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Abstract

This study addresses the past and potential future land cover and climate changes and their impacts on the
hydrological response of Geba River Basin, Northern Ethiopia. The study analyses the historical climatic
(1961-2003) and land cover changes (1972-2003) that took place and the effect these had on the
hydrology of the basin. It makes use of land cover and climate change scenarios for the future to
determine the potential effects these changes will have on the basin.

Geba River Basin was selected as a case study due to its socio-economical importance in the region.
However, the socio-economic development and food security is limited by the high variable rainfall,
serious water shortage and poor watershed management. The erratic rainfall, both in time and space,
together with high land degradation makes the regional food unsecured only using rain-fed agriculture. In
order to supplement rain-fed agriculture with other technological options, detailed understanding of the
hydrological response of the basin and the impact to changes in land cover and climate on hydrological
responses is crucial. Hence, spatially and temporally detailed assessment of the hydrologic processes is
vital for watershed management to cope with the pressing water problems due to burgeoning population
growth, a growing demand for water, irrigation for food production and possible climate change.

The analysis of the long-term hydrological and meteorological data reveals that the climate in the Geba
River Basin is changing slower than the global average. Though no definite trends can be found in the
annual precipitation records using Mann-Kendell methods, clear decreasing trends can be seen in the
annual number of rainy days during the study period of 1961-2003. Climate change scenarios were
obtained from general circulation models (GCMs) for the years 2030, 2050 and 2080. The
Intergovernmental Panel on Climate Change (IPCC) Special Report on Emission Scenarios (SRES) scenarios
A2 and B2 for rainfall and temperature from GCMs (HADCM3 and CGCM3) model are used. From the
classified Landsat satellite images past changes are analyzed. Using these change detection analysis and
Ethiopian Climate-Resilient Green Economy (CRGE) strategies on agricultural development, three future
lands cover scenarios are developed for the year 2030.

An intensive field campaign has been undertaken in 2010/11 and 2011/12 for a total of six months to
collect relevant data for the model. Based on the collected primary and secondary data, the Soil and Water
Assessment Tool (SWAT2009) model was used to investigate the impact of land cover and climatic change
on stream flow. The model is set up using readily available spatial and temporal data, and calibrated
against measured monthly and daily discharge. It is done by superimposing the climate, soil and land cover
data and evaluated in different time periods and scenarios to investigate the impact it had in hydrological
response.

To familiarize with the watershed, six exemplary test sites in the order of 2-20 km?” area were selected and
detail soil mapping, geomorophological mapping and soil logging were performed. Moreover, more than
112 soil samples and 120 ground truth points were collected for soil texture classification and land cover
classification. Soil texture and hydraulic conductivity were analyzed in the geotechnical laboratory of
Mekelle University. Stream flow data at the outlet of the Geba watershed near Mekelle is utilized to
analyze stream flow variability due to changes in land use and land cover and climate.



The model performances are evaluated through a modeling protocol i. e. sensitivity, calibration, validation
and uncertainty analysis. The model performance is with acceptable range of Nash-Sutcliffe coefficient and
coefficient of determination. It is well bracketing 90% of the observed river discharge and introducing an R®
of 0.6 and Nash-Sutcliffe (NS) of 0.5 for calibration and R? of 0.77 and NS of 0.86 for validation. Surface
runoff, interflow, base flow, ground water recharge and seasonal and annual evapotransipration are the
main outputs of the model. Accordingly, about 61% of the precipitation in the basin is lost through
evapotransipration, 18% becomes surface runoff, and 8% is recharging the deep aquifer.

The scenario analysis results show the implication of reduced water availability and impacts on agricultural
production. Thus, to mitigate possible shortage of stream flow which has been a major problem for the
Mekelle City water supply and irrigation in the watershed, it is needed to implement Ethiopian Green
Economy Climate-Resilience strategies to reverse trends in deforestation and land degradation. In
addition, water harvesting techniques during excess flow could alleviate water shortage that may be
experienced with a changing climate. Eventually, the scenario analyses results guides how to allocate
available water resources among competing users to avoid a substantial negative impact on the
socioeconomic condition of the area.
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1 Introduction

Land cover and climate change associated with increased emissions of greenhouse gases (GHGs) due
to natural and anthropogenic effects are of great concern. Its impacts on hydrological systems threaten
the availability, supply and sustainability of water resources. One of the main aims of this study is to
quantify and identify the scale and impact of land cover and climate change on the watershed
hydrological responses. It is important to understand the hydrology of the watershed particularly the
physical processes occurring and the controlling factors within the watersheds. Studying the
hydrological processes reacting to changes in land cover, climate variability and potential future
climatic changes, give valuable insights how the river flow will respond to these changes. River flow is
known to be an integrated indicator of the entire watershed processes. Besides, the projection of
watershed hydrology based on different climate change scenarios and land cover dynamics are used to
prioritize options for water resources planning and management for future watershed management.

The study was conducted for the Geba basin, Northern Ethiopia, which is highly prone to changes
imposing impact on hydrological processes. Excessive land degradation due to increasing population
density within the watershed have created environmental changes, economical and social effects, all
resulting in degradation of raw water in the basin. Hence, understanding the impact of climatic and
land cover change enhances the water users and mangers to allocate and use the available water
resources in supporting the dominant agriculture based economic and social developments. It is also
used to implement techniques that control water yields, including rainfall, temperature and stream
flows and, finally, to optimize the resources.

The semi-distributed Soil Water Assessment Tool (SWAT) is a hydrologic simulation model coupled
with ArcGIS9.3 (ArcSWAT2009.97 release version 488) and is applied in the study. Using this tool
hydrological response is critically evaluated, calibrated and validated. It provides a watershed scale
model that enables to conduct impact studies. This calibrated and validated model is used for
watershed mangers and decision makers to plan, allocate and optimize the scarce water resources in a
watershed.

1.1 Background

Ethiopia is a country highly affected by desertification and droughts (UNCCD, 1999). The situation is
aggravated by a number of other problems such as over-cropping of marginally productive land, poor
water use and water management, and deforestation. These human and natural factors cause
devastating effects on the socio-economic activities, ecological systems and general development of
the region (Bai et al., 2008, cited in Abraha, 2009).

The environmental instabilities due to natural and anthropogenic effects have potential treats on the
water resource management and development as weather and land cover influences the water
balance (Githui, 2009). Based on current water use efficiencies, global weather phenomena, and poor
watershed management techniques, it can easily be predicted that water demand will rise in the near
future unless water management and development techniques are implemented.



The rapid population growth has caused an increasing pressure on land and water resources in almost
all regions of the world. This increased demand and pressure makes water resources becoming a
scarce natural resource (Yazew, 2005). Furthermore, variability in stream flow produced by complex
interactions of land use, land management, and climate, combined with competing and increased
demand, make management of water resources at watershed scales extremely challenging (Mengistu,
2009; Setegne, 2010). This all forced that managing water resources is a must to fully understand its
importance for the social and economic development in an integrated way.

Globally, an unbalanced water potential occurs. In some parts of the world, there will be more
available water but in other parts less. It results a conflict in water use and demand (Global Water
Partners, 2012). Improved water resources management tools and a thorough understanding of the
interaction of water with land and climate are required to solve the increased water resources
problem. The tools have to involve, amongst others, an integrated description of the land phase of the
hydrological cycle, an integrated description of water quantity, quality and ecology, and an integration
of hydrological, ecological and economical information designed for decision makers at different levels
(Abbot and Refsgaard, 1996).

The potential effects of land cover changes and global climate changes on water resource have been of
great concern in the past few decades (Githui, 2009). However, techniques for the analysis of the
impact of land cover change and climate change on hydrological responses are still very much at an
early stage. The prediction of the effect of future changes has hardly even started (Beven, 2001). At
present, watershed management models are fundamental to water resources assessment,
development, and management (Singh, 1995). They are, for example, used to analyze the quantity and
quality of stream flow, reservoir system operations, groundwater development and protection, surface
water and groundwater conjunctive use, water distribution systems, water use, and a range of water
resources management activities (Singh and Woolhiser, 2002).

The relationship between land and water is of global interest. In many developing countries, changes in
land use are rapidly taking place and the largest change in terms of land area, and perhaps also in
terms of water resource impact, is arising from deforestation activities (Githui, 2009). The dynamic
nature of land use emanating from increasing population and infrastructural development is of
paramount stage in northern Ethiopia and needs primary concern. Expansion and intensification of
agriculture, growth of urban areas, and extraction of timber and other natural resources will likely
accelerate over the coming decades to satisfy demands of increasing population (Mengistu, 2009;
Githui, 2009). Since the 1970s, there has been a growing awareness that natural resources are limited
and that future development must come to terms with this fact (WMO, 2009).

The Ethiopian government’s water resources policy Minstry of Water Resource (MoWR, 2008) is
focused on enhancing and promoting all national efforts towards the efficient, equitable and optimum
utilization of the available water resources of the country for significant socioeconomic development
on a sustainable basis. The policy emphasises on allocation and apportionment of water based on
comprehensive and integrated plans and optimum allocation principles that incorporate efficiency of
use, equity of access, and sustainability of the resource (MoWR, 2008).



1.2 Objectives

Following the country’s water resource policy and water stress in Geba river basin (northern Ethiopia)
due to high population growth and environmental instabilities, there is still need to undertake
comprehensive study. The study needs to examine the mechanisms associated with physical and
dynamical processes influencing the hydrology of the Geba River basin, especially under a changing
land cover and climate. Consequently, the central theme of this research aims

to quantify and identify the degreeof impact of land use, land cover and climate change on the
hydrological processesin the northern Ethiopia Geba Basin. Based on this remedial measures will be
suggested.

The specific objectives are:

e Understanding of the anthropogenic effect on hydrology, water balance and stream flow
variability in the Geba basin and determination of the past changes in the environment.

e Modeling the hydrological processes/dynamics to assess the impacts of environmental change
(land cover and climate).

e Assessment of the past impacts of environmental change on the water balance components:
climate (between 1961 and 2003), and land cover (between 1972 to 1986 and 1986 to 2003).
Integrating this information into the hydrological model will give valuable information on the
sensitivity of the Geba basin to changes in land cover and climate.

e The projection of the watershed hydrology based on different climate change scenarios and
land cover dynamics: This includes generating land cover change scenarios for the years 2011—
2040, 2041-2070 and 2071-2100.






2 State of the Art

2.1 Water resources management

Water resource management is the activity of planning, developing, and managing the optimum use of
water (WSSD, 2002). In an ideal world, water resource management is regarded to all the competing
demands for water and seeks to allocate water on an equitable basis to satisfy all uses and demands.
This is rarely possible in practice. Water resource management controls water resources systems that
are combinations of constructed water control facilities and natural or environmental elements that
work together to achieve water management (Grigg, 2005).

A constructed water resources system, consisting of structural facilities, provides control of water flow
and quality. Examples include conveyance systems, diversion structures, dams and storage facilities,
etc. Whereas, natural water resource systems comprise sets of environmental or hydrologic elements
in nature that include the atmosphere, watersheds, stream channels, wetlands, floodplains, aquifers
and groundwater systems (Grigg, 2005). Water resource management is, therefore, a controlling
system of this phenomenon and understanding the processes within the system.

2.1.1 Water resource management in Ethiopia

Ethiopia is a country with a broad range of geomorphic provinces; a high and rugged mountainous core
cut by deep gorges and incised river valleys, fault bound plateaus and basins, a prominent rift valley
that hosts a number of lakes (Ferriz and Gebeyehu, 2002; Yosuf, 2007). The total surface water is
estimated about 123 billion meter cube and ground water resource about 2.6 billion meter cube
(MoWR, 2008; Table 2-1). According to FAO (2005; cited in Abdurahman, 2010) survey base year 2002,
Ethiopia withdraws 5.5 billion m3/year, which is about 5% of the total surface flow, while the difference
is lost as runoff to the neighboring countries. From the 5% withdrawal, 6% are used by the domestic
sector, 0.34% by the industry and 93.6% are allocated for agriculture, especially to irrigate (Awulachew
et al., 2005).

Ethiopia receives a significant amount of rainfall in the highlands. At a broader scale, the abundant
rainfall feeds the groundwater system and streams that go from small seasonal rivulets to the mighty
Blue Nile. However, most of this water evaporates, runs away as stream flow, or is stored in aquifers
which are difficult to use by simple technologies (NEDECO, 1997a; Ferriz and Gebeyehu, 2002).

The country’s water resource management is mainly focused on the surface water potential for
irrigation and hydropower developments with little attention to the groundwater potential. Most of
the accessible groundwater resources are used for domestic and industrial water supply. Nowadays, to
utilize ground water potential for irrigation, studies are undertaken in different parts of the country
like Ada Bucho in the Oromiya region and Alaydege in the Afar region, Kobo-Girana in the Amhara
region and Raya-Azobo in the Tigray Region (http://www.mowr.gov.et).



In Ethiopia, accessible groundwater is still limited. The Precambrian metamorphic complexes are
notoriously problematic as aquifers. Fractured rock aquifers locally exist, but in their shallow reaches
provide only modest amounts of ground water, often barely sufficient to satisfy the drinking needs of
small settlements (Yosuf, 2007). Deeper aquifers might have higher yields, but exploration and deep
drilling will be expensive and time consuming (Ferriz and Gebeyehu, 2002).

Table 2-1: Surface water resource potential of Ethiopia (modified after MoWR, 2001).

No. | River basin Area (km?) Volume % of the volume of
(10° * m** year?) | water

1 Abbay (Blue Nile) 210,846 54.84 44.1
2 Awash 112,696 4.60 3.7
3 Aysha 2,223 0 0
4 Baro-Akobo 75,912 23.24 18.9
5 Denakil 62,882 0.86 0.7
6 Genale-Dawa 171,042 5.88 4.8
7 Mereb 5,900 0.65 0.6
8 Rift-Valley 52,739 5.63 4.6
9 Ogaden 72,121 0 0
10 Omo-Gile 79,000 16.60 13.5
11 | Tekeze (Atbara) 90,001 8.20 6.7
12 Wabi-shebele 202,697 3.16 2.6

Total 123.66 100

Some of the strategies to develop water resource in Ethiopia are rainfall harvesting by constructing
small reservoirs, use of surface water by diverting rivers and tapping the ground water potential
(MoWR, 2001).The country pursues the development of medium and large-scale irrigation schemes
while the development of small-scale irrigation schemes is continued under regional water, mines and
energy bureaus (MoWR, 2008).

Ethiopia covers a total area of about 1.13 million km?, with estimated arable land resources of
55 million hectares, or approximately 50% of its land mass (MoWR, 2008). The importance of
introducing irrigated agriculture in to the economy is based on the fact that rain-fed agriculture is not
capable to feed the increasing population (Abdurahman, 2009).

2.1.2 Regional water management

Tekeze River is perennial with a minimum flow of 2 m>/s (NEDECO, 1996). The Geba watershed, which
this study focuses on, contributes 17% to the runoff of Tekeze and is one of the major focus areas vital
for sustainable economic and social development of the region. In the head water area of the Tekeze
basin only the major sources are perennial. The minimum dry season discharge of those streams
ranges between 0.5 to 70 1/s (Leul, 1994). The mean annual rainfall of Tekeze basin is spatially and
temporally highly variable.In the northeastern part, directly adjoining the rift valley, mean average
rainfall averages 300—700 mm, wheras in the southwestern part more than 1200 mm average rainfall is
observed. The yearly sum of the rainfall is allover sufficient for crop production. However, the high



variability of rainfall in time and space (20% to 40%) impacts the environmental instability in the area
and consequently affects the socio economic of the peoples (Leul, 1994).

At present a long term policy and strategy for the development and management of the region’s water
resources is developed. The Geba river basin is one of the development corridors to supply water for
Mekelle city and to irrigate agricultural land within the basin. A commonly used strategy to irrigate the
land is by building a low embankment dam, a diversion weir to raise the water level by division
channels to feed the land. In addition to this, the regional government is working on small scale
techniques constructing small hand dug ponds by the local farmers and medium scale irrigation
projects constructed by the regional government to reserve water for supplementary irrigation during
short period erratic of rainfalls and to irrigate more lands in dry periods. The local farmers are advised
to have a hand dug ponds within their farms to store water and irrigate or supply water for domestic
purposes.

The regional ground water management experiences focus mainly on extracting water through wells
for domestic water supply purposes (Ferriz and Gebeyehu, 2002; Gebreyohannes, 2009). Where the
water table is not very deep (<10 m), large-diameter hand-dug wells are used. Very recently, the
ground water sources are used on irrigation farms owned by small scale farmers. The water resource
management practice in the country shows that there is a need of introducing integrated watershed
management approaches to sustain the development.

2.2 Hydrological processes in a watershed

Investigations to understand the hydrological process are all about seeking answers to basic questions
such as (McDonnell, 2003):

i Where does water go when it rains?
ii. What flow path does it take to the stream?
iii. How long does it reside in the catchment?

These questions were articulated by John Hewlett within the context of his variable source area
concept almost forty years ago (McDonnell, 2003). Attempts have been made to answer these and
related questions by theoretical analysis and actual field measurement data. Still these questions are
fundamental for hydrological process studies. Knowledge of the rainfall- runoff mechanisms and its
factors that have directly or indirect effects is crucial to understand the hydrological processes.

The underlying fundamentals of the hydrological processes have been investigated for many decades.
However, research is still ongoing and increasingly focuses on hydrological models used to simulate
environmental changes in watershed responses, investigating impact of internal and external factors
on landscape and hydrological processes. In recent years, an increasing number of studies have
referred to the concept of land cover and climate change impacts to explain watershed hydrological
responses. This process requires improved water resources management tools i.e. watershed
modeling techniques based on sound scientific principles (Abbot and Refsgaard, 1996).



Watershed modeling techniques are useful tools to investigate interactions among the various
components of a watershed as they are basic units of the landscape (Silberstein, 2006;
Refsgaard, 2007). It is a geographical unit in which the hydrological cycle and its components should be
analyzed (Singh, 1995). In watershed studiesthe topographic boundary of a watershed usually
coincides with the hydrologic boundary causing that any precipitation falling on the watershed is
routed to a stream from where it is transported out of the watershed. The stream flow at the outlet of
a watershed is an integrated result of all meteorological and hydrologic processes in the watershed.

In any landscape a number of discrete processes occur to generate runoff from a watershed as an
output which is a function of dominant environmental factors (Freese et al., 2010). Studies over the
preceding decades have focused on how these dominant environmental factors are related to each
other and how the hydrological/landscape connectivity of different landscape within the catchment
generate runoff.

Hill slopes, hill foots (riparian) and streams are connected to generate runoff. How they are connected
to generate runoff is the main issue. Hill slopes can be used to characterize different environmental
sequences such as geology, landform, soils, land use and topography, to determine dominant response
patterns resulting from different hill slope catenas (McGuire et al., 2005; Van Tol et al., 2010). The hill
slope acts as an organizing principle which complements the hydrological cycle and conservation of
mass.

2.3 Runoff generation processes
Surface runoff, is generated mainly in three ways:

e Infiltration overland flow, known as Horton principles (infiltration excess theory)
e Partial area infiltration excess
e Saturation excess which is a variable source area theory (non-Hortonian theory)

Research on the Blue Nile watershed shows that the temporal runoff dynamics are poorly captured by
the infiltration excess theory (Liu et al., 2008; White, 2009; Awulachew et al., 2010). Runoff response
patterns were investigated by plotting the biweekly sums of discharge as a function of effective rainfall
comparatively during the rainy season and dry season. It is pointed out that, with progressing wet
season the runoff coefficient increases (Liu et al., 2008). As rainfall continues to accumulate during a
rainy season, each watershed eventually reaches a threshold point where runoff response can be
predicted by a linear relationship with effective precipitation. This indicates that the proportion of the
rainfall that becomes runoff is constant during the remaining rainy season, documenting that the
saturation excess dominates runoff generation in the basin (Liu et al., 2008; Awulachew et al., 2008).

Similarly, Bryant et al. (2006) address factors that affect hydrologic modeling in different spatial scales
through a combined knowledge of the system structure. It is documented that the volume of rain
required to generate runoff varies as a function of storm size, rainfall intensity and rainfall duration
(Bryant et al., 2006). This indicates that saturation excess dominates runoff generation processes.



On the other hand Tulu (2010), Smith and Goodrich (2005) and Bull and Kirkby (2002) articulate that in
semi-arid regions runoff generation is dominated by Hortonian overland flow. Depending on the
watershed properties and the high variability of runoff generation mechanisms with space, the runoff
generation is dominated by infiltration excess mechanisms. Tulu (2010) conducted research in the lllala
basin, tributary to the Geba basin, and indicates that the dominant runoff mechanism of runoff
generation is infiltration excess.

Smith and Goodrich (2005) point out that the infiltration and saturation excess generating mechanisms
are not mutually exclusive on a watershed, nor even mutually exclusive at a point on a watershed. The
rainfall rate may exceed the infiltration rate for some storms, and for others the rain may come slowly
until the surface soil layer is saturated (Bauer, 1974; Linsely et al.,, 1982; Dingman, 2002;
Walter et al., 2003). Climate and landscape character will determine which mechanism is dominant at
a given location and time (Smith and Goodrich, 2005).

To evaluate the runoff generation mechanism and to understand the hydrological processes, it is
required to study the interactions of climate with hydrology. Hydro-climatic studies focus on the
interactions between precipitation, evapotranspiration, soil moisture storage, ground water recharge,
and stream flow (Tulu, 2010).

Different studies using rainfall-runoff simulations have been conducted to describe the factors,
influencing the rate of overland flow generation (Renard and Keppel, 1967; Finlayson and McMahon
1988; Pilgram et al., 1988; Nyssen et al., 2005; Abraha, 2009; Tulu, 2010) and impacts of climate
change on these processes (Mengistu, 2009; Setgne, 2009). Still it is needed to study the response of
the hydrologic cycle to climate change on different timescales and their linkage to large-scale features
of the general atmospheric circulation.

In arid and semi-arid regions, water resources are limited, and under severe and increasing pressure
due to expanding populations, increasing per capita water use and irrigation (Wheater et al., 2008).
Acute water scarcity due to less rainfall, seasonal inter-annual irregularities and high
evapotranspiration leads to poor productivity of agricultural land. Changes in regional hydro-
climatology highly affect these regions due to their high rainfall variability (Wheater et al., 2008).

2.4 Land cover and climate change

24.1 Land use and land cover change

For different parts of Ethiopia, land cover changes were studied from small scale to large scale, e.g.
Abate, 1994 (west Ethiopia); Zeleke and Hurni, 2001 (north-western Ethiopia); Hadgu, 2008; Bewket
and Sterk, 2005; Bewket, 2003; Belay, 2002 (north Ethiopia); Kassa, 2003 (north-eastern Ethiopia);
Mekuria, 2005 (south-western Ethiopia) and Mengistu, 2009 (southern Ethiopia). All these studies
show that agricultural land has expanded at the expense of natural vegetation, including forests,
grazing land and shrub lands. In many parts of the highlands of Ethiopia, agriculture has gradually
expanded from gently sloping land into the steeper slopes of the neighboring mountains
(Mengistu, 2009). On the other hand Bewket and Sterk (2005) point to an increase of woodland area in
recent years due to afforestation efforts in the Blue Nile basin.



Impacts of land use and cover changes on surface hydrology, surface energy balance and surface
roughness are not straightforward but rather complex to warrant any generalization as it is dependent
on the scale of the watershed, seasons, climate, and soil conditions (Lambin et al., 2003). The
knowledge about the impact of land use and land cover changes on weather and climate is still limited,
especially on the scales that are most relevant for local actors, such as farmers. Subsequently, many
insights into consequences of land use and land cover change on hydrology and surface energy
balances have been elucidated at small spatial, observable scales (Kiersch, 2001; DeFries and
Eshleman, 2004; Lambin et al., 2006).

The impact of population growth on the environment is not one directional (Bewket, 2003). Basically,
the complex relationship between human development and the environment is what causes land
degradation, in which the use and management of the natural resources is a central issue. In view of
the above mentioned research problems, this research seeks to investigate the problem of scale and
temporal variability of land cover changes in the Geba river basin.

2.4.2 Future climate change

Climate has been changing ever since. Changes refer to the variability of the long term trends in the
state of the climate or average changes in temperature and rainfall that persist for extended period
(Intergovernmental Panel for Climate Change, IPCC, 2007). However, the United Nations Framework
Convention on Climate Change (UNFCCC, 2006) defines climate change as “a change of climate which is
attributed directly or indirectly to human activity that alters the composition of the global atmosphere
and which is in addition to natural climate variability observed over comparable time periods”. The
factors that determine the climate at a location are rainfall, sunshine, wind, humidity and temperature.
Climate change may result from extra-terrestrial influences such as changes in the Earth's orbit, Earth’s
tilt, or might result from human impact such as burning fossil fuels, greenhouse effect, deforestation,
urbanization, desertification, volcanic eruption, flood, forest fire, storms, etc. In consequence, the
observed changes in climate could be both natural and human induced. The natural one could be due
to the flow of energy into and out of the earth-atmosphere system that affects the energy budgeted
within the earth-ocean atmosphere system (Boukhris, 2008).

Recent analysis from the inter-governmental panel for climate change indicates that the earth as a
whole has warmed by about 0.6°C £ 0.2°C over the past century with locally and seasonally varying
amounts (IPCC, 2007). The non-uniformity warming system alters the temperature gradients and
changes the regional pattern of winds and precipitation distribution. The changes in pattern and
intensity of precipitation, melting of ice, increasing atmospheric water vapor and others has a
significant natural variability on inter annual to decadal that masking the long term trend
(Bates et al., 2008).

Among the different assessments that are carried out by the IPCC, the one published in 2008 states the
projected global surface warming by 2100 using the Special Report for Emission Scenarios (SRES)
scenarios as input. Estimated global temperature to increases for 2090-2099 (relative to 1980-1999)
ranges from 1.8°C (best estimate, likely range 1.1°C to 2.9°C) for scenario B1, to 4.0°C (best estimate,
likely range 2.4°C to 6.4°C) for scenario A1FI.
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There is also an increased concern on climate change that alters the hydrologic cycles and changes in
water availability and the hydrological responses of the watershed. Increased evaporation, combined
with changes in precipitation characteristics, has the potential to affect runoff, frequency and intensity
of floods and droughts, soil moisture, and water supply. Moreover, runoff production is influenced by
several factors such as the condition of the soil surface and its vegetative cover (Laurence, 1998; Zhang
et al.,, 2001; Brown et al., 2005), the soil texture and the antecedent soil moisture content, land use
practice and spatial patterns of interactions (Richey et al., 1989; Schulze, 2000; Huang and
Zhang, 2004; Setegn, 2010).

Since hydrologic conditions vary regionally and locally, the influence of climate change on local
hydrological processes will likely differ between localities, even under the same climate scenarios.
Important regional water resource vulnerabilities to changes in both temperature and precipitation
patterns are documented (Lahmer et al., 2001). It is primarily at the regional and local scales that policy
and technical measures could be taken to avoid or reduce the negative effects of climate change on
the natural environment and the society.

2.3.2.1 Climate Models

Warming of climate system and change in its state variables are highly related to the atmosphere-land-
ocean system. The climate modeling science integrates these complex systems with the Global
Circulation Models (GCMs) to simulate future climate changes and forecast it for to decades and
centuries. Climate change scenarios developed from General Circulation Models (GCMs) are the initial
source of information for estimating plausible future climate changes. Most GCMs have a horizontal
resolution of between 250 and 600 km, and 10 to 20 vertical layers (Bates et al., 2008). The spatial
resolution of GCMs is too coarse to resolve regional scale effects. Therefore downscaling is required.

Downscaling of future climate from coarse resolution GCMs to regional scale to assess future impacts
on environment, society and economy requires a baseline data corresponding to present day observed
climate data. The world meteorological organization (WMO, 2009) recommends a 30 year normal
period as a baseline just to cope weather varablity and superseded by a new 30 year period 1971/2000
as a new normal period for downscaling (Bates et al., 2008). Correspondingly, a 30 year normal period
is required to compare the downscaled climate data with the observed ones (WMO, 1990). This will
help to build confidence in future downscaling. Above, the data are used for calibration and testing
GCMs.

2.5 Hydrologic modeling

The detailed processes that link the rainfall over the catchment with the stream flow may be studied
by applying physical laws. However, the complexity of the boundary conditions (i.e. the physical
description of the catchment and the initial conditions and distribution of the variables) makes a
solution based on the direct application of the laws of physics impracticable (Fekadu, 1999). Moreover,
direct application of these laws requires subdividing the catchment into homogenous and isotropic
regions. The subdivision depends on catchment characteristics (soil type, land use, slope, vegetation
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cover, etc.) which may also vary in space and time. For these reasons, instead of exact representation
of the processes effort is directed to the construction of a hydrological model (Fekadu, 1999).

Hydrological modeling involves the application of mathematical expressions that define quantitative
relationships between inputs (e.g. flow-forming factors) and outputs (e.g. flow characteristics). It is
related to the spatial processes of the hydrologic cycle and is often used to estimate basin water
resources as well as for impact assessment (Githui, 2009).

Many hydrologic models have been developed in the past and more will be developed. Nowadays,
different models are used to determine the performance of watersheds under inevitable land use
changes, climate change, and effects of increased climate variability on hydrological process with
minor modification and direct application (Bormann and Diekkriger, 2003; Giertz and
Diekkriliger, 2003; Legesse et al., 2003; Githui, 2009; Mengistu, 2009). This is done by establishing
baseline data of climate, land cover and stream flow, and then used to compare the effect on stream
flow due to changes in precipitation, temperature, land cover and other climate variables.

25.1 Hydrological model classification

Hydrological models can reduce highly complex processes in the watershed to simple outputs. Since
these hydrological models are developed for mulit-purposes, they require a large quantity of data. This
fact forces to classify the hydrology models based on the data requirement and the purpose of the
model. Singh (1995) classified hydrologic models based on the process description, the time and space
scale, needed technique to get solution and model use.

In general, models are classified as (Refsgaard, 1996):

e  Physically based models
e Black-box or Data driven models
e System models or cybernetics

Based on the hydrological process description, hydrological models can be either lumped (conceptual)
or spatially distributed. In a conceptual model the internal descriptions of the various sub processes
are modeled attempting to represent. It is partitioned into components that are routed through the
sub processes either to the catchments outlet as stream flow or to the surface and deep storages or to
the atmosphere as evapotranspiration (Price, 2001). Conceptual approaches were recognized to be
able to improve the description of the hydrological response of a basin (Refsgaard, 1996). The lumped
models are especially well suited for the simulation of the rainfall-runoff process when hydrological
time series exist that are sufficiently long for a model calibration (Refsgaard, 1996).

Contrary to lumped models, a distributed physical-based model does not consider the water flows in
an area to take place between a few storage units. Instead, the flows of water and energy are directly
calculated from the governing continuum equation and partial differential equations. Today, several
general-purpose catchment models of this type exist, including the soil and water assessment tool
(SWAT) which combines the lumped and distributed model called semi-distributed model (Arnold and
Allan, 1996).
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Data driven models require extract information from data and define the relation-ship between system
state variables (input, internal, and output variables) with out understanding the physical situations
(Jembere, 2004).

Hydrological models are also classified as event based or continuous models. The hydrological cycle in
nature is a sequence of dry and wet periods. In semi-arid areas the rainfall is dominated by convective
rainfall and results in flash floods (Tulu, 2010). To forecast runoff or model the flood, event based
models are appropriate since they are simulating individual peaks. On the other hand to study impacts
and to quantify average water balance in the watershed, an extended simulation is needed to get long
period average output of the drainage basin. Usually for long average runoff conditions modeling the
continuous model is an appropriate option. One such model is the soil and water assessment tool
(SWAT) which allows studying the impact of land management and climate on the hydrological
responses in an extended period (Arnold and Allen, 1996).

2.5.2 The Soil and Water Assessment Tool (SWAT)

The Soil and Water Assessment Tool (SWAT) was developed at United States Department of
Agriculture — Agricultural Research Service in a modeling experience that span roughly 30 years (Arnold
et al., 1998). The model is a semi-distributed, physically based simulation model and can predict the
impact of land use change on hydrological regimes in watersheds with varying topography, climate and
soils, land use and management over long periods and serves primarily as a strategic planning tool. The
model development was an outgrowth of SWRRB (Simulators for water resources in rural basin) model
with coupling with United State Agricultural Development research services ARS (Agricultural Research
service) (Arnold and Williams, 1987).

A SWAT2009 interface compatible with ArcGIS version 9.3 (ArcSWAT 93. ver 488) has recently been
developed. It uses a geo-database approach and a programming structure consistent with a
component object model protocol. In SWAT2009 modeling subdivision into sub-basins is made by
considering the impact of spatial variation of topography, land use, soil and other watershed
characteristics on hydrology (Olivera et al. 2006). There are two-level scales of subdivisions: (1) a sub
division based on the drainage area of the tributaries, and (2) based on the threshold level of land use
and land cover. Soil and slope are assigned by the user on each sub-watershed, further divided into a
number of Hydrologic Response Units (HRUs) (Wu and Xu, 2005). The model uses continuous daily
time steps and focuses on land and water interaction in predicting runoff simulation over for long time
span.

The SWAT2009 model was built with an attempt to simulate the stream flow processes and the effects
of land management on water quality and quantity. The model uses readily available inputs as it is
coupled with an ArcGIS environment. This enables the users to study long-term impacts of land cover
and climate, land management and nutrient supply on the water resource potential.The major
components simulated by SWAT are: hydrology, weather, sedimentation, soil temperature, crop
growth, nutrients, pesticides, and agricultural management (Neitsch et al., 2005). Evapotransipration,
surface runoff, infiltration, percolation, shallow aquifer and deep aquifer flow, and channel routing are
simulated by the hydrologic componenet of the SWAT model (Arnold and Allan, 1996). The
hydrological component divides the simulation into four processes: surface flow, subsurface flow, and
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interflow, shallow aquifer and deep aquifer, and open channels. Total stream flow is determined by
summing the surfaceflow into lateral flow and base flow which are returned to the stream from the
shallow aquifer.The deep recharge to the aquifer is considered as a loss from the hydrologic
components (Arnold and Allan, 1996).

2.4.3 Application of selected model in watershed study

SWAT hydrological model has been used to predict stream flow; output data performed well to
measured data for a variety of watersheds (Saleh et al., 2000; Santhi et al., 2001; Van Liew and
Garbrecht, 2003; Govender and Everson, 2005). Intention of the application was to predict various
impacts of land management on water quantity (Srinivasan and Arnold 1994; Muttiah and Wurbs,
2002), and to evaluate the impacts of conservation practices on the environment at both, large and
small scale basins (Mausbach and Dedrick, 2004), to estimate base flow and groundwater flow (Arnold
et al., 2000; Kalin and Hantush, 2006), to predict potential climate change impacts on water resource
(Rosenberg et al., 2003; Gosain et al., 2006) and to evaluate effects of land use changes on the annual
water balance and temporal runoff dynamics (Fohrer et al., 2005)

Table 2-2: SWAT model applications in Nilotic countries and Ethiopia.

Purpose Country Basin References
Land and water Tanzania Simiyu Mulungu and Munishi, 2007
management
Sediment yield Tanzania Simiyu and Ndagalu Ndomba and Birhanu, 2005
Water resource Tanzania Weruweru Birhanu et al., 2006
assessment
krish [, 2005;

Land use and climate Kenya Nyando and Sondu JZ?SS rishan et al., 2005; Sang,
Environmental change in Kenya Nozoia, Lake Victoria Githui (2009)
Hydrology
River flow simulation Ethiopia Blue Nile White, 2009; Stegne, 2008

Birhanu et al., 2006; Tekleab,
Impact assessment Ethiopia Blue Nile 2011; Stegne et al., 20093;

Setegn, 2010

Watershed responses,

land use and land cover Ethiopia Lake Abaya-Chamo,

Mengistu and Férch, 2007

. Hare
and climate
Climate Change and Ethiopia Lake Ziway Zeray et al., 2007
water
Hydr'ology and Soil Ethiopia Upper Awash Chekol, 2006
Erosion
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Most recently, the SWAT hydrological model has been applied to large and small river basins in the Nile
basin countries (Table 2-2). Application of the SWAT model on Ethiopian watersheds of small and
medium level shows good performance on a monthly data base for most of the studies (Table 2-2). The
new water balance SWAT (SWAT-WB) and the original curve number (CN) based SWAT (SWAT-CN),
were tested for headwaters of the Ethiopian Blue Nile basin. The objective of the model testing was to
check the SWAT model performanceunder dry-subhumid tropical climate (White, 2009).
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3 Methodology

3.1 Approach and Methods

3.11 Conceptual Frame Work

The conceptual framework showing the components and relationships that have been used as a

framework for the analysis in this research is indicated in Figure 3-1.
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Figure 3-1: General approach for modeling in the Geba basin.
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3.1.2 Methods

The workflow in Figure 3-2 is applied in the modeling processes. Subtitles of the chapter brief the
mapping, sampling and processing of the input data and archiving results.
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Figure 3-2: General conceptual methodology used for modelling in the Geba basin.

3.2 Mapping and sampling

Field campaigns mainly on sampling and mapping were conducted between April and September 2011
and from March to April 2012. Field work included geomorophological and land cover mapping of
selected test sites. Besides, the field work includes GPS-based observations of soils profile, geological
sections, geomorophological processes and units. Additionally, soil samples were taken for further
laboratory analysis.
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3.2.1 Sampling

During the field surveys a total of 112 disturbed and undisturbed soil samples were collected from the
top soil layer. The disturbed samples were taken by digging the topsoil after removing the roots of
different vegetation on the first 5 cm soils layers. The undisturbed soil samples were taken on different
soil types classified by FAO (1998) using a standard 10 cm long by 8.3 cm diameter cylindrical metal
core. Then sampling core was inserted into a ring holder, and inverted onto the soil. Until the top of
the soil core was about 0.5 cm below the soil surface, the handle of the holder was tapped gently with
a mallet. After inserting the handle to the specified depth from surface, the soil around the holder was
dug, the soil sample core brought out and excess soil cut off with a soil knife (ASTM, 1998).

3.2.2 Mapping and selection of test sites

The FAO soil map data at a scale 1:1,000,000 (FAO, 1998) and the Ethiopian soil classification map at a
scale of 1:1,000,000 provide small scale information on the spatial distribution of soil types. A soil
texture map was derived from the soil samples collected during the field surveys after texture analysis
(cf. 3.3.1). The map provides the soil textural physical properties needed for modeling, as well as for
verifying FAO soil map data.

Large scale geomorophological mapping was conducted for test sites on the basis of visually analized
ETM images, terrain data and a geological map (Gebreyohannes et al., 2010). Differentiation of the
study site into geomorphologic units considers a combination of geological characters and character of
overall relief (Schiitt and Thiemann, 2001). The characteristic of the individual formations strongly
affect the types of landforms and soils developed on them (Hunting Technical Service, 1976).

o  Criteria for identification of these test sites were:

e Size: small watershed (2-10 km?)

e Representative landscape characteristics of the study site and region
e Different landscape and land use within the test site

o Accessibility

During mapping the landform designation (Table 3-1; after Schiitt and Thiemann, 2001) and slope
description (Table 3-2; after Schitt and Thiemann, 2001) were used. Slope is the most important
criteria in view of its effects on geomorphological-pedeological mapping and the landform refers to the
shape of the land surface in the area in which the soil observation is made (Hunting Technical
Service, 1976).
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Figure 3-3: Soil sample collected in the Geba basin (Data base: Jarvis et al., 2008 for boundary

delination).

Table 3-1: Landform designation (modified after Schiitt and Thiemann, 2001).

Description

Mountain

Plateau

Plain Hill Escarpment | Valley

Symbol

MO

PT

PL HI ES VA

Table 3-2: Slope description (modified after Schiitt and Thiemann, 2001).

Symbol | Slope (%) Slope (°) Description Remarks

F 0-0.9 0-0.5 | Flat

A 0.9-3.5 0.5-2 | Almost flat

G 3.5-8.8 2-5 | Gently undulating

U 8.8-17.6 5-10 | Undulating

R 17.6-26.8 10-15 | Rolling

H 26.8-57.7 15-30 | Hilly

S >57.7 >30 | Steeply dissected Moderate range of elevation
M >57.7 >30 | Mountainous Greater range of elevation
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The land use and land cover mapping and subsequent change detection analysis were done by
classifying Landsat images from 1972, 1986 and 2000. Data were and processed using Erdas Imagine
9.2 and ArcGIS9.3 software. In addition, the Ethiopian Ministry of Agriculture, Woody Mass Project
from 2003 provides a land cover map in the scale 1:50,000. This map is used for verification of satellite
image based land cover classfication. Based on this map, also field verification for different land cover
and land use classes was done. Several field visit and visualization of the specific land cover were made
to collect ground truth points for classification and to visualize human impact on land cover changes.
More than 120 ground truth points were taken during the two field campaigns.

3.3 Laboratory works

The analysis of the physical soil characteristics is performed based on the procedure of the
Geotechnical Laboratory Manual prepared at Mekelle University Department of Civil Engineering. The
manual is adapted to the ASTM (originally known as the American Society for Testing and Materials)
and the AASHTO (American Association of State Highway and Transportation Officials) standard. The
following are the tests modified for the geotechnical laboratory of Mekelle University:

e ASTM D422 / AASHTO T88/ FM1-T88: Particle Size Analysis of Soil
e ASTM D422 / AASHTO T88: Hydrometer Analysis of Soil

e ASTM D1140/ AASHTO T11/ FM1-T88: -200 Sieve Analysis of Soil
e ASTM advanced test FM5-513: Falling Head Permeability test

331 Grain size analysis

Grain size analysis of the soils is performed based on the Geotechnical Laboratory Manual (2000) with
the objective of grouping particles into separate ranges of sizes to determine the relative proportion by
weight of each size range. The method employs sieving and sedimentation of a soil/water/dispersant
suspension to separate the particles. The Hydrometer analysis was used to obtain information on the
distribution of soil particle sizes < 0.075 mm. The data are presented on a semi-log plot of percent finer
vs. particle diameters and are combined with the data from a sieve analysis. The principal value of the
hydrometer analysis shows the clay fraction. This test is applied when more than 20% of the sample
pass through the No. 200 sieve (@ <0.075mm) and 90% or more passes the No. 4 sieve (@ <4.75 mm).
Using Stokes’s law, relations were created between the falling velocity with particle diameter and
specficg gravity (Annex-5).

33.2 Hydraulic conductivity analysis

Hydraulic conductivity measurements (ks) were made in the laboratory using both, the constant and
falling head permeameter methods. The soil sample collected from the field was soaked in water until
the soil pores were completely filled with water. The fully saturated soil sample was fitted with a 20 cm
height cylinder that acts as a water head to create flow within the sample. The bottom part of the
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cylinder was filled with gravels of @ < 2 cm acting as discharge of water from sample core. In addition,
to grant that only water will flow within the core, on the top of the core a fast filtration paper is placed.
Then water is gently added into the core maintaining the cylinder height, that acts as the level of water
over the saturated core.The decrease in height of water within time is the velocity of the water;
together with the crossectional area of the cylinder and the height of the cylinder, hydraulic
conductivity is calculated (ASTM, 1998).

333 Chemical soil analysis

Soil pH and cation exchange capacity (CEC) were determined following the standard procedures as
provided by FAO (1970). After preparation of water extracts of the soil samples, the ethylene diamine
tetra acetate (EDTA) method was applied to determine calcium (Ca,") and magnesium (Mg,") contents.
Sodium (Na®) and potassium (K') were detected by flame protometer at 589 nm and 766 nm
wavelengths. After calculating the miliequivalent per 100 g (meq/100 g) for each cation, they were
summed up to receive cation exchange capacity (CEC).

In tropical soils, the cation exchange capacity (CEC) of a soil is determined by the clay percentage and
the amount of organic carbon (OC) so that:

CECsoi1 = CECglay + CECoc Equation 3-1

Where CEC,,; is the CEC of a soil in cmolc/kg or meq/100g, CEC,., is the portion of CEC soil
added by clay and CECqcis the portion of CEC soil added by OC.

Soil pH measures have been identified as the principal indicator of the chemical characteristic of a
particular soil (Sander, 2012). Soil pH was determined from prepared soil suspension with a ratio of
one part air dried soil to five part aqua dest using a direct reading pH meter.

3.4 Computer laboratory work

34.1 Relief analysis and watershed characterization and delineation

Relief analysis was carried out utilizing the ArcGIS9.3 Spatial analysis tool. The Shuttle Radar
Topography Mission (SRTM) data were used as a raw data for the digital elevation model, being
processed with the ArcGIS9.3 as follows: Raw data were projected into the UTM coordinate system
zone 37 N. Sinks of the Grid-DEM were filled using ArcGIS9.3 spatial analysis tool. The resulting DEM
with the cell size of 90 m x 90 m is the basis for the further analysis of flow direction, flow
accumulation, slope and aspect, topographic wetness index, relief, hillshade as well as plan curvature,
profile curvature and complex curvature.

Topographical maps 1:50,000 from Ethiopian mapping agency were geo-referenced in Erdas Imagine
9.2 and saved as GeoTIFF. These GeoTIFF files were taken as the basis for all digitized information as
well as for the geo-referencing (image to image) of individual images, thematic maps or ground data.
Additionally they served for the verification of the digital elevation model. For the test sites, elevation
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data were generated from the topographical maps digitizing contour lines and transforming them into
a raster format with a resolution of 30 m x 30 m cell size. The DEM was used to delineate the
topographic characterization of the watersheds and to determine the hydrological parameters of the
watershed such as slope, flow accumulation and direction, and stream network.

3.4.2 Data acquisition and preparation

Spatial data were provided by different sources, including analogous maps, digital maps, air
photographs and satellite images. Data acquisition and processing included the following steps
(modified after Mengistu, 2009):

1. Collecting of land use land cover maps from the Ministry of Agriculture (WBISPP, 2004),
collecting panchromatic aerial photos from 1986 and 1994 (scale of 1:50,000) and topographic
maps with a scale of 1:50,000 from the Ethiopian Mapping Agency (EMA).

2. Downloading Landsat images from the Global Land Cover Facility (GLCF) website
(www.landcover.org) for the years 1972, 1986 and 2000 (Table 3-3). These Landsat images
were georeferenced and radiometrically corrected.

3. ldentification of ground control points before analysis and interpretation of the aerial photo
and satellite images. At each ground control points location, GPS measurements were taken.

4. Geo-referencing of the aerial photos and satellite images using the topographic maps
1:50,000. On this basis the image were remapped and projected to UTM coordinates system.

5. Using aerial photo interpretation and supervised image classification techniques, land use and
land cover maps of 1972, 1986 and 2000 were produced and organized for further processing
(cf. 3.5.1.3). The satellite images based land use maps were compared with the 2003 land
cover map of Ethiopia from the Woody Bio Mass project (WBISPP, 2004).

Table 3-3 Satellite images used for land use and land cover classification (Data were downloaded from
www.landcover.org).

Pixel Resolution
Sensor Band Date (m) Path/Row
m
Multi-Spectral 1-3and4 | Feburary 1972 60 181/51
Scanner
TM multi-spectral 1-5and 7 30 168/50 and 168/51
TM thermal 6 January 1586 120 169/50 and 169/51
ETM" multi-spectral 1-5and 7 30 168/50 and 168/51
ETM" thermal 6.1and 6.2 | January 2000 60 169/50 and 169/51
+ 168/50 and 168/51

E 1

TM' thermal 8 > 169/50 and 169/51
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3.5 Data pre-processing
351 Pre-processing of mapping data

3.5.1.1 Geomorphological mapping

A geomorphological base map was prepared for each test site describing the site by landscape units.
Transect were designed on the map running from divide to divide. Along the transects sample location
were identified referring to the slopes. These maps were georeferenced and processed in ArcGIS9.3 for
further analysis.

The landscape units were determined mainly by the differences in geomorphology. These units were
subsequently sub divided in to landform units, mainly on the basis of geology and landform
characteristics. At the lowest level of classification the landform units were divided into relief units
according to topography, steepness of slope and inferred soil characteristics (Hunting Technical
Service, 1976). Topographical cross sections were made across the drainage basin applying the
ArcGIS9.3 surface analysis tool.

3.5.1.2 Image pre-processing

For land use and land cover classification Landsat image available for 1972, 1986 and 2000 (Table 3-3)
included several images for each year to cover the Geba basin. To reduce data amounts for computer
processing time images were joined for each band and cropped to smaller size fitting the minimum and
maximum Easting and Northing dimensions of the Geba basin. The Land use and land cover
classification was based on identifying and delineating training sites using geocoded ground
observation points and visual interpreting Google Earth images.

3.5.1.3 Image classification

Image classification was first done by an unsupervised classification using ERDAS Imagine 9.2 by
defining signature files and fixing the number of classes. Resulting output layer provides the
delineation of land cover classes recoding to the raster of the satellite images. Main classes were
grouped to merge classes with a similar value like the center class (following Leica Geosystems
Geospatial Imaging manual, 2009). In total six land cover classes were identified, verified by field
servey.

After field verification of the unsupervised land cover classification, pixels in a data set were clustered
into classes corresponding to the areas of interest (AOIs), training classes which were selected as
representative areas. Using parallelepiped supervised classification techniques different classes were
identified (following Leica Geosystems Geospatial Imaging manual, 2009).
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3.5.14 Evaluation of the land cover classification results

Accuracy assessment is used to evaluate the land cover classification results. It is usually done by
comparing the classification product with some reference collected on field. Sources of reference data
is the ground truth collected from the field, aerial photo interpretation campaign, land use map from
woody mass project and hunting maps. The process was repeated until to get a realistic image
classification is achieved. Finally it was determined by use of the Confusion Matrix. This matrix shows
the accuracy of a classification result by comparing a classified result with ground truth information
(Richards, 1995).

3.5.1.5 Post Classification and change detection and quantification

The post-classification comparison method, which is commonly applied for land cover change
detection studies, was found to be the most suitable method to detect land use and land cover
changes (Larsson, 2002; Liu and Zhou, 2004). To apply this technique independently land cover
classified images were compared.

3.5.2 Pre-processing meteorological data

Meteorological data were collected from the Ethiopian Meteorological Services agency (Table 3-4).
Meteorological stations considered are located within and adjacent to the Geba watershed. Hard
copies of these daily meteorological data were edited in digital form. Most of the raw data are not
complete; missing data were completed applying SWAT weather generator using the monthly weather
generator parameters.
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Table 3-4: Meteorological stations in Geba watershed (Data base: Ethiopian National Meteorological
Service Agency).

. Location Altitude Annual Period with
Station ; - ..
Easting Northing (ma.s.l) mean missing values

Adigrat 548379 1578542 2506 590 | 1970-todate
Agula 569390 1514714 2016 441 | 1975-todate
Atsebi 580252 1534423 2729 633 | 1996-todate
Edagahamus 560828 1568223 2720 633 | 1973-todate
Hagereselam 518972 1508550 2608 732 | 1973-todate
Hawzen 546779 1544804 2255 535 | 1971-todate
Mekelle-airport 557678 1489249 2267 596 | 1962-todate
Mekelle-lllala 550694 1495184 2005 605 | 1962-todate
Senkata 562000 1554000 2467 816 | 1973-todate
Wukro 564675 1524313 1995 616 | 1963-todate

Data quality check was primarily made by time series plotting to identify outliers. Double mass analysis
is made to check consistency of the weather station data. After checking the consistency and outliers,
data were prepared for the weather statistics applying the weather statistics software WGNMAKER to
fill missed data (http://swat.tamu.edu/software/links-to-related-software). The resulting data set is
required to generate representative daily climate data on sub basins level. Detail formula and
description is appended in Annex-1.

3,53 Pre-processing hydrological data

Hydrological data were collected from the Ministry of Water Resource (MoWR) (Table 3-5). For the
gauging station data provided by high stage data are handeled with care as the existing rating curves
might be developed without including high-flows. Consequently, due to the flashy nature of the runoff
an additional uncertainty is introduced to cover the possibility of missing high-flows.

Table 3-5: Hydrological stations in the Geba basin (Data base: Minstry of Water Resource).

Location Operated by Measurement
Station . . Staff Autom. Bank . .
Easting Northing water level operated Period Resolution
Name gage
recorder cable way
Daily, with
Geba missed
Nr.Mekelle 540961 1508987 yes yes no igg;jggg data
121004H2 Daily, good
quality
Suluh Daily, with
552902 1549135 yes yes yes 1973-2003 missed
121007
data
Daily, with
Genfel .
563045 1521168 yes yes yes 1982-2003 missed
121010
data
Acula Daily, with
& 562718 1513261 yes no yes 1993-2003 missed
121013 data
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The key station used for modeling purpose was Geba Nr. Mekelle station (121004 H2) which was
installed in 1967. In 1991 the gauging station was slightly shifted downstream.The present day gauging
station is located at the bridge along the road from Mekelle to Hagere-seleam. Water level data are
available from June 1967 to 1979 and from 1991 to 2003.

Flow measurements at the Geba site from 1991-1993 were accounted by Tekeze master plan project.
The results were compared with the data provided by the Ministry of Water Resource (MWR). From
this comparison it can be concluded that the rating equation used by MWR could lead to an
overestimation of peak discharges (DEVECON, 1998). The rating equation according to the Tekeze
master plan study (DEVECON, 1998) is:

Q=35.5 (H +0.096) 3% Equation 3-2
Where Q is river discharge in m?/s and H is the stage in meter.
For high flows above a stage of 1.0 m, the exponent 2.393 should be changed to approximately 1.7.

This problem is addressed by Hunting (1976) constructing an approximate rating curve based on the
Manning equation for the known river cross section.

Table 3-6: Result of annual runoff calculation applying different rating curves (Data source: DEVECON,
1998, Hunting Technical service and Ministry of Water Resource, 2001).

Annual runoff (Mm?)
Rainfall . . .
Year il MoWR DEVECON, 1998 Hunting technical service, 1976
1968 471 80 246 229
1969 694 86 296 249
1970 609 84 287 264
1971 438 45 108 117
1972 625 61 179 201
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Figure 3-4: Base flow separation from stream flows and field measurement using current meter: a)
low flow in Geba river, b) low flow gauge is above the flow and does not measure the flow, c) low flow
measurement using current meter, d) meteorological data downloaded from the weather station, e)
base flow separation using flow separation method, f) flow duration curve for Geba river (Data base:
flow data from Ethiopian Minstry of Water Resource).

The base flow analysis is done by preparing a flow duration curve and applying the base flow
separation techniques based on the Ministry of Water Resource data base and field measurements
after rain periods and during dry periods at Geba Nr Mekelle outlet. A comparison was done with the
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Soil and water assessment tool base flow separation program developed by Arnold and Allen (1999).
The mean monthly stream flow is considered for the analysis. It was observed as it shown in the Figure
3-4, below; the base flow is not properly measured by the gauges.

3.6 Climate downscaling

In hydrological proceses modelling, climate change and weather varaibliy has different impacts on the
watershed. To identify the climate change in the watershed, differentiating short-term weather
varablity from climate change is crucial. Long-term trends of climate varability with its cycle require
extended data series. To identify long-term trends in the data available the following tests are
conducted:

e Homogeneity test of the trends conducted to test for abrupt change points,

e The long-term (monotonic) and seasonal trends test,

e Trend and seasonality were computed for the basin using thirty-eight year time series of the
data by Mann-Kendall test method (Hirsch et al., 1982).

In this way local trends and cycles of local trend frequencies are identified. Based on these results
future climate scenarios are generated.

36.1 Downscaling methods and tools

Studies on the impact of global warming on the hydrological cycle and water resources in the future
usually rely on climate change scenarios projected by General Circulation Models (GCMs). However,
the coarse scaled GCM projections cannot be applied directly in to hydrologic studies at a regional or
basin scale. To derive local or station-based climate change scenarios from GCM outputsdata have to
be downscaled (Wilby and Christian, 2007). In consequence, two techniques of downscaling are
available: statistical downscaling and dynamical downscaling. For this study statistical downscaling was
applied.

The statistical downscaling technique bases to establish a relationship between large state climate (e.g.
precipitation, temperature, water vapour, etc) and local area features (e.g. topography, land-sea
distribution) in local or regional stations data. This needs equations to convert coarse scale global data
output to local or regional scale. The equations used for explaining one as a function of other and then
used on the GCM data to obtain the local variables. Large climate variables are called Predictors and
local variables are predictands (Wilby and Christian, 2007). Thus statistical downscaling models uses
the predictors obtained from National Center for Enviropmental Prediction (NCEP) and predictands
from Ical area to formulate locally used functions.

The large scale output of a GCM simulation is fed into this statistical model to estimate the
corresponding local and regional climate characteristics. Through the analysis of the simulation results
of the climate models climate scenarios were generated from the GCM data HadCAM3 and CGCM3
acting as drivers of the hydrological system. Based on these, impact of rainfall and evapotranspiration
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to changes on floods and rivers dry water flows (low flows) were investigated using the rainfall-runoff
models.
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Figure 3-5: Climate scenario generation (modified after Wilby and Christian, 2007).

3.7 Basics formulas of the hydrological model

3.7.1 Hydrological processes model
The hydrological processes simulated by SWAT2009 include precipitation, evapotranspiration, surface
run-off, lateral subsurface flow, groundwater flow and river flow. The simulation of the hydrology of a

watershed is done in two separate divisions (Neitsch et al., 2005). The land phase process of the
hydrological cycle and the routing phase of the hydrological cycle.

30



P1E::rp1rat10n

f:

| Snow melt |
y

v

Surface Runoff |

» Transmssion Losses - r Y @
—F[P_oﬂd.-'R.e servolr Water Ba]anf:eJ N i
I F/RE. Evaporation | Diversion
»| Inpgation | . Transmission
[ PROwflow | Losses
»| PR Seepage | Route to Next
—* Reachor
L L Reservoir
.| Percolation | r Shallow Aquifer )
v v )
| Imigatien || Revap || Scepage  ||Retum Flow |
gl Deep ;&quifﬂr )
| I gation |

Figure 3-6: Pathways for water movement within SWAT2005 (after Neitsch et al., 2005).

3.7.2

Land phase processes

In the land phase process of the hydrological cycle, SWAT simulates the hydrological cycle based on the

water balance of the soil profile (Equation 3.2).

SWe = SWy + ) [Raay—Qsury — Fa -

i=0

= Qugl

seep

Equation 3-3

Where SW, is the final soil water content (mm H,0); SW, is the initial soil water content on day

I (mm H,0); t is the time in days; Rqay is the amount of precipitation on day i (mm H,0); Qg is

the amount of runoff on day i (mm H,0); Ea is the amount of Evapotranspiration on day i (mm

H,0); Wseep is the amount of water entering the vadose zone from the soil profile on day i

(mm H,0) and Qgw is the amount of return flow on day i (mm H,0).
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3.7.3 Surface runoff generation

Runoff is generated when on a sloping surface the precipitation reaching the ground is higher than the
infiltration rate. This kind of flow is based on the Hortonian principles. Sometimes precipitation is
reaches the ground surfaces after saturation, the resultin runoff is called saturation overland flow. The
surface runoff generation in SWAT2009 is mainly based on the soil conservation service curve number
method (SCS) (USDA, Soil Conservation Service, 1972) which estimates the amount of runoff based on
land use, soil type and antecedent moisture condition (Arnold et al., 1998):

_ (Raay—1a)’ Equation 3-4

. 3
qurf ~ (Raay—1a+S)’ qurf inm’/s
Where Qg is the accumulated rainfall excess (mm H,0); Ry, is the rainfall depth for the day
(mm H,0); 1, is the initial abstraction which includes surface storage, infiltration and infiltration
prior to runoff (mm H,0) and S is the retention parameter (mm H,0).

The soil retention parameter which is derived from the curve number varies spataially and
temporarly.The varaiblity depend on varations in soil watercontents, soil, land use, land mangement
and slope with time and space with in the watershed.

Where CN is the curve number, a basic parameter that includes the areas, hydrologic soil

group, land use and hydrologic conditions (Williams, 1995).
The initial abstractions, |,, is commonly approximated as 0.2S and the above equation becomes (USDA,

Soil Conservation Service, 1972):

_ (Rday—O.ZS)Z

. 3 .
Qsurf = (Raay+085) " Qsurg inM/s Equation 3-6

3.7.1 Computation of evapotranspiration

Three methods for estimating potential evapotransipration (PET) are provided by the Soil and Water
Assessment Tool (SWAT). In this study the Penman-Monteith method (Monteith, 1965) is used.

_ A(Rn - G) + pacp(es - ea)/ra

ET
T Equation 3-7
<A+y(1+é)>lpw g

Where A is the slope of the saturation vapor pressure vs. temperature curve; R,is the net
radiation flux at the surface; G is the sensible heat exchange from the surface to the soil
(positive if the soil is warming); p, is air density; C, is specific heat of dry air; e, is the saturation

vapor pressure of the air at some height above the surface; e,is the actual vapor pressure of
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the air; r, is aerodynamic resistance to turbulent heat and/or vapor transfer from the surface
to some height z above the surface; y is the psychometric constant (defined later); ry is a bulk
surface resistance that describes the resistance to flow of water vapor from inside the leaf,
vegetation canopy, or soil to outside the surface; A is the latent heat of vaporization, defined
as the energy required to convert a mass of liquid water into vapor (having typical units of
joules per kilogram) and p_, is density of liquid water.

3.7.4 Water movement in soils

The Soil and Water Assessment Tool assumes the shallow and the deep aquifers to address ground
water. Ground water movement in the shallow aquifer is modeled by classifying in to three processes:
upward migration by capillary rise to unstautrated zone, losses to deep aquifer and return flow to the
stream (Neitsch et al., 2005). SWAT2009 allows simulating water perculation from one layer if the
water content exceeds the field capacity of the layer considered. Using the storage routing method,
the water that moves to the the underlying layer is calculated. Water that percolates to the next layer
is computed as (Neitsch et al., 2005):

Wp,ly = SVvly,excess [1 — €xXp (;—,?:)] Equation 3-8

Where the travel time for percolation is unique for each layer and is calculated as:

_ Satyy — FCyy Equation 3-9
p Ky

Where Wp,ly is the amount of water percolating to the underlying soil layer on a given day
(mm), SWly,excess is the drainable volume of water in the soil layer on a given day (mm), At is
the length of the time step (hrs), TTp is the travel time for percolation (hrs), Sat ,is the amount
of water in the soil layer when completely saturated (mm), FCy,is the water content of the soil
layer at field capacity (mm) and K, is the saturated hydraulic conductivity for the layer
(mm hrs?).

3.7.5 Lateral subsurface flow

The Soil and Water Assessment Tool incorporates a kinematic storage model (Sloan and Moore, 1984
cited in SWAT2009 manual) to compute subsurface flow as a function of the drainable volume of
water, saturated hydraulic conductivity, soil slope, hill slope length, and drainable porosity. The
equation to compute lateral flow is given as (Arnold et al., 1998):
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q = 0.024 [*fssl] Equation 3-10
d-%~h

Where q; is lateral flow (mm*d™); SW is drainable volume of soil water (mm), sl is slope (m/m’
b, @qis drainable porosity (mm*mm™); Ks is saturated hydraulic conductivity (mm/ hrs) and
Lh is the hill slope length (m).

3.7.6 Base flow estimation

The SWAT2009 model estimates the base flow by separating the groundwater in two aquifers:
confined deep aquifer and unconfined shallow aquifer.The unconfined aquifer which is not fully
saturated has a contribution to streamflow during dry periods as baseflow due to the water pressure
differences in the aquifer.Wheras the deep aquifer is treated as a loss in the hydrologic system and
contributes flow to the stream outside the basin (Arnold and Allen, 1993).

The contribution of groundwater to stream flow is simulated by creating a shallow aquifer storage
which is recharged by percolation from the unsaturated zone, and discharges to the reach of the
watershed. The water balance for the shallow aquifer is (Arnold et al., 1998):

AQshi = AQshi-1 + Wrec = Qg = Wrey — Wy — WU, Equation 3-11

And groundwater flow into the main channel on day i is calculated using (Arnold et al., 1998):
Qgi = Qgi * €70 + Wy (1 — e74Y) Equation 3-12

Where Agsh,i and Agsh,i-1 is the shallow aquifer storage (mm) on day i and i-1 respectively;
Wrec is the recharge entering the aquifer on day i (mm ); Qg is the groundwater flow or base
flow, into the main channel on day i (mm); Wrev is the amount of water moving into the soil
zone in response to water deficiencies on day i (mm ); Wd is the amount of water percolating
from the shallow aquifer into the deep aquifer on day i (mm ); WUsa is the water use from the
shallow aquifer (mm); a is the recession constant which describes the lag flow from the aquifer
and At is the time step and a can be best estimated by analyzing measured stream flow during
periods of no recharge in the watershed.

3.7.7 Routing phase

The second phase of the SWAT hydrologic simulation, the routing phase, consists of the movement of
water, sediment and other constituents (e.g. nutrients, pesticides) in the stream network. Two options
are available to route the flow in the channel networks: the variable storage and Muskingum methods.
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For this study, the variable storage method was adopted. The method was developed by
(Williams, 1969).

Storage routing is based on the continuity equation (Williams, 1969):
VWstorea = Vin — Vout Equation 3-13

Where Vin is the volume of inflow during the time step (m?® water); Vout is the volume of
outflow during the time step (m® water); and VVstored is the change in volume of storage
during the time step (m® water).

3.7.8 Model evaluation

The general procedure of the sensitivity analysis, optimization (calibration and validation) and
uncertainty analysis is provided in Figure 3-6.

The sensitivity analysis is done by using a combined method of Latin Hypercube (LH) sampling and
One-Factor-At-a-Time (OAT), integrated toArcSWAT2009 and Soil and water assessment tool
calibration uncertainty prediction tool (SWAT-CUP). It was performed for twenty seven parameters
that may have the potential to influence Geba river flow. The ranges of parameter variations are based
on a listing provided in the SWAT2009 manual (Neitsch et al., 2005) and are sampled by considering a
uniform distribution. For each parameter, changes were made a number of times within its allowable
range to test its sensitivity; during this process the other parameters were kept unchanged.

Model calibration involves adjustment of parameter values of the models to reproduce the observed
response of the Geba watershed within the range of accuracy specified in the performance criteria.
Consequently, tests were conducted to validate the calibrated model that is capable of making
sufficiently accurate predictions. The approach to calibrate and validated the SWAT2009 model was
based on manual calibration helper and auto calibration procedures. The Sequential Uncertainty
Fitting, ver. 2 (SUFI-2) is incorporated in an independent program called Soil and Water Assesement
Tool-Calibration and Uncertainty Program (SWAT-CUP) and is used for automatic calibration
(Abbaspour, 2007).

3.7.8.1 Performance evaluation

After selecting suitable parameters, the performance of the models is checked using coefficient
determination (R?) and the Nash-Sutcliffe model efficiency (Exs,) (Nash and Sutcliffe, 1970;
Santhi et al., 2001; Moriasi et al., 2007). The appropriateness of the models is evaluated based on
three criteria after Van Griensven et al. (2012):

Analysis of the performance indicators (fit-to-observations, Equation 3-8 to Equation 3-13),
Evaluation the realistic representation of the hydrological processes by means of parameter
and mass balance evaluation (fit-to-reality)

3. Assessment, how far the models are able to tackle the problem (fit-to-purpose).
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Equation 3-14

R2 = { 2i0(dobs — Gobs) (Asim — Tsim) }
[Z?:o(qobs - ‘_]obs)z]().5 [Z?:o(qsim - ‘_]sim)Z]O.s

Equation 3-15
_ 210 @sim = Qobs)” quation

Eye =1
Ns 2?=o(qobs - qobs)
MBE = qsim - qobs
obs Equation 3-12
T -
PBIAS = (Zt=0(istm ‘bbs)) x100
Zt=1 Gobs

Equation 3-13

Where: q,; is the observed discharge; g, is the simulated discharge; , q,ps, is the average
observed discharge; q; ,,, is the average simulated discharge.
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4 Study area

The Geba watershed drains the north-eastern part of the Tekeze River Basin and is located in northern

Ethiopia, Tigray Regional State. The watershed has a size of 5,260 km? (Abraha, 2009). This research

focuses on the upper part of the watershed which covers about 2,440 km®.

4.1 Regional settings and landscape units

The study area is bounded between latitudes 13°16' and 14°16' North and longitudes 38°38' and
39°49' East (Figure 4-1).
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Figure 4-1: Location map of the Geba basin. (Data base: Jarvis et al., 2008 and topographic map
1:50,000 from Ethiopian Mapping Authority, and www.fews.net for the map of Ethiopia)

0000

The headwater area lies between altitudes of 2600 and 3300 m a.s.l. and is bordered by higher
mountains areas of Mugulat to the north and Atsebi Horst to the north east. The central plateau, which
lies between 2000 to 2400 m a.s.l., becomes increasingly dissected by rivers flowing south west. The
fault-controlled Mekelle, Wukro and Senkata areas, and the Atsbi horst, build the major plains of the
Geba basin and lie between 1800 to 2400 m a.s.l.
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4.2 Climate

4.2.1 Rainfall

The watershed receives two rainy seasons: the main rainy season (June to September) and the small
rainy season (Feburary to May). The annual rainfall totals between 500 to 800 mm. Annual rainfalls
shows very pronounced annual and seasonal fluctuations. Moreover the local rainfall pattern highly
depends on the topography.
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Figure 4-2: Meteorological station distribution within and around the Geba basin (Data base:
Jarvis et al., 2008; Topographic map 1:50,000 from Ethiopian Mapping Authority; rainfall data from
Ethiopian National Meteorological Service Agency).

In the study area around 70% of the annual rainfall occurs between July and August (Figure 4-3). At all
rain gauge stations in the study area (Figure 4-2) annual precipitation underlies a distinct seasonality.
The rainfall distribution is bimodal at all stations, with a minor peak usually in March—April and July—
August (for details see chapters 6 and 7).
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Table 4-1: Meteorological stations in the Geba basin (Data base: Ethiopian Nation Meteorological
Authority).

Location Annual
. UTM coordinate system Altitude mean Period with missed
Station '
. . (ma.s.l) rainfall value
Easting Northing
(mm)

Adigrat 548379 1578542 2506 590 | 1970-todate
Agula 569390 1514714 2016 441 | 1975—todate
Atsebi 580252 1534423 2729 633 | 1996—-todate
Edagahamus 560828 1568223 2720 633 | 1973-todate
Hagereselam 518972 1508550 2608 732 | 1973—todate
Hawzen 546779 1544804 2255 535 | 1971-todate
Mekelle-airport | 557678 1489249 2267 596 | 1962—todate
Mekelle-lllala 550694 1495184 2005 605 | 1962—todate
Senkata 562000 1554000 2467 816 | 1973—todate
Wukro 564675 1524313 1995 616 | 1963—todate

4.2.2 Temperature

The National Meteorological Service Agency of Ethiopia (Gonfa, 1996) divides the country based on
temperature into four zones; Kolla | (mean annual temperature > 20°C), Kolla Il (mean annual
temperature > 25°C), Woina Dega (mean annual temperature > 15°C) and Dega (mean annual
temperature < 15°C). The study area is located in the Kolla Il zone; here hot season mean temperatures
range from between 25°C in the area close to Mekelle to about 22°C on the high plateaus. The
temperature of the coldest month average less than 6°C on the high plateau and reaches 11°C near the
Mekelle area (Figure 4-4). The highest mean monthly temperatures are reached just prior to the onset
of the rainy season in April and May. The approximate lapse rate (decrease of temperature with
altitude) averages 0.6°C /100 m (Gonfa, 1996).

4.1.1 Relative humidity

The mean monthly relative humidity is only available for five years of the two stations Mekelle (Quiha)
and Mekelle (lllala). The data of 1996-2000 reveal that the average humidity is highest in August
(72%), and least in May (43%) (Table 4-2). The humidity is highest in the early morning (06:00) and
lowest in the afternoon (15:00). In July and August the relative humidity in the early morning might
reach up to 90%.
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Figure 4-3: Mean monthly rainfall of all station in the Geba basin (Data base: Ethiopian Nation
Meteorological Service Agency 1962—-2010).
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Figure 4-4: Mean monthly temperature at the weather station of the Geba basin and its vicinity (1962—
2010) (Data base: Ethiopian Nation Meteorological Service Agency)

4.1.2 Wind

Wind directions during dry season in most parts of Ethiopia is generally from the east direction
(easterly or southeasterly), changing to westerly or north-westerly during the rainy season. Winds are
not very strong and velocity generally averages 2.1 to 3.1 m/s with slight increase during the transition
period between the dry and wet spell (WAPCQOS, 2003).
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Table 4-2: Mean Monthly Climate data from 1996—2000 from Mekelle and lllala stations (Data base:
Ehiopian Nation Meteorological Service Agency 1962-2010)

Climate Month

parameter Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep | Oct | Nov | Dec
Relative - 53| 48| 50| 48| 43| 46| es| 72| 51| 50| 49| 49
Humidity in%
:’nv}zd speedin | 301 35| 35| 35| 26| 15| 12| 10| 14| 26| 32| 31
sunshine in 95| 97| 92| 94| 96| 75| 55| 54| 79| 94| 98| 99
hour
Evaporation 69| 92| 93| 104| 101| 73| 41| 38| 61| 77| 78| 74
Inmm

4.1.3 Evaporation

Evaporation data are only available for Mekelle (lllala) station for five years (1996—2000). These station
data are used for preliminary analysis. The evaporation is maximum in April (10.4 mm per day) and
May (10.1 mm per day), when daily temperatures are high and winds are comparatively stronger than
during other months. The evaporation is minimum in July (4.1 mm per day) and August (3.8 mm per
day) when the atmosphere is more humid, day temperatures are low and wind speeds are less
compared to other months (Table 4-2).

4.1.4 Sunshine

The sunshine data are available from 1996—2000 for Mekelle (Quiha) and Mekelle (lllala) weather
stations. The sunshine hours average around 5.5 hours/day in July and August and around 10 hours a
day in December. Obviously the decrease in sunshine hours in July and August is due to persistent
cloudiness during rain.

4.2 Geology

The geology of the study area is dominated by the Mekelle outlier, a basement complex plateau having
an upper sedimentary rock layer with some doleritic intrusions and a basalt capping. Fluvial deposits
occur along narrow incised river valleys (Gebreyohannes et al., 2010). The following geological units
(Figure 4-5) mainly underlie the study area:

e Agula formation southwest of Mekele Fault and the cliff forming lower Hintalo limestone units;
e Enticho sandstone and Edaga Arbi tillites are exposed locally;

e Quaternary gravels, sand, silt and clay along the river beds, banks and terraces;

e Adigrat Sandstone along the lower river valleys and northeast of the Mekelle Fault;

e The Precambrian basement rocks around Genfel river and

e Tertiary basalts around Mugulat
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421 Agula formation along Geba river valley

In the southeast of the Geba river valley, between the Bridge of Geba River to Abi Adi and the
confluence with Agula River, the exposed rocks are composed of black, fractured, and steep cliff
forming limestone units, alternating with marls and shales. The limestone units are highly jointed
(Figure 4-6, Photo-1).

4.2.2 Recent river deposits

The composition of recent river sediments in the Geba river banks varies from gravel to various grain
sizes of sand, silt, and mud. The gravel is of different degree of roundness and might reach sizes of
blocks (Figure 4-6, Photo-2).

4.2.3 Adigrat sandstone

The downstream parts of Geba River and Agula River north and northeast of the Mekelle Fault are
underlain by Adigrat Sandstone and dolerite. The Adigrat sandstone is friable and porous, and forms a
gently sloping relief compared to the overlying carbonate rocks. The rocks are regionally dipping to the
northeast.
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Figure 4-5: Geological Map of the Geba basin (Data base: Gebreyohanes et al., 2010; Jarvis et al., 2008;
Topographic map from Ethiopian Mapping Agency)
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Photo 1. Joints terminating
against soft rocks in the lower
Agula River valley. The thin beds
are also dipping towards
Mekelle Fault. The lower joint
has extended to the overlying
soft rock.
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Photo 2. Composition of recent
river sediments in the Geba
River banks.

Figure 4-6: Photographs on Agula shale and Mekelle Outlier
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4.3 Relief and Hydrogeography

43.1 Relief and topograhic variables

The morphometric variables derived from 1:50,000 map and generated from the DEM are tabulated in

Table 4-3.

Table 4-3: Topographic data derived from map and Digital Elevation Model (Data base:

Jarvis et al., 2008).

. . Tributary of Geba

Controlling Variable Suluh e Genfel Upper Geba
Catchment area in km? (A) 968.4 692 729.3 2441.3
Perimeter in km 236.2 171.4 206.16 309.82
Minimum elevation in m 1777 1764 1777 1747
Maximum elevation in m 3302 2864 3002 3302
Height Difference (HD) in m 1525 1100 1225 1555
Longest flow path length in km 97.54 79.46 92.48 120.4
Total drainage length(TDL) in km 2207.6 1496.9 1581.8 5378.2
Horizontal distance (HL) in km 66.6 49.73 58.86 77
Drainage density (TDL/A) in km/km? 2.28 2.16 2.17 2.2
Relief length ratio (HD/HL) 0.023 0.022 0.013 0.02
Slope along drainage line in% 4.1 5.2 53 5

4.3.2

Physiography, landform and relief for the upper Geba basin

Generally, the landscape can be classified in to six units (Figure 4-8). There is a considerable variation in
altitudes over the basin with a maximum altitude of 3302 m a.s.l., a minimum altitude of 1700 m a.s.
and an average altitude of 2000 m a.s.l.

The topography of the basin is highly controlled by erosion features and geological structures. Sharp
cliffs and steep slopes occurs along the major rivers (Figure 4-7)

Figure 4-7: Geba at
confluence of Suluh and
Genfel, sharp cliff and
steep slope.
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A series of faults in the Mesozoic sediments and folds in the basement terrains create remarkable
topographic breaks in the basin (Hunting technical service, 1976). The entire basin landscape is
characterized by a strong incised network of gullies. The presence of major faults and some minor
faults are responsible for steep cliff that is common in the area (Hunting technical service, 1976).

The northern and northeastern part of the basin are mountainous, with the eastern part comprising
several upland plateau flanked by mountainous (Hunting technical service, 1976; Gebreyohannes et al.,
2010).

433 Drainage

The Geba River is a major tributary of the Tekeze River. Suluh, Genefel and Agulae River build the head
water streams of the Geba River. The drainage system of the Geba basin can be described as dendritic
with some significant influence of major structures like folds and faults (Hunting technical service,
1976; Gebreyohannes et al., 2010). Overall, the drainage pattern in the northern and eastern parts of
the basin is highly influenced by the foliation direction of the Precambrian rocks while the central part
is influenced by the Neo-tectonic faults of the Mekelle outlier (Gebreyohannes et al., 2010).

43.4 Geomorophological processes

The upper Geba river basin is in a continuous process of change that is mainly marked by stepped
morphology and strong relief variations (Figure 4-10). Present day relief changes are mainly attributed
to exogenic forces (Hunting technical service, 1976; WWDSE, 2008. The main geomorphological
processes shaping hilly slopes in the Geba watershed are:

e Mass movement due to forces of gravity;
e Sheet and rill erosion related to rain splash;

e Gully and channel erosion associated with fluvial processes.

The effect of gravity is spatially linked mostly to the steep cliffs bordering the plateau and rugged
terrain in the lowlands (Figure 4-11). It commonly involves detachment of blocks of rocks along litho-
structural discontinuities initiated by positive porewater pressure during wet seasons. The detached
earth material slides and falls downslope with much of it being temporarily deposited along mid and
down slopes (Figure 4-11) (Hunting technical service, 1976). Sheet and rill erosions are widely common
wherever the natural vegetation cover has been depleted. The development of rills is frequently
associated with geologic structures that weaken strength of rock materials, which they intersect. This
phenomenon has been noted on scarps/plateau cliffs incapable of supporting vegetation growth, and
also gently sloping plains in the periphery of stream courses (Hunting technical service, 1976; WWDSE,
2008). Gully and channel erosion dominate the fluvial processes and commonly occur along valley
sides. The processes are basically initiated by high runoffs generated from the upland plateaus,
overflowing river banks and channel ways (WWDSE, 2008).
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Figure 4-8: Geomorphological unit of the Geba drainage basin (above); the histogram (belowe)
shows the areal distribution of the geomorphological units (Data base: Jarvis et al., 2008; Huntingten
technical service, 1976 and 1:50,000 Topographic Map from Ethiopian mapping agency).

4.3.5 Slope gradients and assessment of geomorphical processes

The slope gradients range from 0-74°. Very steep slope gradients of 30° to 74° are recorded in the
north and north east highland plateaus (Mugulat and Atsebi mountainous area, escarpment cliffs). The
escarpment cliffs are mainly affected by mass (Figure 4-3, Photo-1, below).
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Figure 4-9: Cross profile (a) and longitudinal profile (b) of the Geba watershed. For the location of the
cross profile see Figure 4-8a. The longitudinal profile follows the channel beds of the three major
headwater streams (Data base: Jarvis et al., 2008; Topographic map 1:50,000 from Ethiopian Mapping
Agency).

Slope gradients of 25-30 intermittently follow the cliffs for small distances and ends shortly down
slope. This area corresponds to the debris slope. The debris slope gradually merges into moderately
sloping ground (7°-15°) that is highly affected by gully erosion. Slopes 0°-4° characteristically occurs at
the plateaus flat, at mid slopes and along valley side plains. Erosion activity in these areas is relatively
low.
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Figure 4-10: Field view of Geba basin (photos) and slope distribution in the area.

Table 4-4 Slope gradient, associated geomorphic processes in the study area

Slope Description (modified after Schitt

Slope (°) and Thiemann, 2001) Geomorphic process dominating

04 Flat to gently undulating Splash rain

7-15 Undulating to rolling Valley side fluvial and splash rain

25-30 Hilly Deposition and transportation (debris
flow)

>30 Steeply dissected to mountainous Mass Movement
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Table 4-5: Physiographic units across the Geba river

Landform unit Geology or Soil | Relief unit and Altitude Soil
Parent Material slope ranges m a.s.l.

Plateau Agula shale and Flat to gentle 1900-2100 | Shallow to deep very
marl with some undulating valley dark grey calcareous
limestone, dolorite | floors and Cliff clay soils; Chromic
and sandstone forming Limestone vertisol and Vertic
locally Cambisol
Agula marl and Flat to 1900-2200 | Shallow to
shale with some undulating plains moderately deep
limestone, dolorite | with low hills and brown to dark grayish
and sandstone ridges (2-7%) brown calcareous clay
locally on the right soils; often stonney
side of Suluh river Chromic vertisol and

Vertic Cambisol
Hilly Limestone and marl | Rolling to hilly 2200-2400 | Shallow to very
terrain of low hills shallow medium
and wide valleys, textured stony Eutric
locally steep cambisol with
slopes. frequent rocks
outcrops on slopes
Mountaineous Limestone and marl | Hill and dissected 2300-2400 | Lithic leptosols

slopes >100% Shallow to very
shallow medium
textured
2600 . .
Undulati Steeply . Hilly to steep Scrap , Cliff Forming |
to rolling Entrenched pIatelau summit | Limestone /P
plateau A
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Figure 4-11: Cross-sectional profile on the Geba Plateau across the River.
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4.3.6 Hydrogography

Most of the plateau area shows undulating to rolling relief, interspersed by very steep hills. Deep
incised valleys dissect the terrain to the northwest of Mekelle. The extreme ranges in elevation and
steep slopes result in rapid erosion and shallow soils. Only on the more stable relief of the flatter
upland plateaus and the graben valleys bottom soils with moderate depths developed (Hunting
technical service, 1976). Locally slopes are terraced as soil conservation measure.

4.4 Soils

At a local level relief has strong influence on soil development. In the idealized sequence deeply
weathered soils occur on the upper plateau, rocky or even shallow soils occur on vertical scarps,
unconsolidated coarse stony soils occurs on steep debris slopes finer textured soils varying in texture
occur on the undulating pediments and deep alluvial soils occur on the alluvial terraces and lower parts
of alluvial deposits.

Leptosols are a widespread soil type in the Geba basin (Abraha, 2009; Gebreyohannes, 2009; Sander,
2012). Leptosols are very shallow soils where the unweathered rock is reached within 10 cm below the
surface. They occur on all rock types and, thus, include all textures (Hunting Technical Service, 1976;
Sander, 2012). Leptosols are most common on steep land however, thier distribution increases as soil
erosion results in the depletion of soil depth. These soils are not suitable for crop production, but
farmers use it for cultivation due to shortage of arable land.

Table 4-6: The soil types and their main characteristics in the Geba basin.

Soil Unit
Code Major unit o nSIub unit ;SOI;)pe Texture Class Geomorphic unit
LPe.ca Eutric Leptsols Calcaric soils 16-30 | Clayloam Hilly/valley
bottom
LPe.cm Eutric Leptsols Cambic soils 8-16 | Loam Hilly/valley
LPe.cm Eutric Leptsols Cambic soils 8-30 | Clay Hilly/valley
CMx.or g:lgomlc Cambic Orthic soils 2-8 | Clayloam Plateau
CMv.or ;/:lztlcCamblc Orthic soils 2-8 | Sandyclay Plateau
LPq Lithic leptosols >30 | Silty clayloam Mountainous
16-30 | Clayloam Hilly/valley
>30 | Clayloam Mountainous
16—-30 | Sandy clayloam Hilly/valley
>30 | Clayloam Mountainous
- Chromic )
LXh.ch Haplic Lixsols Vertisols 8-16 | Clayloam Plateau/Hilly

51




530000

545000 560000 575000

Legend

I:] Vertic Cambisols

- Chromic Cambisols

- Eutric Leptosols

- Eutric Cambic Leptosol

- Lithic Leptosols
- Haplic Lixsols

Altitude [m a.s.l.]

Value
. High : 3302
Low : 1744
545000 560000 575000
60
g 40
o
(O]
3 20
[&]
O\O .
0 — | .II.
Sandycla Clayloam Loam Clay Silty clay Sandy
y loam clay loam
= 9% coverage 17 20 3 4 7 49

Figure 4-12: Soil map and soil texture type of Geba (modified after FAO,1998) (Data base: Jarvis et al.,
2008, FAO Soil Map (1998), 1:50000 topographic map from Ethiopian Mapping Agency)

The FAO soil map (1998) has been supplemented by field work. The objective of soil sampling is to
verify the textural classification of the large scale FAO soil map (1998) and to develop input parameters
for the hydrological modeling.
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4.5 Vegetation and land use

The natural woodland vegetation of most of the region has been largely destroyed or severely
modified by human activities. The original Acacia woodland of the plateau survived only locally in areas
of mountain ranges, the main escarpment and locally around the churches. Elsewhere, the present
vegetation comprises a sparse cover of low Acacia bush and scrub interspersed between cultivated
lands.

Overgrazing builds a main reason for the reduction of the natural vegetation in the Geba basin. The
progressive increase in the demand for fuel wood and for extra cultivation land has caused devastating
effects in acceleration of erosion and, consequently depletion of soil depth and soil moisture (Abraha,
2009; Hadgu, 2008). Land degradation such as deforestation, poor agricultural practices, and
inappropriate land use systems, disrupt the socio-economic activities, ecological systems and general
development of the region. The watershed is mainly used for agricultural purposes. Cultivated fields
cover more than 60% of the watershed.
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5 Test sites

Seven test sites inside Geba basin have been selected for detailed geomorphological, pedological and
land use mapping. The test sites are located in the four major geomorophological units of the Geba
basin (Figure 5-1, Table 5-1).
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Figure 5-1: Test sites within the Geba basin (Data base: Jarvis et al., 2008).

Studying the geomorphological processes in selected test site is done to understand the hydrological
responses of the basin. Runoff generation in the basin is highly influenced by relief parameters.
However, these parameters are not directly fed into the model and consequently need indirect
evaluation to verify the modeling processes. The slope length, concavity and convexity have a great
impact on the time of runoff concentration and runoff generation. Infiltration rate is highly dependent
to the deposition material and soil depth. Quaternary deposits like alluvial infills or debris flows
significantly influence the hydraulic conductivity of the soils. Therefore, detailed morphological and
pedological investigation of the test sites is used for an internal model calibration and an evaluation of
the hydrological response units.
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Table 5-1: Distribution of test sites in the watershed geomorphological and geological units

Test site Chenferese Gergera and Tsenkenet Abraha-we- Laelay Wukro
Name Teghane Atsbeha
Physiographic | Mekelle/Geba | Atsbi Horst Entcheo Highland Genfel Valley
Unit Plateau /Transition Plateau
Landform Steeply High steep Undulating undulating Dissected
Unit entrenched Ridges and Plain pediments Valley

plateau and undulating to hilly

undulatingto | rolling

rolling plateau
Geology Mekelle Adigrat sand- | Entcho Adigrat Basement
Unit outlier stone, Entcho | sandstone sandstone rock

(Agula shall, sandstone and

Limestone- basement

marl) rock

The climate of the test sites are interpolated from the nearest station or from the areal mean values of
the watershed. This is due to non availability of meteorological station on the test sites except Laelay
Wukro test site, which has fixed automatic weather stations.

5.1 Chenferese test site

The Chenferese test site is located in the Agulae sub-watershed in the south-west of the Geba basin.
Geographically, it is located between 13°34'-13°35’ N and 39°25'-39°29' E and has a surface area of
about 19.8 km?2.

In the Chenferese test site lithology is closely coupled with morphology. The Chenferese test site is
divided into three major geomorphological units: Mekelle Plateau, Mekelle fault belt escarpment and
Agula River valley (Gebreyohannes et al., 2010). The Mekelle Plateau covers the largest part of the test
site. Most parts of the Mekelle Plateau are highlands with altitudes around 2000 m a.s.l. The highlands
extend from the central to the northern and eastern part of the test site. Land forms range from
leveled plains to very steep scarps and rolling to hilly slopes. The Mekelle fault crosses the area in the
north, characterized by an increased drainage pattern and an entrenched steeply dissected plateau
(Figure 5-2 and Figure 5-4).

The meteorological stations near to the Chenferese test site are Mekelle and Quiha weather stations.
Rainfall and temperature data recorded for over thirty eight years (1969-2010) show that the annual
rainfall averages 605 mm at Quiha weather station and 590 mm at Mekelle weather station. The rainy
season extends from June to September with major rainfall occurring in July and August. Temperature
analysis shows that the lowest monthly temperature occurs from September to November with the
monthly temperature averaging 9.6°C and maximum temperatures occurring in May with values
peaking up to 27°C (see Table 4-6).
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Figure 5-2: Landforms of the Chenferese test site. For location in the Geba basin see Figure 5-1 (Data
base: Jarvis et al., 2008)

Chenferese test site is located in the Mekelle Outlier where Mesozoic sedimentary rocks have been
preserved from erosion. The test site’s bedrock is composed of Jurassic sedimentary rocks, Tertiary
dolerites and Quaternary alluvial and colluvial deposits (Bosellini et al., 1997; Russo et al., 1996).
Patches of dolerite are exposed along the fault and Adigrat sandstone is exposed along the valley
(Gebreyohanness et al., 2010). Travertine is found around the Chenferese church. Marl interbedded
with black and white limestones is located in the north of the Chenferese test site and is formed by
marly limestone, rich in gastropods bivalves in the lower part, overlain by dark limestone (Figure 5-5,
Photo 2).
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Figure 5-3: Monthly mean meteorological data for Chenferese Test site (Data base: National
meteorological agency)
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Figure 5-4: Geological map of chenferese test site (Data base: Gebreyohanes et al.,, 2010;
Jarvis et al., 2008)

Fine to coarse grained dolorite occur along on the Mekelle fault (Figure 5-5, Photo 3). This dolorite
occurs as sills or dykes discontinuously through the test site (Gebreyohaness et al., 2010). Agula Shale
is composed by marl, black limestone, with fossiliferous limestone intercalations (Figure 5-5, Photo 4).
The limestone is regionally used for construction. Slopes where Agula shale outcrops are moderately
steep (30-50%). They are mostly covered by colluvial deposits.

The dominat soil types in the Chenferese test site are Leptosols, Cambisols, Calcisols and Vertisols
(FAO, 1998). Bedrock, topographic features, landforms and human impact are main driving forces that
define the variability of soil type in the test site. Soils in the steeply entrenched plateau (Figure 5-1),
which builds the largest part of the test site, are shallow soils. The transition to the middle slopes is
marked by a scarp face on which Leptosol and bare bed rock occur.
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Figure 5-5: Geological units: black limestone (Photo 1); dark limestone (Photo 2); dolorite intrusion
(Photo 3) and shale lime intercalation (Photo 4).

On the highly calcareous and fine-textured marls and shales of the middle slopes Eutric Cambisols
documents good draining conditions. In contrast, the Vertic Cambisols occurring in depressions occur
due to impeded drainage which favors the formation of montmorillonitic clays. Down slope increasing
soil moisture favors the formation of deep Vertisols in lower slope positions and in the alluvial plains.

Landforms like colluvial deposit, alluvial deposit, debris flow or rock mass flow, alluvial fan and mass
movement directly correlate with runoff generation and hydrological outputs. This is evaluated along
transects across the test site running from divide to divide (adapted procedures from Schiitt and
Thiemann, 2001).
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Figure 5-6: Soil map of the Chenferese test site (Data base: Jarvis et al., 2008).
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Figure 5-7: Location of geomorphological pedological transects in the Chenferese test site. (Data base:
Jarvis et al., 2008)
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The flatness of the plateau in the southern part is affected by a northward flowing stream tributary to
the Agula River. The central flat part shows depositions (Figure 5-8). In the northern part the steeped
mountainous area corresponds to a cliff where the fault crosses the limestone. A small area in the
western part is strongly affected by river erosion, forming a rugged topography. The Quaternary
sediments are composed of alluvial and colluvial deposits, occupying the lower topographic terrains,
structurally following the valleys.

The relief map prepared from the digital elevation model shows small variation between the northern
and northeastern part of the Chenferese test site.

Alluvial deposit occurs in the wider parts of the flood plain, sometimes forming terraces. The alluvial
deposits are predominantly composed of gravel, sand, silt and clay, moderately compacted and poorly
sorted, characters which facilitate infiltration than runoff.The middle and the lower course of the river
run through Agulae shales; colluvial deposits in this area have a good runoff potential. In contrast,
colluvial deposits developed in dolerites, mostly occurring along the rivers upper course consist of
loose to moderate compacted residual sediments, ranging in texture from clay to sand with rock
fragments having different composition, size and shape. Similarly, the debris flow occurring in the foot
zone of the limestone cliff due to the fault cuts the limestone as well as the alluvial fans have high
infiltration capacity and most of the time reduce the surface runoff.

The type of land use varies with the topography or landform. Most of the hill tops are occupied by the
churches and villages while the almost flat level areas are used for agriculture and as grazing land.
Most of the land above the fault (northern part) is bare, locally covered with some bushes.
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Figure 5-9: Geomorophological map of the Cheneferese test site (Data base: Jarvis et al., 2008).
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. : 3 T
Figure 5-10: Geomorophological units in Chenferese test site: alluvial deposits (Photos 1 and 3, LT and
LB); colluvial deposit (Photos 2 and 3, RT and LB); alluvial fan (Photo 4, RB).

5.2 Geregera test site

The Geregera test site is located in the Agula sub-basin in the eastern part of the study area.
Geographically, it is located between 39230'-39945' E and 13230'-13245' N and has an aerial extent of
about 8.02 km?2. The Geregera test site is located in the Atsbi Horst plateau which is undulating to
rolling. The three major geomorphological units observed are mountains, hillslope and flood plains.
The flood plain stretches from south-east to north-west and is bounded by highlands. The flood plains
have deep alluvial deposits. The maximum peak reaches 2560 m a.s.l. in the Asagulo Ridge, which is
found in the southern part of the study area and is dominated by Adigrat sandstone. The lowest point
of the area is where its receiving stream discharge into the Agula River in the east.

63



Land use Map
546000 548000 550000 552000

1506000
1506000

Legend

Stream

: Chinferes test site
l:| Bare Land
:] Cultivated land
- Grazing Land
|:| Shrub Land
|:| Shrub Land
l:| Bare Land
Chin_stream
Altitude [m a.s.l.]
Value

High : 2388

. Low : 1766

1504000
1504000

1502000
1502000

1500000
1500000

546000 548000 550000 552000

Figure 5-11: Land use of the Cheneferese test site (Data base: Jarvis et al., 2008).

The rainfall data of the Gergera test site are extrapolated from Wukro metrological station which is 14
km off the site. The mean annual rainfall totals 615 mm (1969-2010). Similarly, temperature data were
taken from the Wukro meteorological station and extrapolated to the study area using 0.6°C increment
for 100 m depression. The mean annual temperature of the areais 17.4°C (1991-2010).

Bedrock of the Gregera test site range from Precambrian to Quaternary age. 26.5% of the total basin
area is covered by the basement rocks and their associated intrusives. Paleozoic sediments occur in
2.5% of the area, Mesozoic sediment occurs 31% of the area and Quaternary sediments cover 40% of
the Geregera test site. Alluvial deposits occur at the valley bottom, overlying a Precambrian basement.
The average thickness of the alluvial deposits is about 7 m (Gebreyohannes et al., 2010) (Figure 5-12).

The soil map of the Geregera test site is prepared based on the FAO soil map (1998). The soils found in
the Geregra test site can be grouped into four different soil texture classes: sandy loam, clayey sand
and sandy clay loam and clay. In the alluvial zone and in the Entecho sandstone Haplic Archsols are
developed due to the sandy character of the parent material. Haplic Calcisols are developed in the
lower course of the alluvial zone. Eutric Leptosols are developed in the colluvial deposits, Lithic
Leptosols occur at the steeper slopes (Figure 5-13).

The northern part of Ethiopia is known for its mountainous and rough topography. The Atsbi-
Wemberta area also shows such pronounced contrasts in the topography. Generally, the Geregera test
site is plateau like with an average elevation of 2350 m a.s.l.
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Figure 5-12: Geological map of Gergera test site (Data base: Jarvis et al, 2008;
Gebreyohannes et al., 2010).
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Figure 5-13: Soil map of Geregera test site (Data base: Jarvis et al., 2008).
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Figure 5-14: Location of geomorphological pedological transects in Gergera test site (Data base:
Jarvis et al., 2008).
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Figure 5-15: Transects 1 (a) and Transect 4 (b) of the Geregera test site showing topographic level,

bedrock and soil.
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Figure 5-16: Geomorophological map of Geregera test site (Data base: Jarvis et al., 2008).
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Figure 5-17: Geomorophological units; colluvial-alluvial (Photo 1, LT); overview of alluvial area (Photo
2, RT); colluvial deposit (Photo 3, LB); mass movement (Photo 4, RB).

Along the transects (Figure 5-15) it gets obvious that the thickness of the soil varies with slope and the
resistance of geological formations for erosion. The alluvial deposit in the test site consists of sand,
gravel, sandy gravel and clay. Even if these units are distributed variably in the area, sand dominates.

The alluvial deposits hold water during the rainy periods due to their high permeability and high soil
depth and supplying water for agriculture and domestic uses. The sand unit, which corresponds to the
weathered part of the Entecho sandstone occurs in the south and southeast and west of the test site.
Colluvial deposits are coarse grained and partly well sorted. In the northern part due to the steep
slopes, the material is displaced by mass movements and deposited as debris at the foot slope. Most of
the settlements are located in the colluvial deposits.

The land cover of the Geregera test site is differentiated into seven different types. The dominant
partof the hilly and mountainous is bare land, only locally covered by a thin soil layer. The flat land
between the highlands is used for cultivation and grazing land. In the eastern part of the basin close to
the divide, a swampy area occurs due to emerging springs at the contact of the Adigrat sandstone and
Metavolcanic rocks. Only a small area around the Church, found on the alluvial fan of the confluence of
two of the test sitse major source stream, is covered by forest.
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Figure 5-18: Land use map of Geregera test site (Data base: Jarvis et al., 2008).

5.3 Laelay Wukro test sites

The Laelay Wukro test site is located in the Genfel sub-basin. Geographically it is located between
39°36'-39°38’ E and 13°46'-13°47' N and has an areal extent of about 12.48 km?. The relief of the
Laelay Wukro test site is dominated by steeply dissected valleys and an undulating to rolling plateau
with some buttes. The undulating to rolling plateau as well as the head water area of the drainage
system is developed Precambrian metavolcanics and met-sediments (Bosellini et al., 1997;
Gebreyohanness et al., 2010) (Figure 5-19).

The Laelay Wukro test site had its own automatic weather station (2003-2008); the Wukro
meteorological station is the nearby station. Rainfall data shows that the mean annual rainfall ( 1969—
2010) is 615 mm. The mean annual temperature (1991-2010) is 19.4°C.

The bedrock of the Laelay Wukro test site is dominated by Precambrian metavolcanics, metasedmients
and small patches of metalimestone. The metavolcanic unit covering more than half of the watershed
area. They highly dissected valley in the northern part and forms an undulating plateau in the
southeastern parts (Gebreyohaness et al., 2010). At the valley bottoms locally Quaternary alluvial
deposit occur.
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Figure 5-19: Landform units of the Laelay wukro test site (Data base: Jarvis et al., 2008).
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Figure 5-20: Geological map of Laelay Wukro test site (Data base: Jarvis et al., 2008).

The soil map of the test site is prepared based on the FAO soil map (1998). The dominant soil in the
watershed is Lithic Leptosol which is shallow in depth. Texturally, the Lithic Leptosol is classified as silty

clay loam and silt loam.
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Figure 5-21: Soil map of the Laelay Wukro test site (Data base: Jarvis et al., 2008).

The Laelay Wukro test site is located in the highly dissected Genfel graben valley. The watershed is
divided into mountainous with plateau peaks, hill sides with steep slopes, undulating areas with
resulting steeper, highly eroded west facing slopes and gentle slope along the flood plain. The whole
area is dominated by intensive agriculture.
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Figure 5-22: Location of geomorphological pedological transects in Laelay Wukro test site (Data base:
Jarvis et al., 2008).
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Figure 5-23: Geomorophological map of Laelay Wukro test site (Data base: Jarvis et al., 2008).
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Figure 5-24: Detail profile along the Transects (cf. Figure 5-23).

Table 5-2: Profile along the transects: Details of landform and geology.

Transect 1 Transect 2
Elevation Lithology Soil Type Landform | Elevation Lithology | Soil Type | Landfor
m

2160-2100 Limestone- | Eutric Leptosol Hillyslope | 2020-2040 Alluvium Eutric Alluvial
marl vertisol Deposit

2100-2080 Limestone- | Eutric Leptosol | Colluvial 2050 Meta- Calcaric Fan
marl deposit sediment | cambisol

2080-2069 Alluvial Cacaric Alluvial 2070-2200 Meta- Lithic Colluvial

Cambisol deposit sediment | Leptosol

2060 Meta- Eutric Cambisol | Alluvial 2210 Meta- Lithic Terrace
sediment Fan sediment Leptosol

2110-2120 Meta- Eutric Cambisol | Colluvial 2180 Meta- Lithic Colluvial
sediment deposit volcanic Leptosol

2140 Meta- Cacaric Hilly slope | 2150-2500 Meta- Lithic Hilly
sediment Cambisol volcanic Leptosol | slope
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Figure 5-25: Geomorophological units of the Laelay Wukro test site: Alluvial deposit (a); mass
movement (b); Alluvial fan (c); debris flow (d).
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Figure 5-26: Geomorophological map of Laelay Wukro test site (Data base: Jarvis et al., 2008).
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5.4 Abraha-We-Atsebha test site

The test site is located near Abraha-We-Atsebha village in Suluh sub-watershed. Geographically, it is
located between 39°31'-39°33' E and 13°49'-13°51’ N. It has an areal extent of 5.4 km?. The Wukro
meteorological station is the closest weather station for long time analysis of rainfall and temperature
data. Mean annual rainfall is 615 mm (1969-2010). The average temperature is minimum 10.4°C and
max. 26°C with a mean of 18.2°C

The predominaetly bedrock in the test site is the Adigrat sandstone. The Adigrat sandstone is friable,
massive, and red to gray, porous in texture, mainly underlain by the Limestone units and meta-
congromalite (Gebreyohannes et al., 2010). In the headwater area, limestones outcrop on the
southeastern ridges while metaconglomerates dominate the northeastern ridges. Entecho sandstone
forms the slopes northeast of the confluence in the Suluh River (Figure 5-27)

The soil map of the Abraha-We-Atsebeha test site is prepared based on FAO soil map (1998). The soils
in the test site are dominated by very shallow Leptosols and Haplic Arenosols. The Abraha-We-Atsbeha
test site is located in the highly dissected Genfel sub-basin. The test site is divided into mountainous
area with plateau peaks, steep hill slopes, undulating plateau areas and in steep highly eroded west
facing slopes.
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Figure 5-27: Geological map of Abraha-We-Atsebha test site (Data base: Jarvis et al., 2008).

74



555500 557000 558500 560000 Soil Type

Legend
|:| Abrha-we-Atsbha test site

——— Stream

1532000
1532000

Soil type
MAJOR_SOIL

- Eutric Cambisol
|:| Eutric Leptosol
|:| Eutric Vertisol
- Haplic Arenosol
- Haplic Luvisol
|:| Lithic Leptosol
D Gugot Near AweAts

Altitude [m a.s.l.]
Value
High : 2543

. Low : 1940

Figure 5-28: Soil map of the Abrah-We-Atsbeha Test site (Data base: Jarvis et al., 2008).
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The relief of the area corresponds to a plateau followed bounded by dissected steep slopes in the
middle part followed by flat flood plain in the footslope area. In this area soil erosion, weathering and
masswasting is observed (Hunting Technical service, 1976). Due to the strong relief mass movements
and intensive mass transport occurs. At the slope break from the steep slopes into the flat area, alluvial
fans and colluvials are deposited.

5.5 Tsankanet test site

The Tsankanet test site is located near Senkata village in the Suluh sub-basin. Geographically it is
located between 39°32'-39°34' E and 14°00'-14°02’ N and has an areal extent of 19 km®.The Tsankant
test site is situated in the north-western part of the Suluh sub-basin. To the East the test site is
demarcated by the Atsbi Horst.

The Senkata meteorological station is located in 5-6 km distance to the Tsankanet test site; the data of
the Senkata metrological station are used for the Tsankanet test site. The mean annual rainfall is 715
mm (1973-2010). Temperature data from Senkata weather station were extrapolated to the study
area using 0.6°C increment for 100 m depression. Resulting annual temperature average is minimum
9.4°C and max. 25°C (2000-2010) with a mean of 17.2°C.

The northern part and of the Tsankanet test site is entirely covered by the Enticho sandstones. The
area is a very gently undulating plain and most of the area is used for agriculture. South of the Enticho
sandstone Precambrian rocks outcrop, dominted by meta-volcanics, followed by meta-conglomerates
(Gebreyohannes et al., 2010).
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Figure 5-29: Geological map of the Tsankanet test site (Data base: Geology:
Gebreyohanness et al., 2010; Jarvis et al., 2008).

The dominating soil type for Tsinkanet test site is Eutric cambisol; in the alluvial zone Vertisols
dominate. Leaching of the weathered material and its accumulation in the depressions resulted in
coarse textured and acidic soils on the higher locations and more fine textured and base saturated soils
in the depressions.

The northern part of the test site is entirely covered by the Enticho sandstones. The area is a very
gently undulating plain and most of the area is used as agricultural land. Virgo and Munro (1978) found
a relatively high base saturation of the soils despite high quartz content which has its origin in the
sandstone. The reason for this rather high base saturation was attributed to the calcitic cement in the
sandstone (Virgo and Munro, 1978).

The Tsankanet test site corresponds to a gently undulating plain. The flat flood plain in the center of
the main valley has very low relief. Adjoing colluvial deposits have a high permeability and low runoff
coefficients. Where the texture of the alluvial and colluvial deposit is dominated by clays soils are
mainly Vertisols. They show prominent cracking and sinkhole features during desiccation. Locally
extensive deposition of sand and gravel has covered the Vertic Cambisols but cracking pattern is
exposed. The valleys show a dendritic pattern. The central drainage lines are rarely incised more than
one meter and in many cases a distinct channel is even missing.
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Figure 5-30: Soil Map of Tsankenet test site: (Data base: Jarvis et al., 2008).
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Figure 5-31: Geomorophological maps of the Tsananet test site (Data base: Jarvis et al., 2008).

5.6 Teghane test site

The Teghane test site is located near Atsbi village in the Genfel sub-basin. Geographically it is located
between 39°44'-39°45' E and 13°53'~13°54’ N and has an areal extent of about 6.32 km®. The rainfall
of Tegehane test site is interpolated from Wukro and Atsbi metrological stations. The mean annual
rainfall in the area totals 636 mm (1973-2010). Similarly, temperature data is taken from the Wukro
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meteorological station, and extrapolated to the study area using 0.6°C increment for 100 m
depression. The annual temperature of the area averages 14°C (1991-2010).

Bedrock of Teghane test site is composed of Precambrian metavolcanics in the west Precambrian
metasediment in the east and Enticho sandstone in the north (Gebereyohannes et al., 2010). In the
central part of the area a large undulating plain occurs with rather deep soils developed which are
used for cultivation (Hunting Technical Services, 1976). In the eastern, northern and locally in the
central part outcrops of Enticho sandstone occur, forming mesas or smaller buttes (Hunti