-20 17
20-30 8
30-50 3
>50 63

9.4.2 Digitised map

A digitised contour map of the basin with a scale of 1:5000 was collected from
the Ministry of Water Resources of the GIS Department. These data were used as
basic input for developing a digital elevation model (DEM), flow accumulation
and flow direction. They were also employed in specifying the exact location of
the gauging stations, all of which are necessary for regionalising the basin into a
homogeneous region.

9.4.3 Data screening

The calendar year is used in defining an annual minimum value. Only stations
without zero flow in their series were analysed. The 7-day annual minimum flow
series were used in the frequency analysis as it is usually necessary to nullify the
effects of minor river regulations.
In abstracting annual minimum series from daily data, missing data were filled
by using the following procedure:
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1. Missing periods of up to 15 days during the dry season were completed by
interpolation.

2. Missing data of up to 30 consecutive days in the wet season were completed
using daily seasonal mean values.

3. Any calendar year containing periods of missing data which did not fall into
any of the above-mentioned categories was rejected for further analysis.

A typical filled station graph is displayed in figure 9.2 to show that the filled data
points follow the same pattern as the measured ones.

Figure 9.2: Graph showing filling of the missing data

9.4.4 Test for Independency and Stationarity

A basic assumption in the use of statistical distribution in hydrological frequency
studies is that the sample data are random variables without any serial correla-
tion. One of the means for measuring the extent to which a minimum in one
year is dependent on the value of the previous year is the lag-1 serial correlation
coefficient denoted by r1. It displays the strength of the relationship between a
value in a series and another value preceding it by one time interval. For a strict
random series the value of r1 must differ from zero only by sampling variation;
for sequences showing strong persistence it is close to one.

Thus, the following tests were used to detect the randomness and the serial cor-
relation of the data.

176



Tegenu Zerfu, Semu Ayalew Moges

1. W-W test (Wald-Wolfowitz test)

2. Lag-1 serial correlation coefficient test

13 of the analysed stations were found to be dependent using the W-W test; 13
stations were correlated using the serial correlation test. 10 stations were com-
mon to both tests. Those stations which showed a serial auto correlation or de-
pendency behaviour were discarded from further analysis.

In any time series, data outliers may or may not exist. These outliers may be due
to personal errors during recording and to the inadequacy of measuring devices
as well as to extreme conditions of natural phenomena. Unless the source of the
outliers is clearly identified, it is difficult to completely remove outliers from the
analysis. Outliers can be excluded from the estimation procedure only if it is
certain that annual minimum flows can be adequately modelled by a single dis-
tribution form (Cunnane, 1989). Thus, an outliers test was not done in this study;
but to avoid the effect of outliers an efficient method of parameter estimation like
PWM was used. Even if outliers are retained in the analysis, they have only a
small effect if an efficient method of parameter estimation such as ML or PWM
is used (Cunnane, 1989).

9.5 Methodology and Procedure

In general, the study comprised the following methods and procedures:

• Collection of relevant data such as hydrological data, meteorological data,
topographic and a digitised map of the basin

• Checking of adequacy, consistency and independency of the data

• Application of three different low flow analysis techniques:
I. Low flow frequency analysis
II. Flow duration curve of duration D
III. Base flow index (BFL)

• Low flow frequency analysis:
I. Computing of static parameters of selected stations within the basin
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II. Regionalisation of the basin into homogeneous regions based on statis-
tical values using GIS ArcView
III. Selection of frequency distribution for the delineated regions
IV. Derivation of frequency curves using the standardised flow data for all
regions
V. Regional homogeneity test describing the delineated region
VI. Regression model analysis for estimating the annual minimum flow for
each region

• Flow duration curve:
I. Identification of pertinent duration in this case (1, 7, 10, 13)
II. Grouping of the FDCs based upon the right-end tail portion of the curve

• Base flow index:
I. Base flow separation using a standard method (Institute of Hydrology
method)
II. Computing the BFI
III. Classification of homogeneous regions on the basis of the BFI range

9.6 Low Flow Analysis and Regionalisation

Before the low flow frequency procedure was applied, homogeneous regions
had been identified using statistical moments. Thus, conventional moments, L-
moments and L-moment ratios had to be computed. Final grouping of similar
regions was validated using tests such as homogeneity and discordance tests.

9.6.1 Low Flow Frequency Analysis and Regionalisation

The LCs-LCk moment ratio of standardised flow of the stations was plotted with
the L-moment ratio diagram (LMRD) of various distribution functions (see figure
9.3). Furthermore, stations which lie in the same distribution were preliminary
grouped as a homogeneous region. This was done on the basis of the fact that
stations from the same homogenous region will be distributed along the same
distribution of LMRD (Dalrymple, 1990).
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Figure 9.3: LCs-LCk moment ratio diagram for 30 standardised stations

Homogeneity Test: CV and LCv Homogeneity Test

A simple test based on the variability of at-site CV values was used. The main
statistic device considered was the coefficient of variation of the individual sites’
CV within the region (CC). In a region of m stations and n j years of records at
the jt h station having a standardised low flow discharge (qii,i= 1,2,3,. n j), the
coefficient of variation is defined as follows:

The weighted regional coefficient of variation of all the Cv j (CC) is defined as
follows:

Sites which have approximately close Cv j values and which lie within the same
geographical proximity were first grouped together in one region and the internal
homogeneity of the regions expressed numerically in terms of the flow statistics
CC was determined. The criterion used to check for regional homogeneity was
based on the value of CC. For homogeneous regions a value of 0.3 or less was
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allowed.

With regard to the results obtained, all stations grouped preliminary as a homo-
geneous region satisfied the CV and LCv homogeneity test criteria.

Figure 9.4: Results of the CV-based homogeneity test for the Abbay River Basin

Discordance Measure Test

The discordance measure is intended to identify those sites that are grossly dis-
cordant with the group as a whole. The discordance measure D estimates in how
far a given site (i) forms the centre of the group (Roa & Hamed, 2000).

If Ui=[t(i),t3(i),t4(i)]r is the vector containing the t, t3 and t4 values for site (i),
then the group average for NS sites within the region is given by

The sample covariance matrix is given by

The discordance measure is defined by
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A site (i) is declared to be unusual if Di is large. A suitable criterion for classify-
ing a station as discordant is that Di should be greater than or equal to 3.
All of the stations grouped preliminary as a homogeneous region in each region
satisfied the discordance test criteria.

Figure 9.5: Results of the discordant measure test for the Abbay River Basin

According to the results obtained in the section above the basin was regionalised
into six homogeneous regions (see figure 9.7).
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Figure 9.6: Results of the discordant measure test for the Abbay River Basin

Figure 9.7: Map of the established homogeneous regions of the Abbay River Basin

Selection of Statistical Distribution by LMRD

According to Hosking (1990) the L-moment ratio diagrams are based on the re-
lationship between the L-moment ratios. A diagram based on LCs vs. LCk can
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be used to identify appropriate distributions. The best parent distribution is that
one for which the average value of the point (LCs, LCk) of all stations within the
region gets close to one of the drawn LMRD of the parent distribution. The result
obtained in the study is shown in figure 9.8.

Figure 9.8: Regional average of LMRD for the regions of the Abbay River Basin

Accordingly, the most possible underlying candidate distributions are summarised
in figure 9.9.

Figure 9.9: Selected candidate distributions for the regions of the Abbay River Basin

In the following section, a test for the acceptability of the candidate distribution
is presented.

183



Tegenu Zerfu, Semu Ayalew Moges

Selection of Frequency Distribution

Several statistical distributions are available for use to date, but a problem arises
when having to choose the right one which fits the observed annual minimum
flow data. The result of fitting a distribution also depends on the method of
parameter estimation. There is no distribution that is universally accepted to
fit low flows (Cunnane, 1986). The three parameter estimation methods used for
evaluation are the Method of moment (MOM), the Method of maximum likelihood
(ML) and the Method of probability weighted-moments (PWM).

For the candidate distributions which were chosen in the previous section the
following method of estimation procedure was applied: i) GEV (MOM, ML,
PWM); ii) LL (MOM, ML, PWM); iii) Gepat (MOM, ML, PWM); iv) Wakeby
(WAK4, WAK5, PWM); and v) Glog (MOM, ML, PWM).
For the Wakeby distribution, the MOM and ML methods were not used because
moment estimates of parameters of the Wakeby distribution could not be obtained
easily.

Results for the Selection of Parameter Estimation Method

Goodness-of Fit-Measure

For the already identified regions, the goodness-of-fit measure (Z) helps to test
whether or not a given distribution fits the data acceptably. This measure is based
on L-moments of the at-site data. If the observed sites form a homogenous region
(a) L- moments of the sites are well summarised by regional average, indicating
that the scatter of the individual sites’ moments above regional average represents
nothing else than sampling variability and (b) it can be assumed that the region’s
population L-moments are likely to be close to the average of the sample L-
moments of the observed data.
For a chosen distribution, the goodness-of-fit measure Zd ist is defined as follows:
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where t̄4 is the average L-kurtosis value computed from the data of a given re-
gion, σ4 denotes the standard deviation of t̄4 which can be obtained by repeated
simulation of a homogeneous region with the distribution under test and of sites
having low flow record lengths similar to those of the observed data.

β4 is the bias of t̄4 and τd
4

ist the average L-kurtosis value computed from simula-
tion for a fitted distribution.

For short record lengths (n≤ 20) and a large population L-skewness (T3 ≥ 0.4), a
bias correction factor for t4 is required. Hence, in a goodness-of-fit test the fitted
L-kurtosis value τd

4
ist is not compared with the regional average t̄4 itself, but with

the bias-corrected version t̄4 - β4.

Small values of Zd ist imply that the considered distribution can be accepted as
the true underlying frequency distribution for the region. According to Hosking
and Wallis (1993), if I Zd ist I ≤ 1.64, the distribution is acceptable. The results
obtained for goodness-of-fit were as follows:

Figure 9.10: Goodness-of-fit measure for the candidate distributions for each region

Similar tests were carried out using standard error of estimates. Based upon the
goodness-of-fit and minimum standard error of estimates the following distribu-
tion and parameter estimation methods were selected for the different regions in
the Blue Nile River Basin:
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Figure 9.11: Selected distribution and parameter estimation methods for the different
regions

Derivation of the Regional Frequency Curve for the Homogeneous Region

Based on the results obtained in the section above the following distributions
were found to be the best procedures for describing the annual minimum low
flow and for predicting acceptable low flow estimates for the delineated regions:

Figure 9.12: Recommended method and procedure method for the different regions

For developing the frequency curves of the six regions, a computer programme
which could calculate the standardised flow, the non-standardised flow as well
as the parameter of the selected distribution was used. This programme was
compiled by Sine (2004). The established low flow frequency curves are shown
in figure 9.13.

9.6.2 Prediction of Low Flow for Ungauged Catchments

A number of physical characteristics exist for a catchment and a number of nu-
merical measures or indices have also been described in explaining and develop-
ing models that relate low flow to catchment characteristics. There are a number
of measurable physical characteristics of catchments that might have an impor-
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Figure 9.13: Low flow frequency curves of the different regions

tant relationship with low flow. The availability of data representing them is very
important in developing a model that relates index low flow and catchment char-
acteristics, which is given by

Ō = C Aa Ss Rr Ft ,
where
Ō = index low flow (= the mean annual minimum flow)
A = the catchment area in km2

S = the slope expressed in percentage
R = the mean annual rain fall in mm
S = the shape factor (L2/A)
BFI = the base flow index
with c, a, r, s and t as regression parameters.

To make the analysis simpler, the aforementioned equation was transformed into
a linear form using logarithmic transformation:
Log Ō = log C + a log A + S log S + r log R + t log F.

Then, the estimation was performed on the parameters, namely, a, r, s, t and log
c using the multiple linear regression technique. An important consideration in
multiple regression analysis is to check whether the data are adequately described
or not. In this study, the multiple coefficient of determination (R2) was used as a
measure of the ability of the regression model to describe variations in the depen-
dent variable. The closer R2 is to 1, the better the regression model fits the data.
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For all regions the mean annual minimum flows were computed by the regression
equation and compared with the actual annual minimum flows in the form of a
graph for each station of all regions.
With regard to the regression equation, the one which was developed for region
five was poorly correlated for some unknown reason .The others well modelled
the regions with the available data. To obtain a better result for region five, the
input data were collected, processed and predicted correctly. This involved the
collection of additional data and further analysis.

Figure 9.14: Derived regression equation for the prediction of mean annual minimum flow
(MALF) for the different regions of the BNRB

where A=area in km2, BFI =base flow index, F= shape factor, S=slope in %.

9.6.3 Flow Duration Curves

Characteristics of Flow Duration Curves in the Low Flow Regimes

The cumulative frequency distribution of daily mean flows shows the percentage
of time during which specified discharge is equalled or exceeded during the pe-
riod of record. The relationship is normally referred to as the flow duration curve
and although it does not convey any information about the sequencing proper-
ties of flows it is one of the most informative methods of displaying the complete
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range of river discharges from low to flood flows. The curve is most conveniently
derived from daily discharge data by assigning daily flow values to class intervals
and by counting the number of days within each class interval. The proportion
of the total number of days above the lower limit of any class interval is then
calculated and plotted against the lower limit of the interval.

FDCs may also be obtained by applying a D day moving average to the original
hydrograph. This enables the portion of D day periods when the average dis-
charge over D days is greater than a given value to be estimated.
The low flow indices derived from the flow duration curve would be Q 95(1),
Q95 (10) Q70 (1), Q70 (10) etc. This is determined on the basis of countries’
adoptions and the purpose of the indices.
In this study, flow duration curves of 1, 7, 10 and 30 days were derived for 30
stations. As for the flow duration curves starting from the 80th percentile one-day
discharge, Q80 (1) was used to generalise catchments. None of the stations had
a Q80 (1) value equal to zero. Based on the characteristics shown in the right-
tailed end portion of flow duration curves the basin flow duration curves were
categorised into four homogeneous classes. This was done by means of visual
inspection.

Five stations were grouped into group one FDCs. The stations 114007, 114008
and 114009 were located in the Didessa Catchment and the other two stations
(station 115005 and 115007) were situated in the Dabus Catchment. The stations
did not lie in the same regions categorised upon their low flow statistics.
Two stations, namely 115005 and 155007, lay in region six, the stations 114007
and 114008 in region four and station 114009 in region two.

In group two FDCs five stations were available: station 111010 from the Tana
Catchment, the stations 112027, 112028 and 112029 from the Jema Catchment
and station 113028 from the South Gojjam Catchment. Based on the regions
formed on their low flow statistics the stations 111010 and 112027 lay in region
five, station 112029 was located in region six, station 113028 in region three and
station 112028 in region one.

Nine stations were grouped in group three FDCs. The stations 114001, 114012
and 1140013 were from the Didessa Catchment, the stations 113018 and 113036
from the South Gojjam Catchment, the stations 115006 and 115008 were located
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Figure 9.15: Group one FDCs

Figure 9.16: Group two FDCs

in the Dabus Catchment and the other two stations (11018 and 112031) were
situated in the Tana Catchment and the North Gojjam Catchment, respectively.
Similar to group one FDCs and group two FDCs, stations grouped in group three
FDCs lay in different regions categorised upon their low flow statistics. The
stations 111018 and 112031 lay in region one, the stations 114012 and 113018 in
region three, the stations 115008 and 114001 in region four, the stations 114013
and 113036 lay in region five and station 115006 was located in region two.
In group four FDCs eleven stations were available: the stations 112002, 112012
and 112014 from the Muger Catchment, the stations 113012, 113013, 113019
and 113023 from the South Gojjam Catchment, the stations 113001 and 113002
from the Guder Catchment and the other two stations (112017 and 114014) from
the North Gojjam Catchment and the North Diddesa Catchment, respectively.
Based on the regions formed on their low flow statistics, the stations 112002,
112014, 113002, 113023, 113012 and 113019 lay in region six, the stations
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Figure 9.17: Group three FDCs

113013 and 114014 in region five, the other three stations (112012, 112027 and
113001) were situated in region two, three and four, respectively.

Figure 9.18: Group four FDCs

9.6.4 Base Flow Separation and BFI

Base Flow Separation

In order to determine the contribution of overland flow in a watershed to the
streams in the watershed or the contribution of flow of the stored sources, it is
necessary to separate out the base flow from stream gage data. The standard
method (Institute of Hydrology method) is used for separation of base flow from
main hydrograph.

The Institute of Hydrology method starts by partitioning the year into N-day pe-
riods and by determining the minimum flow within each period. These minimum
flows are the potential turning points on the base flow hydrograph. (If the year is
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not evenly divisible by N, any remaining days will be included in the last period
of the year). The default value for N is 5 days. When several days within one
period are tied for the lowest flow, the earliest day will consider the minimum,
except during the last N-day period of each year, when the minimum will be con-
sidered to occur on the latest day.
To determine the turning points on the base flow hydrograph, the collection of
N-day minimum flows is processed using a turning point test.

Institute of Hydrology (Standard Method) turning-point test:

Given three adjacent N-day minimum flows, Q0, Q1, and Q2:
Q1 is a turning point IF: Q1 ∗ f <= Q0 and Q1 ∗ f <= Q2

where f is a turning point test factor that must be greater than zero and should be
less than 1.

If Q1 is zero, it will always be a turning point. If either Q0 or Q2 are equal to zero,
then the test is only performed against the non-zero value. If both Q0 and Q2 are
zero, Q1 cannot be a turning point unless it is zero. Adopting the prescribed
method makes the base flow separation process less tedious and more consistent.
For all 30 stations the base flow hydrograph was separated. Typical separated
base flow hydrographs for station 113012 are presented in figures 9.19 - 9.21.

Figure 9.19: Typical hydrograph and base flow hydrograph
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Figure 9.20: Typical hydrograph

Figure 9.21: Separated base flow hydrograph

Base Flow Index

The base flow index is the total volume of base flow divided by the total volume
of runoff for a period (Wahl, 1995). The base flow component of river flow
is commonly expressed as a proportion of the total river flow, termed the Base
Flow Index (BFI). A catchment with a BFI approaching 1 is highly dominated
by base flow, while a catchment with a BFI approaching zero receives little base
flow contribution.

From the main hydrograph, the base flow hydrograph and base flow index was
calculated. The result obtained (the BFI) was used as one of the input parameters
for the regression analysis. The grouping of stations according to their range of
BFI is shown in figure 9.22.
Those stations categorized into group one FDCs had a BFI of 0.63-0.842 which
means that 63%- 84.2% of the flow contribution stem from delayed storage and
that the flow is mostly dominated by base flow. FDCs grouped into group two
had a BFI of 0-0.4 which means that the flow is mostly dominated by surface
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runoff.

33% of the stations grouped into group four FDCs had a BFI of 0.4 -0.5 and the
remaining 67% had a BFI of 0.54-0.725. Moreover, 45% of those station grouped
in group four FDCs had a BFI of 0.41-0.5, another 45% of the stations had a BFI
of 0.6-0.7 and the other 10% had a BFI of 0.25-0.27.

Figure 9.22: Grouping of stations based on the ranges of their BFI
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9.7 Conclusion and Recommendation

The main objective of the study was to delineate the Abbay River Basin into hy-
drologically homogeneous regions on the basis of their low flow characteristics.
Three approaches were utilised: the low flow frequency analysis, flow duration
curves (FDC) and the base flow index (BFI).
On the basis of a 7-day annual minimum low flow frequency analysis, six ho-
mogeneous regions were delineated. Homogeneity was tested using the Hosking
and Wallis test. Suitable distribution was fitted on the basis of the goodness-of-fit
measure statistic (z) and the minimum standard error of estimate. Accordingly,
the Wakeby distribution provided a good fit to low flows in the regions one, two
and three while the GEV distribution fitted well in the regions four, five and
six. The method of probability weighted moments was considered as the best
parameter estimation procedure in comparison with the method of moments and
maximum likelihood. Regression analysis was also applied to develop regres-
sion models for the prediction of mean annual minimum flow from ungauged
catchments using catchment characteristics. The regression model adequately
expressed all the regions except region two where R2 was less than 0.4.

The L-Moment ratio diagram provided a practical means to group stations into
different regions and also identified the underlying distribution for a given region.
Thus, the L-moment ratio diagram was used to group stations into same regions
and to identify the underlying statistical distribution.
Flow duration curves of different durations were established. The flow dura-
tion curve represents a measure of hydrological response which embraces the
full regime from flood flows to low flows. The flow regime of the Abbay River
Basin was thus described by studying flow duration characteristics and base flow
contribution. Accordingly, four groups of FDCs were established based on their
pattern shown from the 80th percentile and the value greater than it.

According to the results obtained from the three approaches used for low flow
regionalisation the author of this paper recommends that analysis and characteri-
sation of homogeneous regions have to be done independently for each approach.

• Delineation of hydrologically homogeneous regions based on statistical pa-
rameters of gauged sites could be one of the possible alternative methods
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of regionalisation.

• Most of the stations exhibit constant data in the low flow season, so the
rating curve which is used to convert the measured stage in each station with
regard to the low flow season has to be checked in terms of its accuracy and
validity in the course of time. Otherwise, the rating curve constants have to
be readjusted accordingly with the channel transformation.

• Different topographic and climatic parameters like slope, elevation, soil
type, geology and hydrogeology indexes of each region should be deter-
mined so that a better regression model can be developed and the estimates
of the mean annual minimum flow will be accurately estimated.

• Low flow frequency analyses of stations with zero flows have to be studied
independently.
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10.1 Abstract

The study was conducted in the Amibara Irrigation Project area within the Middle
Awash Valley of Ethiopia. The study was intended to assess the environmental
impact of irrigation development and its severity in threatening the sustainability
of the irrigated farm land. Moreover, it was meant to suggest possible interven-
tion mechanisms to be devised in order to mitigate these problems.
The assessment was based a) on the description and analysis of long-time data
at groundwater level and of soil salinity from 120 randomly sampled surface soil
samples and 25 groundwater samples; b) on literature; and c) on an informal sur-
vey based on observations and interviews of 52 people using a checklist for the
ecological data.
The study area was severely affected by soil salinity from secondary salinisation
with high ECe levels that reached 154dS/m at some spots, by a shallow ground-
water level of less than 1m below surface soil, by complete deforestation, and
devastation of the range land. Such situations cause drastic changes in the over-
all environment and natural ecology. The causes of such impacts were the direct
consequence of the irrigated agriculture and related activities.
In order to take measures in accordance with the problems which alleviate further
degradation of the irrigated field and which sustain the production and productiv-
ity of the irrigation development, government intervention through the introduc-
tion of agro-pastoral production systems, double cropping and improved water
management systems were taken into account as possibilities of a solution.

10.2 Introduction

Environmental impacts of water resources development have increasingly be-
come an important aspect of interest since the 1960s. The overall interest in en-
vironmental issues in general culminated in the 1980s (Wooldridge, 1991). But
environmental conservation was still given a lip service in many countries. The
techniques for environmental impact assessment (EIA) were developed only dur-
ing the post-1965 era, and in fact the term "EIA" itself gained widespread use
only during this period. In early times, once man started crop production along
the riverbanks and lakes, irrigation practice became common in many parts of the
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world, including Ethiopia. In the late 1960s, the investment in irrigated farming
systems covered a wide area in the Awash Valley. In the Middle Awash Valley,
the Amibara-Melka Sadi farm was established by the Amibara Irrigation Project
II (AIP II) in 1971, based on the survey report by Halcrow in 1965. The net
area proposed for irrigation was 14,600 ha; 2100ha were under cultivation at that
time, the rest of the area was covered by natural pasture. At first, it was proposed
to extend to the entire potential irrigable area of the locality, which was a failure.
Let alone to expand it could not able to maintain what was already developed.
In the 1990s it faced a substantial decrease in cultivated land size. The major
reasons consisted in the environmental degradation and loss of cultivated land
through salinisation and even disruptive to human habitation though there were
some social factors that may not be ignored like political changes and resource
conflicts.

This irrigation development was established in an area where the life system of
the original dwellers was completely different from the newly introduced one.
The people’s livelihood was completely supported by livestock rearing and the
people had no know-how of irrigated farming. The development pushed and
restricted then to the wet season grazing for all over the years. This situation de-
veloped a negative attitude among the pastorals for the development that extend
from occasional damage on the farm to claim for the return of the cultivated land.
Moreover, devegetation at the time of establishment, mismanagement of irriga-
tion water and mono-cropping have played a major role in reducing the cultivated
land size until today.

Since the irrigation development was established under such social and natural
conditions, it was of paramount importance to assess the impacts it had brought
to the environment so as to devise intervention measures to sustain the existing
development and to learn a lesson for the future. The impact of such a wide de-
velopment programme could not yet been seen with respect to the environment
of the area, which has a great potential both land and water resources for fu-
ture developments, if conditions are improved. In order to assess and indicate
the environmental impacts of the irrigation development in the AIP II area, to
mitigate the problems through suggesting intervention measures and to improve
the positive impacts of the irrigation development, this study was conducted with
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the objective of a) assessing the environmental impact of irrigation development
and the problems with respect to the living conditions of the community, to land
productivity and to the change of the natural system; and b) suggesting possible
intervention methods to avert the problems and to preserve the sustainability of
the farm.

10.3 Methodology

10.3.1 Data Collection

The environmental data like flood hazard, groundwater level and salinity, soil
salinity, and ecological changes were collected by means of direct sampling,
interviews and secondary data from MAADE and the Awash Basin Water Re-
sources Authority. In addition to the survey data, secondary data on surface and
groundwater hydrology as well as primary data on soil chemical properties were
collected. The long-term records on surface water and groundwater were col-
lected from WARC and the Awash Basin Water Resources Agency. The infor-
mation collected focused on environmental changes as a result of the irrigation
development. In this context, when environment was mentioned, it included the
water, soil and vegetation resources in the pre- and post-irrigation development
periods. Since the irrigation development was based on a diversion structure and
a single cropping system (practised in the high flow regime), it did not affect the
low flow characteristics of the river with respect to downstream users and aquatic
life. Moreover, the farm did not use chemicals like fertilisers and herbicides
that might have affected the environment. Since the insecticides and pesticides
(agro-chemicals) used on the farm change over the years due to the occurrence
of different types of diseases, pests and insects, it is difficult to analyse the effect,
so that a long-time study is needed to show the cumulative effect. Hence, such
types of environmental impacts were not included in this study.

10.3.2 Data Analysis

With regard to the assessment of the overall impacts of irrigation development on
the natural environment, soil, vegetation, groundwater and surface water level as
well as flow nature were analysed using descriptive statistics based on pre- and
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post-irrigation development conditions. The natural conditions with and without
the irrigation developments were assessed using literature, long-term data, direct
sampling and laboratory analyses.

The spatial and temporal fluctuation of the groundwater level in the study area
was determined on the basis of a brief analysis of an informal survey on the
subsurface drainage manholes in the irrigated fields.
The contribution of the high groundwater table to the fast secondary salinisation
was also assessed in detail:

1. The groundwater was analysed for its salt content from 25 piezometer well
water samples in gm/lit. The conversion factor, 0.64ECw = gm/lit, was
used (Majumdar, 2002).

2. Using the potential evaporation demand of the area over 7 months of off-
season (no irrigation period) and assuming that it was fulfilled by the cap-
illary rise of the groundwater, the salt precipitate in the soil profile was
calculated in gm/m2.

A brief assessment on the ecology was done on the basis of an interview using a
checklist and a sample, addressing 52 people from the Afar region.

10.4 Results and Discussion

The results and discussion part incorporates the impact of irrigation development
on the environment with regard to flood disasters as well as to degradation of
natural resources like soil salinity, water logging and deforestation.

10.4.1 Flood Hazards

As to the information on the area from the elders addressed during the informal
survey, the flood as such was not harmful during the pre-irrigation development
period. They reasoned out that the river flooded the area from many overtopping
(takeoff) sites that could possibly reduce its power and make it harmless. A report
by FAO (1965) indicated that the Awash River flow rose up to 700m3/sec, which
was almost the double value of the 1999 flood (398m3/sec) which at that time
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resulted in a great disaster all over the area. This implies that the river training
work following the irrigation development contributes to the change of the flow
characteristics of the river, which confirms the suggestion of the people.
Despite the construction of the flood control structure, the river burst its banks
and/or breached the dykes, which resulted in great disasters on properties. In
1999, for instance, 98% of the WARC compound (houses, stores and offices)
were flooded, while 91% were highly damaged. In the MAADE, 90% of the
Melka Sadi and more than 70% of the Melka Werer cotton farms were com-
pletely flooded, which led to a total loss of production in the flooded area (report
on flood disaster by WARC and MAADE, 1999/2000).

The unpredicted (unexpected) occurrences of such high floods rendered the dis-
aster very severe since the victims were not forewarned to take precautions, that
is to say to evacuate their property from the area. Beyond the immediate disas-
ter on properties, it also aggravated the salinisation process through a rapid and
abrupt groundwater rise (less than 2m to 1m depth from surface) due to long-time
stagnation all over the flooded area. Moreover, the psychological impact on the
people who are in fear of floods every year in the summer season (especially in
August) was taken into consideration.

10.4.2 Groundwater Fluctuation

The study area was located on fluvisols flanking the Awash River. It was in
proximity to river way (on the flood plains of the river) and has level (flat land
feature). The soil survey during the study for the irrigation development revealed
that the depths to groundwater level in most of the irrigated farms of the Middle
Awash and local areas were reported to be deeper than 10m (AIP II, 1982; Swales
Haider, 1974; Fekadu et al. 1999). The repeated flooding on the flood plain in
the pre-irrigation development period was balanced by the uptake of the reverian
forest, which were present on the area that possibly keeps the water table to such
deeper depth.

Since the establishment of irrigation development there was a rise of the ground-
water level in the irrigated fields. The survey on manholes on the Melka Sadi
Amibara irrigation farm in 2004 revealed that there was a significant rise of the
groundwater level that might have affected plant growth, which was shallower
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than 1m. The rise was continuous and rapid since the beginning of the irriga-
tion development until the installation of the drainage system in 1992. Though
in the latter periods the drainage system helped to restrict the groundwater level
deeper than 2 m, the salinisation problem was still there. This could be most
possibly due to the long duration off-season in association with the high evapo-
ration demand (1700mm per 7 months of off-season) of the atmosphere. Such a
high evaporation potential of the area could possibly tap the saline groundwater
from a deeper level (2.0m-4.0m) (Garg 2001; FAO, 1984; Todd 1959) that was
below the range of the subsurface drainage system which highly contributed to
secondary salinisation. Hence, the single cropping system of the irrigation devel-
opment facilitated the salinisation process through allowing a net upward flow
of capillary water from the saline groundwater to the evaporation zone during 7
months of idle time.

Temporal water logging was an additional problem of the farm. In adequate land
levelling (earthwork) in the scheme, associated with vertic soil of the area cause
localised water logging following excess irrigation, wild flooding and intense
rainfall. This was also reported by Halcrow (1985) and Haider (1985) who found
out that 72% of the Melka Sedi cotton farms were estimated to suffer from water
logging due to the above-mentioned causes.

10.4.3 Soil and Water Salinity

The laboratory analysis of the ECe for 120 soil samples from the AIP II area
indicated that the ECe values amounted to 49dS/m and seldom to 154 dS/m in
some areas. Based on this sample analysis, 20% of the sampled area had a salin-
ity (ECe) greater than 4 dS/m, while 15% of the sampled area had a soil salinity
higher than 8.0dS/m. According to the yield potential analysis (Ayers and West-
cot, 1985) such salinity levels of the farm can reduce the yield potential of most
crops which grow in the area to a significant level (cotton to 98%, sugarcane to
80%, maize to 40%, banana to 10%).

On the other hand the salinity level analysis of soil water and groundwater sam-
ples revealed that the ECe level decreased the soil profile, which showed capillary
rise as the major source of soil salinity. This upward flow of groundwater (cap-
illary rise) contained a significant amount of salt (2.448g/lit on average). Such
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an upward salt influx deposited 3.515 kg/m2 of salt in the soil profile and on the
surface after evaporation during the 7 months of off-season, assuming that the
evaporation potential of the area was totally fulfilled by means of the capillary
rise. Most possibly such an amount of salt lifted to the soil profile and surface
accounts to the net salt accumulation because there was no downward flow of
water to leach it back to the groundwater during this season.

Figure 10.1: ECe (dS/m) values of soil samples from salt-affected fields of Melka Sedi
and Melka Werer farms (AIP II area, 2004), Source: WARC, 2004

Hence, the major reason for salinisation of the soil in this particular area shifted
to secondary salinisation. It was stated that the soil of the area was categorised
to class A and that its ECe did not exceed 4dS/m except for some spots (Tadele,
1993; Halcrow, 1989; FAO, 1965). Moreover, the irrigation water source (Awash
River water) had no restriction to irrigation as long-time monitoring confirmed
(0.28- 0.98dS/m). So it is possible to state that the irrigated agriculture was the
cause of the soil salinity.
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Figure 10.2: Salt-affected field in the Melka Sadi unit farm (photograph by Moltot Zewdie,
2004)

10.4.4 Ecology

With the help of a brief assessment of the informal survey as well as by means of
interviews and reference literature on ecology, the pre- and post-irrigation devel-
opment period situations were outlined with respect to the ecological change. As
stated by Halcrow (1989), livestock and the pastoralists form a very important
and fundamental part of the environment before the development. They were
reasonably in balance with the environment before the irrigation development.
From this study it became clear that, formerly this area, supporting a far lesser
population of livestock and corresponding human population, would have been
more productive of shrubs, grass and trees than today. Taking substantial areas
of traditional dry season grazing land for irrigation development exacerbated the
ecological degradation, creating more pressure on the remaining land.
There was no alternative grazing option to rest the wet season grazing so as to
give enough regeneration time. This situation resulted in further devastation of
the productivity of the range through overgrazing and continuous depletion of the
seed bank, which can ultimately, brings total degradation of the ecosystem.

The survey revealed that the area was highly productive of consumable dry mat-
ter by virtue of its location on the flood plain of the Awash River. As a result,
it served for over 9 months of the dry season grazing, beyond supporting the
pastoral livestock for such a long dry season, can also gave enough time for the
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wet season grazing land regeneration, which can avoid the devastation of the wet
season grazing.
The major causes for the degradation of the ecosystem consisted in land clear-
ing for irrigation development, in the concentration of the pastoral livestock on
the wet season grazing throughout the year and in the immigrants that engaged
in clearing the remaining surrounding forests for charcoal production. As a re-
sult of such human actions there were tree and grass species whose populations
severely declined (figure 10.3). These plant species were rich fodder sources of
the Afar livestock. Hence, the devastation of these had negative repercussions on
the life system of the pastoralists and highly increased their exposure to frequent
droughts.

Figure 10.3: Highly declined (devastated) vegetation species in the range land and cleared
from the irrigated land, Source: WARC Lowland Forages and Forestry Re-
search Section and Survey 2005

10.5 Conclusion and Recommendation

The irrigation development brought with it a change in the flow characteristics
of the River Awash, namely by means of a flood protection structure that inter-
nally resulted in the flooding of the area as well as in property losses. In order
to mitigate such frequent and sever flooding problems in addition to frequent
monitoring and maintenance of the dyke, a flood early warning system must be
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Figure 10.4: Location map of the Amibara Irrigation Project area in the Middle Awash
Valley of Ethiopia

established in the river basin.
The irrigation development with its poor irrigation water management practices
caused a shallow water table and high soil salinisation problems. The salinisation
and water logging of cultivated land through the groundwater table rise treated
the productivity of the area to the extent possibly led to abandon of a considerable
land size every year. The single cropping system with its long off-season months
was also the underlying reason for facilitating secondary salinisation. Thus, an
improved irrigation system was of urgent need to sustain the irrigated farming in
the area. Furthermore, double cropping needs to be introduced as well as the re-
duction of the directional flow of groundwater (capillary rise) in order to balance
the upward influx of salt through leaching.

The reduction of natural flood plain dry season grazing due to irrigation devel-
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opment resulted in reducing the livestock holdings per household as well as the
productivity. The few unproductive livestock per household which was not sup-
ported by any other activity had a negative impact on the communities’ lives and
more or less forced the people to develop a negative attitude towards the irrigated
farm so that they blamed the latter for the problems caused. Hence, governmen-
tal intervention through the introduction of agro-pastoral production structures
and irrigated pasture programmes is essential in order to assist the subsistence
system of the people and to avoid the negative attitudes of the community so as
to guarantee the sustainability of the irrigated farming and the future expansion
of similar developments in the area.
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