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Abstract

The northern Ethiopian regions are known for water scarcity and vulnerability to desertification,
furthermore they are subjected to climate variability both in time and space. The Suluh river basin,
located in northern Ethiopia, has an areal coverage of around 964 km®. It is characterized by semi-arid
climate conditions, it is highly degraded and the rainfall varies with the season. Due to an ongoing
destruction of natural resources during the last decades together with climate variability the availability
and distribution of water resources in the basin is limited resulting in food insecurity and a diminshed
socio-economic development. Therefore, this study focuses on the investigationof possible effects of
land use/land cover dynamics and future climate changes on water resources in the Suluh river basin.

Different statistical methods were applied to analyze the historical climate data. For the mean monthly
temperature increasing trends are documented whereas the annual precipitation remains constant in
the last decades. Furthermore it is proven that the extension of the dry periods inbetween the rainy
seasons extends. In addition field and laboratory analysis of soil samples were conducted to support
the estimation of hydrologic parameters. Geomorphological mapping indicates that soil erosion, mass
movements and construction works are the major geomorphological processes in the basin.

A physical based semi-distributed hydrological model (HEC-HMS) is applied to simulate hydrological
processes in the Suluh basin as well as to simulate the impact of climate and land use/land cover
changes. Model sensitivity analysis of the physical parameters, calibration and validation of the model
were successfully carried out for daily and monthly time steps. The HEC-HMS Soil Moisture Accounting
model was run for 1992 to 1996 for calibration and for 1997-1999 for validation purposes. The long
term annual water balance of the basin is evaluated too. The model results reveal that 76.3% of the
total precipitation is lost through evapotranspiration while 11% accounts for surface runoff, 6.3% for
base flow and 6.4% are lost from the system to recharge the deep aquifer.

The land use change dynamics of the basin are observed for the time span 1972 to 2003.Three land use
and land cover maps were developed based on aerial photographs and satellite images. For the two
different periods 1972 to 1986 and 1986 to 2003 significant land use changes occurred. Almost all
natural vegetation was transformated into cultivated land. Also it could be proven the land use change
in the basin resulted in a decline in runoff of only 1.5%.

To analyze the possible impacts of future climate change on the water resources in the Suluh basin,
climate projections for precipitation, minimum and maximum temperatures have been carried out,
using downscaled predictors from two GCMs (HadCM3 and CGCM3) under SRES scenarios A2a and B2a.
The mean annual minimum and maximum temperatures show an increasing trend between 2041 and
2099. Evaluating the annual precipitation a decrease between 2011 and 2040 and an increase between
2071 and 2099 can be emphasized. The impact of climate change on the water resources of the Suluh
basin show that on an annual basis the water yield decrease up to 30.2% in the time period 2011 to
2040, and might increase up to 2.4% in the time period 2041 to 2070 and might increase again again up
to 25.6% in the time period 2071 to 2099. Among the hydrological processes surface runoff is identified
as the most sensitive parameter to the effects of climate change.
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Chapter 1

1 Introduction

In the northern Ethiopian highlands water is a scare resource due to the arid and semi-arid climate and
consequently a decisive factor for socio-economic development and food security. The rainfall here is
highly variability in space and time. The rivers in such regions are characterized by long periods of low
or no flow. Hence, the main subject of this research is the assessment, analysis and quantification of
water resource availability through hydrological modeling and testing of the long term water balance of
the Suluh river basin considering the effect of land use/land cover and climate change.

The capability to determine the catchment response to changes in climate and land use and land cover
effect is the basis for the management of the available water resource. One of the main aims of this
study is to estimate the level of climate change impact at the local scale. As a baseline study to
understand the level of land use and land cover dynamics in the basin, it is the objective of this study to
assess their direct and indirect effects on watershed hydrology in the study site. The two global
phenomena, i.e. land use and land cover and climate change, have significant impact on watershed
hydrology and are used to characterize the catchment response for the present and predicting future
on the basis of rainfall-runoff relationship. It is well known that understanding of the geomorphologic
processes of a catchment is important for many ecological and management issues because it is
strongly related to catchment hydrology, land and soil degradation. Understanding of catchment
processes with respect to climate and land use dynamics is a continuing need in the northern Ethiopian
highlands, as it is the major problem threatening the availability of water resource. Rapid growth of
population, excessive land and soil degradation of the region due to overgrazing, and expansion of
cultivation land and hilly slope cultivations have a significant impact on the natural resources, mainly on
water and land.

The key objective of this study is to understand the coupled effect of land use and land cover and
climate change on the availability of water resources in the northern Ethiopian highlands, specifically in
the Suluh river basin. A combination of field and laboratory investigations, the inclusion of remote
sensing data (Landsat) and various climate modeling results (HadCM3, CGCM3) are used for impact
assessments. To understand thoroughly the effects of spatial and temporal variation of both, climate
and land land cover change, the semi-distributed hydrological model Hydraulic Engineering Centers
Hydrological Modeling System (HEC-HMS) is applied. This is combined with Statistical DownScaling
Methods (SDSM) for downscaling climate data. Land use and cover maps are based on satellite image
analysis for the years 1972, 1986 and 2000.



More specifically, this study addresses the following distinct, but related issues:

Understanding of the spatial and temporal variability of hydrological and climatic parameters in
the study area.

Developing of geomorphological maps for selected test sites to understand the
geomorphological processes of the study site.

Assessing and quantifying the land use and cover change dynamics of the basin.

Downscaling GCM outputs climate data to the local watershed scale.

Testing the applicability of semi-distributed hydrological model HEC-HMS to simulate runoff
processes in the Suluh River basin.

To assess land use/cover and climate change effects on water resources of the basin.



Chapter 2
2 State of the art

2.1 Effect of climate and land use and land cover change on water resource

2.1.1 Global level

Human activities, the driving forces for land cover and land use changes, due to the burning of fossil
fuels and expansion of cultivated area are believed to increase the greenhouse gases concentrations in
the atmosphere and then resulting change in climate (Coulibaly and Dibike, 2004). According to the
report of the Intergovernmental Panel on Climate Change (IPCC), the mean annual global surface
temperature has increased by about 0.3—-0.6°C since the late 19th century and it is anticipated to
further increase by 1.0-3.5°C over the next 100 years (Houghton et al., 1996).

The cyclic interrelationships of land use and land cover and climate change significantly affect the water
cycle. Deterioration of the global fresh water resources is the most challenging question and becomes
the forefront scientific and political agenda in relation to global environmental changes in climate, land-
use and bio-diversity (Montoya and Raffaelli, 2010; Miranda et al., 2011). The impacts of climate
change on the accessibility and availability of freshwater along with natural resource degradation
become the main cause of food insecurity all over the developing countries particularly in Sub-Saharan
Africa (Ludi, 2009).

According to the World Bank (2010) climate change adds new challenges to the management of water
resources. The increased rainfall variability will have a significant impact on the multidimensional use of
water and its management, including greater uncertainty and an increase in extreme events such as
floods and droughts (Yang et al., 2013).

Water resource variability, particularly rainfall variability, is a key constraint to rainfed agricultural
production and economic growth in many developing countries (Hailu, 2003). Even though in some
places the total amount of rain increases, rainfall variability is amplified as a result of climate change
(McCartney and Smakhtin, 2010). Changes in rainfall characters will also increase variability in
groundwater recharge and river flow, thus affecting all water sources (McCartney and Smakhtin, 2010).
In consequence, agricultural production in many African countries and regions will be severely
compromised by climate variability, resulting in food shortage (Parry et al., 2007). Due to the ever
increasing demand in water resource most of the African transboundary river basins are under stress.
Hence, it becomes a source of potential water conflicts (UNFCCC, 2007).

In sub-Saharan African countries, particularly the horn of Africa is subjected to droughts that lead to
food insecurity. Out of 160 million people living in the Horn of Africa, more than 40% of the populations
are repeatedly affedted by droughts (Ndaruzaniye, 2011). Interestingly, in this area flood and drought
jointly occur within short period interval. Poor water resource management systems parallel with
inadequate and insufficient capacities as well as a low level of technology cause a high vulnerability to
climate change impact (UNESCO-WWAP, 2004). Particularly rural livelihoods of Sub-Saharan African
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countries are dependent on natural resources; water, cultivated and grazing lands are crucial physical
assets in their subsistence agricultural economy. Due to this case, any changes in land use, land cover
and climate variability have a direct impact on food production and alternative economic activities.
Climate change has and will continue to affect the hydrological cycle (Karl et al., 2009).

The magnitude of hydrologic extreme events increases with climate change. Coincidingly, the non-
climate drivers cause in Sub-Saharan Africa country's significant impacts on the subsistence agricultural
practice. Hence, adaptation to climate change and controlling its drivers is the key development issue
(Anderson et al., 2010).

2.1.2 National level

During the past decades the increasing population growth in Ethiopia coupled with a traditional land
and water resource management system put enormous pressure on the natural resources (Dubale,
2003). The Ethiopian population counted in 2012 over 85 million and had doubled since 1984 and is
expected to double again until 2050 (IFRC, 2012). The high pressure on natural resources, the historical
settlement in the highlands together with traditional farming system creates environmental instability
in the area (FAO, 1986; Nyssen et al., 2004). Hurni et al. (2005) and Amsalu et al. (2007) assure that the
enormous increment of population in the last century resulted in deforestation and intensification of
land cultivation, as well as accelerated land degradation throughout the Ethiopean highlands. Similarly
in northern Ethiopia population pressure was an important driver for the expansion of agricultural land
in recent periods (Hadgu, 2008). According to the National Meteorological Service Agency (Abebe,
2007) the average annual minimum temperature over the country has been increasing by about 0.25°C
each decade since 1950 while average annual maximum temperature has been increasing by about
0.1°C during the same period. The average annual rainfall of the country shows a very high variability
over the past years even though the sum of annual average rainfall remains stable (Abebe, 2007). It is
expected that the mean annual temperature will increase in the range of 1.7-2.1°C by the year 2050
and 2.7-3.4°C by the year 2080 in Ethiopia (Abebe, 2007). The future climate change scenario indicates
adversely effects on water availability due to increasing rainfall variability, evapotranspiration and dry
spell of the country (Ndaruzaniye, 2011).

The progressively changing land use and land cover pattern along with climate variability result in food
insecurity and declining water availability, and cause erratic rainfall over the country finally leading to
poverty and environmental damage (Abebe, 2007). In general, Ethiopia is blessed with a huge water
resource potential with 80 to 90 percent of the water resources found locally in the four river basins
Abay (Blue Nile), Tekeze, Baro Akobo and Omo Gibe in the western parts of Ethiopia, draining into the
Nile basin. The population in these basins totals only 30 to 40% (MoWR, 2002). Hence, even without
the effects of climate change the spatial variability of the available water resource causes problems of
accessibility to water resource in the highly populated areas of the country.

Across the country rainfall is seasonally and annually highly variable (Donkor and Yilma, 1999). This
variability subjects the country to frequent droughts and famines (Comenetz and Caviedes, 2002). The
increase of population density leads to clear cutting, shrinking forests and grasslands, the expansion of
cultivated areas and intensified land use resulting in an almost complete abandonment of the fallow
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systems (Hurni et al., 2005). As a consequence, soil degradation and sediment loss heavily increased
(Demelash and Stahr, 2010). Land degradation is serious in the highlands, contributing to low soil
productivity and poor agricultural production. Soil erosion also causes downstream sedimentation,
which can significantly decrease reservoir life (Schitt and Thiemann, 2001; Gebeyehu, 2003;
Haregeweyn et al., 2005, 2006; Tamene et al., 2006).

On the other hand, poor water management policy on the national level and shortage of skilled
manpower badly affect the development of the water sector (MoWR, 2002). Agriculture depends
fundamentally on natural resources and has an important role for their conservation. The deteriorating
land and water resources in Ethiopia present a concern to rural land users, and wider public awareness
of environmental issues is bringing urgency to watershed management (Hailu, 2003; Alemayehu et al.,
2009). Water depletion and land degradation are the result of increasing ecological imbalances. This
caused the recurrent droughts and famines occurring every 3 to 5 years (Abebe, 2007; Abebe, 2010).
Sustainable agriculture plays the pivotal role in poverty reduction efforts of the country (Hailu, 2003).

In addition, absences of extension services supported by applied research referring to the traditional
agricultural practices, the country’s available water resource are not efficiently utilized for the
development of agricultural sector (Hailu, 2003).

To utilize water appropriately means to enhance the positive and minimize the negative impacts on the
water resources (Bekele, 2003). Positively it can be used for drinking, irrigation, hydropower etc. Water
can also negatively influence socio-economic development in the form of flood, erosion, sedimentation
etc. To utilize water in a sustainable manner, it is necessary to understand the quantity and quality in
space and time through hydrological model studies and research in relation to changing climate and
land use and land cover, which are the drivers of negative effect of water (Legesse et al., 2010;
Pechlivanidis et al., 2011).

Different researchers tried to indicate the severity of climate and land use and land cover change
effects on water resource and environmental degradation. Among others Gebresamuel et al. (2010)
indicate that cultivated land has expanded on the expense of forest and woodland and brought
deleterious impacts on surface runoff in northern Ethiopia.

Different catchment specific studies also strengthen the idea. For Gerado watershed in northeastern
Ethiopia (Asmamaw et al., 2011) and Debre-Mewi watershed in northwestern Ethiopia (Fisseha et al.,
2011) it is documented that there is a trend of increasing cultivation land on the expense of natural
forest, grazing land and woodland. High population growth, fuel wood demand and bad land and water
management practices are the cause for land use and land cover change (Asmamaw et al., 2011). These
led to further land degradation and more food insecurity among many farming households. Moreover,
Bewket and Sterk (2003) observe for the Chemoga watershed (Blue Nile basin) that degradation due to
the destruction of natural vegetation, extreme expansion of cultivated land and overgrazing have
adverse impact in stream flow (Bewket and Sterk, 2005). Generally, Legesse et al. (2003) mention
multiple triggers of change such as, demographic trends, climate variability, national policies, and
macroeconomic activities which all affect alterations in land cover and land use, which in turn impact
the hydrologic system.



2.1.3 Regional/local level

Natural resources management at national, regional and local levels is very fragmented due to the lack
of strong coordination mechanism, both, at the federal and regional governing bodies. Furthermore,
inadequacy of cross-sectorial links of ministries and line departments, poor linkage between local and
international non-governmental agents and governmental offices, a lack of elaborated links of federal
and regional sector offices involved in environment, the absence of research and development centers
like institutions for water, climate change adaptation and low level of awareness of the community for
environment etc. have major share for natural resource degradation in the country (Abebe, 2007).

Poor land use practices caused deforestation and overexploitation of natural resources in the northern
Ethiopian highlands (Feoli et al., 2002). The Tigray region in northern Ethiopia is generally considered as
the most degraded part of the country (Araya and Edwards, 2006). Deforestation in Ethiopia,
particularly in Tigray regional state, has been a major cause for land degradation processes (Nyssen et
al., 2009; Reubens, 2010). Deforestation was induced by the communities who expanded the
agricultural lands, cultivated hill slopes, and had to fulfill the need of daily energy consumption (Feoli et
al., 2002; Hadgu, 2008).

The issue of water security in Tigray is crucial. The region has been facing a massive crisis in water
supply for domestic and irrigation purposes. Many traditional sources of water, such as springs and
streams, have dried-up (Behailu and Haile, 2003). Surprisingly, the regional government has planned to
alleviate the water scarcity problem through the construction of an extensive water harvesting scheme.
Since 1981 the regional government is attempted to rehabilitate the natural environment through
different soil and water conservation works. Later on an institution called 'Commission for Sustainable
Agriculture and Environmental Rehabilitation in Tigray' (CoSAERT) was setup to undertake the
construction of micro-dams. Since 1995, over 50 micro-dams have been built in the region and a good
deal was achieved in economic, hydrologic and ecological terms (Tamene, 2005; Yazew, 2005).

In the areas where the water harvesting schemes were constructed, farmers are able to harvest crops
at least twice a year (Behailu, 2002; Yazew, 2005). The micro-dams also provide locally drinking water
for the population and their livestock. The newly built micro-dams lead to the development of new
springs due to an increased ground water recharge (Woldearegay, 2002; Nedaw and Walraevens,
2009). However, the sustainability of the aforementioned benefits is equivocal as most of the reservoirs
fail within a very short period of their planned life span. On top of the engineering related failures,
hydrology and siltation are the most important problems facing the reservoirs (Tamene et al., 2006;
Haregeweyn et al., 2006, 2008; Abdurahman, 2009). The siltation and hydrological problems are
directly linked with upstream land use and land cover change and climate variability of the region.

Under these circumstances, along with the high population pressure, depleted natural resources and
the arid climate conditions impede to ensure food security (Tesfay, 2011). Maintaining moisture stress
and soil fertility are the challenges to alleviate the crop production in the area. Therefore, the
assessment of water resources potential is necessary for regional water management, water allocation,
effective utilization and economic planning, wherever the economy is highly depend on rainfed
agriculture.



2.2 Modelling of land use and land cover and climate change effect

2.2.1 Overview of the hydrological model

Catchment models simulate the hydrologic processes by which rainfall is converted into stream flow.
The catchment is the system being modeled; with rainfall corresponding to the input parameter and
runoff characteristics being computed (Xu, 2009).

Due to the spatial and temporal variability of the parameters involved in the transformation of rainfall-
runoff process, modeling catchment response to land use and land cover and climate change forcing
can only be achieved with great difficulty (Lastoria, 2008; Lund et al.,, 2010). Catchment hydrologic
models have been developed for different reasons and therefore have different forms (Xu, 2009).
However, they are in general designed to meet one of the following two primary objectives: i) to
understand the hydrologic phenomena operating in a catchment and how changes in the catchment
may affect these phenomena and ii) to generate synthetic sequences of hydrologic data for facilitating
design or forecasting purpose.

Rapid advances in computer technology, nowadays hydrological models vary greatly in their
computational capabilities and enormous range in levels of sophistication including the input data
requirements of the model (DeVries and Hromadka, 1993). Hydrological models have high importance
to quantify the processes of the hydrological cycle in an entire catchment or parts of it and allow
assessing the potential impacts of land use and land cover and climate change on the hydrological
cycle. However, choosing a model of appropriate complexity is equally important to consider the ability
of the model to perform the desired land use or climate change scenarios (Lund et al., 2010).

2.2.2 Classification of hydrologic models

Models documenting the physical processes like rainfall runoff relation are expressed either based on
simple physical laws to link between input and output variables, or describing the basic processes
involved in the runoff generation (Lastoria, 2008). Hydrologic models can be variously classified. One of
the classification methods used by Nirmalakhandan (2002) distinguishes hydrologic models as (1)
physical models, (2) empirical models and (3) mathematical models.

Physical models involve the real system by a geometrically and dynamically similar, scaled model and
conducts experiments in it to make observations and compare them with real measurements. The
empirical model, the so called black box model, is based on an inductive or data-driven approach, in
which historical observed data are used to develop relationships between variables believed to be
significant in the system studied (Xu, 2009). Statistical tools are often used in this process to ensure
validity of the predictions for the real system (Xu, 2009). Mathematical models, the so called
mechanistic models, are based on the deductive or knowledge-driven approach. Here, basic physical
principles and theories along with simplified assumptions on the governing techniques are applied to
derive information on the relation between input-output variables (Nirmalakhandan, 2002). Hence,
based on the differential equations governing the system’s behavior a complete description of the
water cycle dynamics in the mathematical model can be achieved (Lastoria, 2008).



On the basis of spatial description, the hydrological models are broadly classified into two main
categories: lumped models and spatially distributed models (Chow et al., 1988; Nirmalakhandan, 2002).
According to Lastoria (2008) and Xu (2009) hydrological models are classified as lumped models, semi
distributed and distributed models.

Lumped models do not consider the spatially varying character of drainage basin character and
precipitation rather it considers the whole basin as one entity. It averages the output results at the
outlet of the basin (Lastoria, 2008). Lumped conceptual models are characterized by a simple structure,
minimum data requirements, fast set up and calibration and by easy use (Cunderlik, 2003).

In semi-distributed models spatial variation is partially allowed through dividing the basin into a
number of smaller entities or sub-basins. They are more physically-based than lumped models and less
demanding on input data than fully distributed models (Orellana et al., 2008). Semi-distributed
continuous models are often used to evaluate monthly and annual water balance (Xu and Singh, 2004).

In distributed models spatial variability of processes, input, boundary conditions, watershed
characteristics and output is defined by the user and is strictly dependent on the resolution of available
data. Since the distributed models consider the spatially and temporally varying character of the data
they provide the highest accuracy in the process of hydrological modeling (Cunderlik, 2003).
Parameters of these models spatially vary at a given resolution and therefore require considerably
more input data, often unavailable, than semi-distributed models and they have a direct physical
interpretation (Pechlivanidis et al., 2011).

The time-variant models consider temporal varying rainfall input and control the temporal resolution
and duration of hydrologic simulations (Chow et al., 1988). They correspond to event-driven models
that are able to capture short-term-events (Lastoria, 2008).

An event model simulates a single storm event. The duration of the storm may range from a few hours
to a few days. They are mostly applied where direct runoff is the dominating runoff component
(Lastoria, 2008). Event models give less attention for moisture recovery between storm events hence,
they are not appropriate for dry weather simulation. In contrast, a continuous model simulates longer
periods to predict hydrologic response during and between storm events. Continuous models consider
all runoff components. It is suited for the simulation of stream flow at all time scales (daily, monthly, or
seasonal) (DeVries and Hromadka, 1993; Cunderlik, 2003). Based primarily on the capability of
modeling the land use and land cover and climate change effects on water resources availability, the
Hydrologic Engineering Center’s Hydrological Modeling System (HEC-HMS) is capable to model rainfall-
runoff relations in time and space (Feldman, 2000).

2.2.3 Application of HEC-HMS model

The Hydrologic Engineering Center Hydrologic Modeling System (HEC-HMS) is a semi-distributed
physically based hydrologic model which is designed to simulate the rainfall-runoff processes
particularly for dendritic watershed. The model has an integrated graphical user interface. The
operation is seamless with a fast computational engine as well as data storing and reporting capability
(Feldman, 2000). It is designed to be applicable in a wide range of geographic areas for solving the
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widest possible range of problems. The model can be applied as well to small scale urban drainage
basins as to to large scale river basins to simulate water supply and flood hydrographs (Feldman, 2000).

HEC-HMS (successor of HEC-1) is designed to simulate event-driven and continuous runoff over long
periods of time, and to compute runoff using grid-cell depiction of the watershed (Scharffenberg and
Fleming, 2006). HEC-HMS is comprised of a graphical user interface, integrated hydrologic analysis
components, data storage and management capabilities, and graphics and reporting facilities
(Scharffenberg, 2001). HEC-HMS uses a separate model to represent each component of the runoff
process. Thus, it includes separate models to compute runoff volume, direct runoff (overland flow and
interflow), base flow and channel flow (Feldman, 2000).

Deficit and constant loss and the five-layer Soil Moisture Accounting model can be used to simulate
losses in complex infiltration and evapotranspiration environments (Feldman, 2000). Excess
precipitation can be transformed into surface runoff by unit hydrograph methods. A variety of
hydrologic routing methods are included for simulating flow in open channels (lag method, Muskingum
method, modified Puls method, kinematic wave or Muskingum-Cunge method) and a total of four
different base flow methods are provided. Some of the methods are designed primarily for simulating
events while others are intended for continuous simulation (Feldman, 2000).

Since the model was developed over 30 years of continuous research and improvement made it widely
applicable for rainfall-runoff modeling (Scharffenberg, 2001). The current version of the HEC-HMS
model is a highly flexible package both in time and space and it is capable to model the effect of land
use and climate change (Cunderlik, 2003).

The application of hydrological models becomes popular and indispensable to study the hydrological
response of catchments to changing climate and land use. Different models are used to forecast effects
of climate and land use change on hydrological process. HEC-HMS is the one to perform this task
(Cunderlik and Simonovic, 2004). Many researchers so far applied the HEC-HMS event and continuous
modeling approach in a wide range of geographical locations from semi-arid to humid regions. For
example, Bashar and Zaki (2005) and Yimer et al. (2009) applied the HEC-HMS Soil Moisture Accounting
(SMA) algorithm to analyze the long term water balance of the Blue Nile in the context of climate
change. According to Dhar and Mazumdar (2009) the HEC-HMS Soil Moisture Accounting (SMA) model
was applied to simulate the future water availability in the Natunhat Watershed, West Bengal under
climate change scenarios. Similarly, the HEC-HMS continuous model was applied in different Indian
watersheds for example by Meenu et al. (2012) and Roy and Mazumdar (2013) and for climate change
impact assessment by Roy et al. (2013) for evaluating water availability. Abdurahman (2009) and Tulu
(2010) applied an event based HEC-HMS approach to develop rainfall-runoff relations in northern
Ethiopia to regionalize runoff coefficients.

Runoff generation from rainfall follows a non-linear relation due to the temporal and spatial variability
of the input parameters (Habte et al., 2007). Hence, a proper understanding and modeling of the
rainfall-runoff relationship at basin scale is essential for water resources availability and management
studies and design activities such as flood control, management and planning of various water resource
development projects etc. (Habte et al., 2007).
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Chapter 3

3 Methodology

3.1 Soil sampling and soil analysis

Data on soils, land use and land cover are the baseline for watershed hydrological modeling. Most of
the hydrological model parameters are usually derived from soil properties and land cover information.
Often those data are acquired from different specialized institutions. Verification and countercheck is
important prior to model application. An appropriate field data collection methodology plays an
important role to acquire data for watershed based hydrological modes.
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Figure 3-1: Soil sampling locations’ layout in the Suluh basin.

51 disturbed surface soil samples were collected from the Suluh catchment based on a predefined grid
basis (5 km x 5 km) during the 2011 field campaign (Figure 3-1; Appendix B, Table-D). The purpose of
the grid based sampling was to ensure that the sampling points were well distributed across the
catchment. Additionally, previous soil samples collected for the Tekeze Basin Master Plan Studies
(NEDECO, 1997) and for the Suluh Valley Integrated Rural, Agriculture and Water Resources
Development Study (WAPCOS, 2002) were integrated. Sampling stations were geo-positioned by using
the topographical maps (scale 1:50 000) and Garmin GPS.
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In the Geotechnical and Soil Laboratory of the Mekelle University of the Department of Civil
Engineering, the soil samples were analyzed based on the standard laboratory procedures adopted
from ASTM designation: D422—-63 (ASTM, 1998). Grain-size analysis was conducted to determine the
relative proportions of the different grain-sizes which make up a given soil mass. This test is performed
by sieve analysis. Dry sieving was used only for soils with a negligible amount of plastic fines, such as
gravels and clean sands, whereas wet sieving was applied to soil samples with high content of plastic
fines. Additionally, for particles <75um in diameter the hydrometer method was applied. Prior to
particle size analysis the sample was dispersed using sodium hexametaphosphate as an agent. The
grain-size distribution of mixed soils was determined by combined sieve and hydrometer analyses.
Finally, using United States Department of Agriculture (USDA, 1999) soil triangle as a base, soil texture
classification was done and further processed and mapped using Arc GIS 9.3 tools.

As a baseline a soil map of the Suluh basin was obtained from the Soil and Terrain database for
northeast Africa developed by the Food and Agricultural Organization (FAO) of the United Nations
(FAO, 1998). Missing data were filled from the Soil and Terrain Database for Eastern Africa obtained
from the Data Exchange Platform for the Horn of Africa (DEPHA). Soil type classes of FAO were
translated into soil texture classes, using the percentage of the topsoil textures (coarse, medium and
fine) from the universal soil texture triangle and further supported by the laboratory analysis result.

3.2 Geomorphologic map

Geomorphological maps are one of the most appropriate and synthetic ways to analyze the distribution
of landforms, surface and near-surface deposits including the processes that shape landforms (Huggett,
2007). Beyond this, lithology, structure, land use/land cover and artificial features can be incorporated
in a geomorphological map according to their importance (Gebremariam, 2010).

Geomorphological map preparation started with field survey which was carried out in two successive
field campaigns (March—April 2012 and October—November 2012). Additional provided data was: i) the
collection of topographical maps, aerial photographs, thematic maps like geological maps and soil maps
and other regional and local study outputs and ii) the Digital Elevation Model (DEM) 90 m x 90 m
resolution. Field observation data were recorded on a topographical map and aerial photographs using
the legend after Leser and Stablein (1985).

During field data collection a detailed topographic transect from watershed divide to divide was
recorded for each valley supported by GPS, steel meter to measure soil depth, meter tapes (5 and 50
meters) and digital camera. Focus was on morphological landforms and depositional elements, mainly:

e Gravitational elements: mass wasting and colluvial deposits,

e  Fluvial elements: gullies, ephemeral streams, alluvial deposits and fans,

e Anthropogenic elements: land use, road, footpath, water diversion, hand dug well, soil and

water conservation works.

Settlements and other important parameters were recorded and mapped with Arc GIS 9.3. DEM (90 m
x 90 m) derivative parameters were included. Finally, it was attempted to see the relation between
geological structure and land forms, soil type and soil depth and lithology with longitudinal and cross-
sectional profiles of the test site.
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3.3 Data preprocessing

3.3.1

Preprocessing mapping data

3.3.1.1 Base map of the study site

The study area is covered by seven topographic maps (Table 3-1) of 1:50 000 scale provided by the

Ethiopian Mapping Authority (EMA), with Transverse Mercator Projection (grid: UTM zone 37N), Clarke
1880 as spheroid and Adindan datum.

Table 3-1: List of topography maps (data source: Ethiopian Mapping Authority (EMA)).

Topographical
St. No. sheet number Location name Ordering or position
1 1439C4 Nebelet
Sinkata
2 1439D3 (Firewayni) 1439 C2 Adigrat
3 1339A2 Hawzen
4 1339B1 Wukro 1439 C4 Neblet 1439 D3 Sinkata
5 1339B3 Agulae
6 1339A4 North Mekelle 1339 A2 Hawzen 1339 B1 Wukro
7 1439C2 Adigrat 1339 A4 North Mekelle 1339 B3 Agulae

Delineated maps were digitized using Arc GIS 9.3 tools. Figure 3-2 depicts the steps for the preparation

of a base map. The base map was utilized as a reference to operate geometric corrections on other

thematic maps and remote sensing data.

Scanned
Topographic

map —>

Geo-reference Clip based on

and mosaicing
—>

Digitizing roads,
study site contours, stream,
boundary —> Gauge station

settlement &
villages

Figure 3-2: Schematic representation of base map preparation.

3.3.1.2 Watershed analysis

Base map of
study site
—»

The analysis of morphometric characteristics of a catchment like drainage network, slopes, divides and

sub-basin boundaries is the prerequisite for hydrological modeling (Johnson, 2009). Watershed analysis

includes initial parameter estimation for rainfall-runoff modeling and determination of DEM derivatives

for further analysis and simulation.
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The Hydrologic Engineering Center Geospatial Hydrologic Modeling Extension (HEC-GeoHMS) and Arc
Hydro tools coupled with Arc GIS 9.3 were used for watershed analysis and relate with the HEC-HMS
model (Figure 3-3). The Arc Hydro tools are utilities based on the Arc Hydro data model for deriving
hydrography data from DEMs, such as delineating watersheds, drainage networks and its derivatives
for flow tracing (Johnson, 2009). The tools provide raster, vector, and time-series functionality, and
many of them populate the attributes of Arc Hydro features. Further, the Arc Hydro tool provides a
data base (spatial data management) that uses various applications to develop hydrologic model
(Johnson, 2009).

GIS

Watershed Hydrology

Grid Format
SHG & HRAP

A4

| Gridded |
| Hydrologic
| [Data | |

Raw GIS Data

HEC-
¥
GIS =2 | GeoHMS [=>=>| HMS Inputs m;

Preprocessed (ArcView) HEC-HMS
Spatial Hydrolo

Database

DEM, RF1
HUC
. STATSGO
Land Use
Radar
Ramfall

Watershed &
River
Characteristics

Figure 3-3: Relation between GIS, HEC-GeoHMS and HEC-HMS.

The Digital Elevation Model (DEM) with 90 m x 90 m resolution provided from the Shuttle Radar
Topography Mission (SRTM) was used to derive parameters for the hydrological modeling (Figure 3-4).
The program features are terrain preprocessing, basin processing, hydrologic parameter estimation and
Hydrologic Engineering Center Hydrologic Modelling Systems (HEC-HMS) model support (Feldman and
Doan, 2009). The first two features are accomplished through a number of procedural steps. Terrain
preprocessing includes filling sinks, assigning flow direction and flow accumulation, defining stream
network, sub-watershed area sizes, basin slope and some other watershed characteristics that
collectively describe the drainage pattern and geometry of a basin. Additionally, parameters like river
slope, river length, watershed centroid, and longest and centroidal flow path were also determined
(Fleming and Doan, 2009). Finally, the automatically generated drainage network from the DEM will be
compared with the topographic maps at scale 1:50 000.
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Figure 3-4: Flow chart for watershed processing in HEC-GeoHMS and Arc Hydro tools.

3.3.1.3 Land use and land cover map

During the first field survey in May to July 2011, the general land use, land cover pattern and the
general land forms of the study site were mapped in detail. Agricultural fields were often found to be
scattered everywhere and alternated with natural vegetation and rural settlements. It was found as a
recurrent situation and in most cases it was impossible to make a separation between these fields. For
this reason a mixed land cover class was introduced. The survey was supported by topographical maps
(scale: 1:50 000). A Global Positioning System (GPS) was used to collect ground truth points for further
analysis of satellite images. The field data supported the analysis of the aerial photographs and satellite
image analysis.
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3.3.1.4 Data extraction and image processing

Data sources

Landsat imagery is available since 1972 from six satellites in the Landsat series: MSS (Multi-spectral
Scanner), TM (Thematic Mapper), and ETM+ (Enhanced Thematic Mapper Plus). Landsat supplies high
30mx30m invisible and infrared imagery, with thermal imagery and a panchromatic image also
available from the ETM+ sensor (NASA, 2003). Landsat images of the Suluh catchment were available
for the years 1972, 1986 and 2000 through Global Land Cover Facility (GLCF). Based on the location of
the study site a four-band MSS for the year 1972, a six-band TM for the year 1986 and a seven-band
ETM+ for the year 2000 were downloaded from GLCF data base (Table 3-2).

Table 3-2: Details of the acquired Landsat images (data source: GLCF).

Date of Pixel
Satellite Sensor Band production resolution Path / Row
MSS multi-spectral 60 meter
L14 scanner 1,2,3,4 | 1972-11-02 181/51
L4-5 TM multi-spectral 1,2,3,45,7 30 meter
L4-5 TM thermal 6 | 1986-01-05 120 meter | 169/50
L7 ETM+ multi-spectral 1,2,3,45,7 30 meter
L7 ETM+ thermal 6.1,6.2 60 meter
Panchromatic | ETM+ thermal 8 | 2000-01-27 15 meter | 169/50

All the images were acquired for the Ethiopian dry season (December to February) to keep seasonal
consistency of the time series. Additionally the following information was collected:

e 1:50 000 topographical maps for verification and geo-referencing of the acquired imagery,

e Land use map prepared by Hunting Technical Service Limited (HTSL) (1976),

e Land use map with a scale of 1:100 0000 prepared by the Ministry of Agriculture (1985),

e land use map prepared by Woody Biomass Inventory and Strategic Planning Project (WBISPP,
2003) with a scale of 1:250 000,

e 110 ground truth data collected for a supervised land cover classification and classification
accuracy assessment, and

e Available aerial photographs (1965, 1986, 1994).

Image analysis

ERDAS Imagine (version 9.2) and Arc GIS (version 9.3) software packages were used for the
classification of land use and land cover. The satellite data were imported into ERDAS IMAGINE 9.2 in
an image format for geometric correction. Geometric distortions in a satellite image are introduced by
the sensor system. Images were geo-referenced.

Land use and land cover classification from satellite image needs a prior knowledge of the study site
including ground truth and secondary data to support the interpretation and to analyze the historical
images. The steps taken as a general procedure can be summarized as (i) preprocessing of the images

16



including spatial, radiometric and Spectra enhancement, (ii) unsupervised classification, (iii) supervised
classification, (iv) accuracy assessment and (v) land use change detection and analysis (Figure 3-5).

Landsat ETM+ images have 8 individual bands, each representing a single layer of continuous imagery.
Due to their low spatial resolution (60 m) the thermal bands (bands 6.1 and 6.2) were not used (Table
3-1). The images of the non-thermal bands (30 m) were stacked into a multilayer image and clipped
with the study area boundary. Image fusion (or pan-sharpening) techniques have proven to be effective
tools for providing better image information (Saadat et al., 2011). Hence, the 30 m multilayer image
was fused with the 15 m panchromatic band (band 8) using the Principal Component Analysis (PCA)
method to increase the resolution of the image. 110 ground truth points were collected in the field for
a pixel based image training supervised classification and accuracy assessment.

Supervised classification was done followed by unsupervised classification. The maximum likelihood
algorithm was used for classification because the algorithm takes the distributions of the classes into
account via a variance-covariance matrix (Adnan, 2010). Based on the multivariate Gaussian
distribution the algorithm estimates the probability that a given pixel belongs to a specific land use
class. The processes involved the generation of land use maps for the 1972, 1986 and 2000 images
(Figure 5-1).

3.3.1.5 Spatial maps overlay

To generate the input parameters for ongoing modeling various spatial maps were processed using Arc
GIS 9.3. Soil map, land use/land cover map and slope map were generated. Further, an overlapped map
intersecting with sub-basins was generated with HEC-GeoHMS model. Based on the overlapping map
homogeneous sub-basins with known attributes are available for model simulation.
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3.3.2 Preprocessing of meteorological data

3.3.2.1 Rainfall

To establish a rainfall-runoff relationship for a catchment, historical meteorological data are required.
In this study those data were required for two main purposes. First, the data were used as an input to
the HEC-HMS model in the hydrological model setup and development. Second, the data were used for
downscaling the Global Circulation Model (GCM) data using Statistical DownScaling Model (SDSM) for
impact assessment. Meteorological data were collected from the Ethiopian National Meteorological
Service Addis Ababa and Mekelle branch office. Since there are only few meteorological stations with
relatively long records inside the catchment, data include neighboring stations too (Figure 4-1).

A 37 year period (1973-2010) of daily data for seven weather stations were collected for the analysis

(Table 3-3, Figure 4-2).

Table 3-3: Weather stations providing meteorological data for this study (data source: Ethiopian
National Meteorological Service Agency (ENMSA)).

St. Location Altitude Measured Number of

No. Station name Easting Northing | (ma.s.l.) | period missing years
1 Edaga-Hamus 556082 1565413 2720 | 1974-2010 3
2 Adigrat 548533 1575362 2506 | 1970-2010 5
3 Hager-Selam 533434 1505715 2608 | 1973-2010 11
4 Hawzein 542062 1535564 2255 | 1971-2010 10
5 Mekelle airport 551768 1494659 2267 | 1959-2010 3
6 Wukro 564710 1514559 1995 | 1963-2010 17
7 Senkata 556082 1544408 2437 | 1973-2010 18

However, the number of meteorological variables collected varies from station to station depending on
the class of the stations; some of the station became inoperative during the civil war. The only station
in the study area which has data for more than 37 years is Mekelle airport meteorological station. Data
provided are rainfall, relative humidity, wind speed, sunshine hours, maximum temperature and
minimum temperature.

Data were quality controlled to identify inconsistencies as caused for example by changes in
measurement device, changes in climate, natural disasters etc. For the statistical analysis and the data
filling process, Mekelle airport station was considered as the base station. For monthly data gaps long
term average of the base station, regression techniques (both linear and multiple) and Maintenance of
Variance-Extension, type 1 (MOVE.1) were applied (Helsel and Hirsch 1992). Finally, heterogeneity of
the data was detected using double mass curve, residual mass plot and accumulated residual method
(ellipse test).
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The rainfall at a single station is considered as point rainfall. The required watershed precipitation
depth can be inferred from the depths at gauges using an averaging scheme (Feldman, 2000). Thus,
computation of average depth of rainfall over the watershed is:

2z

P = Equation 3-1

average
’ W
i

Where:
Paverage is average depth of rainfall over the watershed,
p;i (t) is precipitation depth measured at time t at gauge i and
Wi is weighting factor assigned to gauge/observation i.

HEC-HMS model has performed internally using Inverse-distance-squared Method and Thiessen
polygons during basin model preparation under HEC-GeoHMS and offers the opportunity to apply user
specified gauge weight.

The Thiessen polygons were constructed around rainfall stations using Arc GIS 9.3 to obtain the area-
weighted average rainfall for Suluh catchment (Figure 4-2). Application of the Thiessen polygons is
suitable for non-homogenous distribution of rain gauges, however, the method does not consider
other than station spacing and precipitation amounts (WMO, 1994). Although the isohyetal method is
suitable to consider physiographic relationships, storm tracks and types (WMO, 1994). It was not used
in this study as there are not enough stations available.

To assess the relationship between rainfall and altitude rainfall, both factors were compared on a
seasonal basis (considering Ethiopian traditional seasons). Additionally, the mean annual total rainfall
for the 37 years of recorded data (1973 to 2010) was related to altitude information of the seven
stations integrated into this study.

The inter-annual variations in seasonality of precipitation are analyzed quantitatively by using
Seasonality Indices Sl;derived by Walsh and Lawler (1981). Sl; is a measure to evaluate the spread of the
monthly rainfall with respect to an ideally uniform monthly distribution in all 12 months (Sumner et al.,
2001; Livada and Asimakopoulos, 2005; Mwchahary and Nath, 2013):

1 & R
Sli == n "7y ;
R, = 12 Equation 3-2
Where:
Ri is the total annual precipitation for the particular year under study and
Xin is the actual monthly precipitation for month n.

Then from the accumulated SI;, a long-term mean S_II was calculated as (Walsh and Lawler, 1981):
— 1 38

Si. =— > SI.

1 38 ; 1

Equation 3-3
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Another seasonality index SI was calculated in order to estimate the mean seasonality over the study
period by using directly long-term average monthly rainfall data (Walsh and Lawler, 1981):

1 &
Sl = —Z ~ 5 Equation 3-4
R
Where:
Xn is the mean rainfall of month n and
R is the mean annual rainfall.

Seasonality index is equal to zero when all months share the same amount of rainfall and equal to 1.83
when all rainfall incidences occur in a single month (Livada and Asimakopoulos, 2005). In order to
indicate whether or not the wettest period occurred over a small range of months, or whether it
occurred in any month during the year a Replicablity Index (RI) was obtained by Walsh and Lawler
(1981):

RI =

NEd

Equation 3-5

<2

A high replicability index indicates that the wettest month of a year generally occurrs stable in the same
month each year; whereas a lower replicability index indicates that the wettest month of the year
tends to be more evenly spread amongst a larger time period. The seasonal variations are studied on a
monthly base (Sumner et al., 2001)

Another step processing the meteorological data was the trend analysis of rainfall and temperature
time series. Spearman’s rank-correlation method was selected as an appropriate approach. It is simple
and distribution free, i.e. it does not require the assumption of an underlying statistical distribution
(Dahmen and Hall, 1990). Yet another advantage is nearly uniform power for linear and non-linear
trends (Mitchell et al., 1966). The Spearman's rank-correlation coefficient, Ry, is defined as:

6* D. *D.
.g( ' ') Equation 3-6
RSP =1- *(n*
n*(n*n-1)

Where:
n is the total number of data,

is difference and
i is the chronological order number.
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The difference between rankings is computed with:

D, = Kx; — Ky; Equation 3-7

Kx; is the rank of the variable, x, which corresponds to the chronological order number of the
observations. The series of observations, y;, is transformed to its rank equivalent, Ky;, by assigning the
chronological order number of an observation in the original series to the corresponding order number
in the ranked series, y. If there are ties, i.e. two or more ranked observations, y, with the same value,
the convention is to take Kx as the average rank. One can test the null hypothesis, Hq:R,, = O (there is no
trend), against the alternate hypothesis, H;:Ry, < > 0 (there is a trend), with:

) 05
n —_
t,=Ry|———— E ion 3-
P quation 3-8
1-R, *R,,
Where:
Rsp is Spearman's rank-correlation coefficient and
t, is student’s t-distribution.

Student’s t-distribution is symmetrical around t = 0. At a significance level of five percent (two-tailed),
the two-sided critical region, U, of t.is bounded by:

{—oo,t{u,2.5%}}LJ {t{0797-5%}’+°°} Equation 3-9

Where:
v is n-2 degrees of freedom.

The null hypothesis is accepted if t;is not contained in the critical region. In other words, the time series
has no trend if:

t{0,2.5%} < t, <t{v,97.5%} Equation 3-10

3.3.2.2 Evapotranspiration

Evapotranspiration is an integral part of HEC-HMS continuous simulation module while it is neglected
for event based simulation. It is possible to analyze watershed response to longer precipitation records
that include both, periods of rainfall and periods without rainfall. In periods without rainfall the state of
basin moisture directly corresponds to the temperature with evaporation and transpiration as the
critical components (McEnroe, 2010). The input data for the HEC HMS model were prepared based on
the monthly averages of the potential evapotranspiration. The preferred method to calculate a
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reference evapotranspiration is the Penman-Monteith method as presented in the United Nations

Food and Agriculture Organization’s report FAO-56 (Allen et al., 1998). The required meteorological

inputs are solar radiation, temperature, humidity and wind speed. Long term records of the climate

variables are not available for most of the weather stations of the study site. In consequence, these

data have been extracted from FAO climate data base with the help of New-LocClim local climate

estimator.

FAO-56 Penman-Monteith method (Allen et al., 1998):

T +273

OAOS*A*(RH—G)+7*[Emo]*uz*@s—e

mean

ET, =

Where:
ET,

Tmean
u;
eS
ea

€ -6,

The conversion factor is:

Where:
M)

mm

A+y*(1+0.34*u,)

is reference evapotranspiration rat [mm/day],
is net radiation at the crop surface [MJ/m?/day],

is soil heat flux density [MJ /m? /day],

is daily air temperature at 2 m height [°C],
is wind speed at 2 m height [m/s],

is saturation vapour pressure [kPa],

is actual vapour pressure [kPa],

is saturation vapour pressure deficit [kPa],
is slope vapour pressure curve [kPa/°C] and
is psychrometric constant [kPa/°C].

Imm  0.408mm*m?
2.45MJ [/ m? MJ

is Mega Joule,
is millimeter and
is meter.

3.3.2.3 Downscaling of climate data

Equation 3-11

Equation 3-12

The predictor variables used for the Statistical DownScaling Method (SDSM) is provided by the

Canadian Institute for

Climate Studies website for model

of HadCM3 (CICS,

http.//www.cics.uvic.ca/scenarios/sdsm/select.cgi). Predictor variables were supplied on a grid basis.

The data provided include the following three directories:

NCEP_1961-2001: This directory contains 41 years of daily observed predictor data, derived from the
National Centre for Environmental Prediction (NCEP) reanalysis, normalized (with respect to the mean
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and standard deviation) over the complete 1961-1990 period. These data were interpolated to the
same grid as HadCM3 (2.5° latitude x 3.75° longitude) before normalization.

H3A2a_1961-2099: This directory contains 139 years of daily GCM predictor data, derived from the
HadCM3 A2 (a) experiment, normalized over the 1961-1990 period.

NCEP data are reanalysis sets from the National Centre for Environmental Prediction which was
regrided to match with the grid system of the HadCM3. These data were used for model calibration.
Both, the NCEP and HadCM3 data have daily predictors. And also CGCM3
(http://loki.qc.ec.gc.ca/DAI/CGCM3_predictors-e.html) predictor variables were supplied on a grid
basis. Data provided include the following three directories:

NCEP_1961-2003: 41 years of daily predictors derived from the NCEP/NCAR reanalysis,

CGCM3A2_1961-2000: 40 years of daily GCM predictor data, derived from the CGCM3.1 A2
historical GHG and aerosol concentration experiment, and

CGCM3A2_2001-2100: 100 years of daily GCM predictor data, derived from the CGCM3.1 A2 SRES
A2 scenario. All details concerning the development of the CGCM3 predictors can be found in the
DAl CGCM3 Predictors (2008) documentation.

The predictands (maximum temperature, minimum temperature and precipitation) for Mekelle station
can be prepared in the same format as the predictor. On this basis adjustment of the model
parameters for downscaling climate data (year length, event thresholds, model transformation,
variance inflation and bias correction) were set.

The selection of predictor variables is based on the empirical relationships between regridded
predictors and single site predictands. The explanatory power of individual predictor variables varies
spatially and temporally (Wilby and Dawson, 2007). In SDSM, the predictors are selected on the bases
of their linear and partial correlation between the predictors (from GCM) and the predictands variables
(local weather station) (Yimer et al., 2009). Finally, the scatter plot indicates whether this result is due
to a few outliers or it is a potentially useful downscaling relationship. The calibration of the model and
scenario generation was executed according to SDSM guide manual.

3.3.2.4 Statistical Downscaling of climate parameters

The Statistical DownScaling Model (SDSM) is a hybrid of a multiple linear regression model. It is used for
climate change studies at local scale by creating statistical relation with GCM outputs (Wilby and
Dawson, 2007). Applying these methods for the Suluh basin a multiple linear regression model is
developed between a selected GCM (HadCM3 and CGCM3) predictor variables and its predictands such
as temperature and precipitation (Yimer et al., 2009).

Selection of climate stations

Seven weather stations are available in the Suluh river basin (Table 3-3; Figure 4-2). However, to
execute climate downscaling; Mekelle Airport weather station has the only reasonably good quality
daily temperature and precipitation data for the period of 1961-2010.
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Predictor variables for statistical downscaling

Two sets of large scale climate change predictor variables are used for climate studies (Table 3-4 and 3-
5). Data were were provided for a grid box by grid box with 2.5° * 3.75° in size for the Hadley Centre
Coupled Model version 3 (HadCM3) and 3.75° * 3.75° for the third generation Coupled Global Climate
Model (CGCM3). The drainage basin area of Suluh basin is located in 13.3°-14.25° latitude and
38.63°-39.8° longitude and is covered by a single grid box.

i. Hadley Centre Coupled Model version 3 (HadCM3) A2 and B2 scenario were obtained from the
Canadian Institute for climate studies (CICS).

Table 3-4: Description of large scale atmospheric variables from the NCEP reanalysis and HadCM3
simulations output used as predictors
(data source: www.cics.uvic.ca/scenarios/sdsm/select.cgi).

Predictor Predictor
No. | variable Predictor description No. | variable Predictor description
1 mslpaf Mean sea level pressure 14 | p5_uaf 500 hpa zonal velocity
2 p_faf Surface air flow strength 15 | p5_vaf 500 hpa meridional velocity
3 p_uaf Surface zonal velocity 16 | p5_zaf 500 hpa vorticity
4 p_vaf Surface meridional velocity | 17 | p500af 500 hpa geopotential height
5 p_zaf Surface vorticity 18 | p5Sthaf 500 hpa wind direction
6 p5zhaf 500 hpa divergence 19 | p850af 850 hpa geopotential height
7 p8_faf 850 hpa airflow strength 20 | p8thaf 850 hpa wind direction
8 p8_ uaf 850 hpa zonal velocity 21 | p8zhaf 850 hpa divergence
9 p8_vaf 850 hpa meridional velocity | 22 | r500af Relative humidity at 500 hpa
10 | p8_zaf 850 hpa vorticity 23 | r850af Relative humidity at 850 hpa
11 | p_thaf Surface wind direction 24 | rhumaf Near surface relative humidity
12 | p_zhaf Surface divergence 25 | shumaf Surface specific humidity
13 | p5_faf 500 hpa airflow strength 26 | tempaf Mean temperature at 2 m

ii.  The third generation Coupled Global Climate Model (CGCM3) were obtained through Data
Access Integration Portal (http.//loki.qgc.ec.gc.ca/DAl). All details concerning the development
of the CGCM3 predictors can be found in the DAl CGCM3 predictors (2008) documentation.
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Table 3-5: Description large scale atmospheric variables from the NCEP reanalysis and CGCM3
simulations output used as predictors (data source: http.//loki.qc.ec.gc.ca/DAl).

No. | CGCM3 | Predictor description No. CGCM3 Predictor description

1 mslpgl Mean sea level pressure 14 p5zhgl 500 hPa divergence

2 __fgl Surface airflow strength 15 p8_fgl 850 hPa airflow strength

3 p__ugl Surface zonal velocity 16 p8 ugl 850 hPa zonal velocity

4 p__vgl Surface meridional velocity 17 p8_vgl 850 hPa meridional velocity
5 p_ zgl Surface vorticity 18 p8_ zgl 850 hPa vorticity

6 p_thgl Surface wind direction 19 p850¢gl 850 hPa geopotential height
7 p_zhgl Surface divergence 20 p8thgl 850 hPa wind direction

8 p5_fgl 500 hPa airflow strength 21 p8zhgl 850 hPa divergence

9 p5_ugl 500 hPa zonal velocity 22 s500gl| Specific humidity at 500 hPa
10 | p5_vgl 500 hPa meridional velocity | 23 s850gl| Specific humidity at 850 hPa
11 | p5_zgl 500 hPa vorticity 24 shumgl Surface specific humidity

12 | p500gl 500 hPa geopotential height | 25 tempgl Mean temperature at 2m
13 | p5thgl 500 hPa wind direction - - -

3.3.3 Preprocessing hydrological data

The Suluh river has only one gauge station sited near Hawzen at the crossing of Hawzen to Senkata
road (552902m E and 1549136m N; Figure 4-1). The gauge was operative from 1973 to 2002 under the
Ministry of Water and Energy, Department of Hydrology; since 2002 it is inoperative. Additionally, the
data have a number of gaps during the civil war. In general, the quality of the discharge data is poor,
because most of the time rating curves were determined when the gauging station was established,
but never were updated. Also cross-sections of the river have been determined only once. Hence,
before using the data for further analysis a thorough scrutiny/gap filling with different techniques was
applied.

3.4 Basics of hydrological models

HEC-HMS hydrologic model is used for modeling of both, individual (single) rainfall events and long,
continuous sequences of precipitation data (Scharffenberg and Fleming, 2010). In the HEC-HMS model
interception, infiltration, storage, evaporation, and transpiration are collectively called losses. The sub-
basin element conceptually represents infiltration, surface runoff, and subsurface processes
interacting. The actual infiltration calculations are performed by a loss method contained within the
sub-basin. A total of twelve different loss methods are provided. Some of the methods are designed
primarily for simulating events while others are intended for continuous simulation. All of the methods
conserve mass implying that infiltration and precipitation left on the surface will always be equal to
total incoming precipitation (Scharffenberg and Fleming, 2010).
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3.4.1 Runoff volume models

The deficit constant loss method uses a single soil layer to account for continuous changes in moisture
content and the Soil Moisture Accounting loss method uses three layers to represent the dynamics of
water movement in the soil. It is often used in conjunction with a canopy cover and surface method.
Layers within the method include soil storage, upper groundwater, and lower groundwater. The soil
layer is subdivided into tension storage and gravity storage. Groundwater layers follow the principle of
linear reservoir structure which is designed to simulate the interflow and base flow rather than
representing the detail aquifer processes of a basin. The above mentioned methods provide output for
wetting and recovery cycles and can be used for long periods of continuous simulation (Feldman,
2000). The model requires the input of daily data on rainfall, estimated potential evapotranspiration,
soil moisture conditions, land use and various hydrometeorological data. Daily rainfall and stream flow
data for a period of eight years (1992—1999) were used to calibrate and validate the model.

3.4.1.1 Basic concept of deficit constant loss model

HEC-HMS includes a quasi-continuous model of precipitation losses, known as the deficit constant loss
model. This model is similar to the initial and constant loss model, but the initial loss can ‘recover’ after
a prolonged period of no rainfall (Feldman, 2000).

To apply this model in HEC-HMS, the initial loss and constant rate plus the recovery rate must be
specified. Each soil has a specific water holding capacity, controlled by the active rooting depth of the
vegetation. It is assumed that also infiltration rate is fixed, approximated by the saturated hydraulic
conductivity; due to simplified assumptions infiltration only occurs when the soil is saturated. Water is
removed from the soil to simulate evapotranspiration (Ford et al., 2008).

3.4.1.2 Basic formulation of Soil Moisture Accounting model

The HEC-HMS Soil Moisture Accounting model simulates both, wet and dry weather behaviors. The
HEC-HMS SMA model (Figure 3-6) is patterned after Leavesley’s Precipitation-Runoff Modeling System
(Leavesley et al., 1983). Soil Moisture Accounting (SMA) models consider soil moisture balances in an
extended period of time. They are suited for the simulation of stream flows for all time scales (daily,
monthly, or seasonal) (Roy et al.,, 2013). Soil Moisture Accounting (SMA) models include all runoff
components. The model requires inputs of daily data on rainfall, soil moisture conditions and various
hydro meteorological data. The model has five storage layers (Figure 3-6), namely canopy storage,
surface depression storage, soil storage, groundwater storages 1 and 2. These model components are
simulated separately in the HEC-HMS model (Roy et al., 2013) (Figure 3-6).

The Soil Moisture Accounting (SMA) model computes flow into the system, out of from the system and
between the storages. The order of computations in each time step depends upon the occurrence of
precipitation or evapotranspiration as follows:

The drainage basin precipitation first satisfies the canopy storage considered as initial loss before it
reaches the soil surface. The precipitation which reaches the ground then fills depressions and
infiltrates into the soil. During this process already water is water lost by evaporation. The water
volume that exceeds the filling capacity of the depressions as well as the infiltration capacity overflow
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and become surface runoff (direct runoff). Canopy interception is computed identically for the pervious
and impervious parts of the sub-basin (McEnroe, 2010). Infiltration or depression-storage losses are not
deducted from precipitation onto impervious surfaces. All impervious surfaces are assumed to be
“directly connected”; i.e. runoff from impervious surfaces has no second chance to infiltrate. Water is
removed from canopy storage by evaporation. Water is removed from depression storage by
evaporation and infiltration (Feldman, 2000).
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Figure 3-6: Conceptual schematic of the continuous Soil Moisture Accounting
algorithm (Feldman, 2000).

Infiltrated water enters the soil storage, with the tension zone filling first. Water in the soil profile, not
in the tension zone, percolates to the first groundwater layer. Groundwater flow is routed from the
groundwater layer 1, and then any remaining water may percolate to the groundwater layer 2.
Percolation from layer 2 is to a deep aquifer and is lost to the model (Feldman, 2000).

If precipitation incides during the analyzed time interval, evapotranspiration is not modeled. If
precipitation does not occur, evapotranspiration is modeled. The water stored in the canopy storage
and in depressions is removed by evapotranspiration and consequently satisfies the potential
evapotranspiration (Bennett and Peters, 2000). Finally, if the saturation vapor pressure is still not
satisfied, water is removed from the upper-soil profile storage. The model then continues as described
above for the precipitation periods (Feldman, 2000).
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3.4.2 Direct-runoff models

Translation and attenuation processes are considered during the transformation of excess rainfall to
runoff by the Clark unit hydrograph model (Cunderlik and Simunovic, 2004). Translation is based on a
synthetic time- area histogram and the time of concentration, the time-area histogram specifies the
area contributing to flow at the outlet as a function of time. Attenuation is modeled with a linear
reservoir (Feldman, 2000). The reservoir represents the aggregated impacts of all basin storage (St).
The average outflow from the reservoir (Feldman, 2000) during a period (t) is:

O, =C,l,+C,0,, Equation 3-13
Where:
Iy is the average inflow to storage at time and
Cpand Cg are routing coefficients.

The routing coefficients are given by:

At
C,=—— and C,=1-C i -
A~ St + 0.5AL B A Equation 3-14
Where:
At is the computational time step.

The required parameters of the Clark method are time of concentration (hr) and storage coefficient
(hr). Both parameters can be estimated via calibration.

3.4.3 Base flow models

Base flow model simulates the storage and movement of subsurface flow as storage and movement of
water through reservoirs. The reservoirs are assumed to be linear: the outflow at each time step of the
simulation is a linear function of the average storage during the time step. Mathematically, this is
identical to the approach of the Clark’s Unit Hydrograph model (Feldman, 2000).

The outflow from groundwater layer 1 of the soil moisture accounting is inflow to one linear reservoir,
and the outflow from groundwater layer 2 of the soil moisture accounting is inflow to deep aquifer. The
outflow from the two linear reservoirs is combined to compute the total base flow for the watershed.
The Soil Moisture Accounting method is designed to be used in conjunction with the linear reservoir
base flow model (Feldman, 2000). Required parameters of the linear reservoir base flow model are:
Storage coefficient (hr) and number of reservaoirs.

3.4.4 Channel flow

The Lag model is the simplest of the HEC-HMS routing models. In the Lag model, the outflow
hydrograph is simply the inflow hydrograph, but with all ordinates translated (lagged in time) by a
specified duration. The flows are not attenuated, so the shape is not changed. This model is widely
used, especially in urban drainage channels (Pilgrim and Cordery, 1993).
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Mathematically, the downstream ordinates are computed by:

<
Ot = I(t) t<lag Equation 3-15
I(t—lag) t=>lag
Where:
O; is outflow hydrograph ordinate at time t,
R is inflow hydrograph ordinate at time t and
lag is time by which the inflow ordinates are to be lagged.

3.4.5 Sensitivity analysis

Sensitivity analysis determines which parameters of the model have the greatest impact on the runoff
hydrograph. By using local sensitivity analysis the effects of each input parameter are calculated
separately with the other parameters kept constant or at their initial values (Vaze et al., 2011). The
analysis was done by adjusting the input model parameters using -20% to +20% from the initial model
input parameters. Relative variation of the model output was calculated as:

Output variation = [(Ot _O% }*100 Equation 3-16
b
Where:
Oy is a value of the output variable for a given simulation and
O; is the value of the initial output.

Then the model was repeatedly run with different values according to the percentage values as
described above and compared. Based on the derived results, the sensitivity index and rank of
parameters were calculated for the basin according to its effect on the peak flow and runoff volume.
From the parameter rank, model calibration was performed.

3.4.6 Calibration and validation parameters

The Soil Moisture Accounting model parameters were calculated by observed data. For this iterative
process candidate parameter values are proposed and the model is trained with these parameters
including precipitation and evapotranspiration inputs. The resulting computed hydrograph is compared
with an observed hydrograph of the corresponding period. If it matches not satisfactory, the
parameters are adjusted, and the search continues. Most parameters can be defined automatically
using the optimization manager (Fleming, 2004). Observed discharge must be available for at least one
element before optimization can start. HEC-HMS includes automatic calibration capabilities and offers
six different objective functions (sum of squared residuals, sum of absolute residuals, percent error in
peak flow, percent error in volume, the root mean square log error and time weighted functions) and
one of two different search algorithms: the univariate-gradient search algorithm (Scharffenberg and
Fleming, 2006) and the derivative-free minimization algorithm (Nelder and Mead, 1965). HEC-HMS
supports constrained optimization for both search methods.
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3.4.7 Model performance evaluation criteria

The performance of a model must be evaluated on the extent to which it satisfies its objective to
simulate the real world phenomena (accuracy). A criterion is therefore necessary to evaluate the
performance of the model. The criterion used should be linked directly to the objective function used.
The criteria used in this study for evaluating the model performance are:

1. Nash-Sutcliffe efficiency (NSE)

The Nash-Sutcliffe efficiency (NSE) normally is used to assess the predictive ability of a models
considering the relative magnitude of the residual variance (simulated value) compared to the
measured (observed) data variance (Nash and Sutcliffe, 1970), mathematically given by:

13, (@) F

N =

NSE =1- h:_l 7 Equation 3-17

1 S

Q) —|Q
le)-(e)
Where:
(Qu)i is the /" observation for the constituent being evaluated,
(Q)i is the i simulated value for the constituent being evaluated,
o
is the mean of observed data for the constituent being evaluated and

N is the total number of observations.

2. Index of volumetric fit

The index of volumetric fit is a measure which indicates whether or not the volume of the estimated
flows of a model agrees with the observed flow volume in a test period. A value of unity for index of
volumetric fit indicates a perfect volumetric match of the observed flows with the estimated flow in a
certain period, i.e. it indicates that the model has achieved water balance in the period of test
considered. The index is given by (Ahsan and O'Connor, 1994):

N

Z(Qs )i

Index of volumetric fit = | -=L——|*100 Equation 3-18
Z(Qo )i
1=1

Where:
(Qs)i is the /" simulated value for the constituent being evaluated and
(Qo)i is the /" observation for the constituent being evaluated.
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3. Index of Agreement (loA)

The index of agreement (loA) was developed by Willmott (1981) and varies between 0 and 1. A
computed value of 1 indicates that the model has the capability to replicate the measured data, while 0
indicates that the model is unable to perform well and simulated and observed values are not in

agreement (Willmott, 1981).

The index of agreement, loA, is defined as (Willmott, 1981):

Where:

ZN: [(Qo )i - (Qs )i ]2

Index of agreement =1— Ll Equation 3-19

IS

ool L

=2

(Qo )i _Qo (Qs )i _60

is the /" observation for the constituent being evaluated,

3

i=1

is the /™ simulated value for the constituent being evaluated,

is the mean of observed data for the constituent being evaluated,

is the mean of simulated data for the constituent being evaluated and

is the total number of observations.

4. Coefficient of determination (R%)

It describes the degree of collinearity between simulated and measured data. Similarly, R? describes the
proportion of the variance in measured data explained by the model (Krause et al., 2005). The value
ranges between 0 and 1, with higher values indicating less error variance and the ability of the model to
perform the simulation. R? has been widely used for model evaluation (Legates and McCabe, 1999), is

given by:

Where:

3

o o L

2

> ()-Q 1| @) -2,

@) QH -3 QH

Equation 3-20

i=1

is the /" observation for the constituent being evaluated,
is the /" simulated value for the constituent being evaluated,

is the mean of observed data for the constituent being evaluated,

is the mean of simulated data for the constituent being evaluated and

is the total number of observations.
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5. Relative error of peak

The relative error of the peak is defined as (Goswami et al., 2002):

‘(QP )s B (QP )o‘ *100

Relative error of peak = Equation 3-21

Qe )
Where:
(Qp)o is observed peak flows and
(Qp)s is and simulated peak flows.

6. Percent bias

The % BIAS is defined as the mean residual expressed as percentage of mean observed discharge, and is
given by (Srivastava et al., 2013):

N

Z [(Qs )i - (Qo )i ]

%BIAS == S *100 Equation 3-22
Z (Qo )i
i=1
Where:
(Qo)i is observed flows and
(Qy); is and simulated flows.
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Chapter 4

4 Study area

The area of investigation is the Suluh river basin in northern Ethiopia, a sub-basin of the Tekeze river
basin (Figure 4-1). This chapter initially outlines the overall characteristics of the watershed, followed
by a detailed description of the selected test sites within the watershed. It includes the location of the
study area, its topographic characteristics, the geology, the land use/land cover and the hydro-climatic
features. The soils of the study area are also briefly introduced.

4.1 Suluh river basin

4.1.1 Regional settings and landscape units

Tigray regional state is located in northern Ethiopia. It is one of the drier parts of the country and
belongs to the African dry lands in the Sudano-Sahelian region (Kumasi and Asenso-Okyere, 2011). The
region stretches across three major river basins of the Tekeze, Mereb and Danakil depression. The
Tekeze river basin covers approximately 70% of the Tigray region. The Tekeze river further joins
Angereb and Gonga valley to form the Atbara River in Sudan feeding into the Nile river (NEDECO, 1997).
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Figure 4-1: Location of the Suluh basin (data base: Jarvis et al., 2008 and EMA).
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The Suluh river basin (Figure 4-1) is found in the highlands of the northeastern Tigray region. It is a
tributary of the Geba River and drains from the volcanic mountains of Mugulat near Adigrat ridge to the
south (Figure 4-1). The drainage basin area of the Suluh River totals 967 km®”. The basin is approximately
10-15 km wide in EW-direction and 90-95 km long in NS-direction. It ends at the confluence of the
Suluh and Genfel River.

4.1.2 Climate

The geographic location and altitude characteristics of Ethiopia cause different climates (IAO, 2008).
According to the National Strategy and Action Plan for the Implementation of the Great Green Wall
Initiative in Ethiopia (2012) almost 90% of the Tigray region is characterized by a semi-arid climate.
Rainfall occurs quantitatively and seasonally highly variable. The occurrence of rainfall periods is
associated with the seasonal migration of the inter-tropical convergence zone (ITCZ) and the complex
topography (HTSL, 1976; Nyssen et al., 2005; Abebe 2007). During the northern hemisphere winter, the
ITCZ is located at the Equator; hot and dry winds from the Sahara reach the western highlands of
Ethiopia and cause a dry season (Bega). From March to May, the ITCZ moves north allowing humid air
masses from the Equator to reach Tigray and causing a short rainy season (Belg). From June to
September (Kiremt), the ITCZ is localized in its northern position which is around 16°C (IAO, 2008). The
south-east Monsoon and air masses from the Indic ocean cause the great rainy season (Kiremt).
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Figure 4-2: Mean annual rainfall and Thiessen polygons methods in the Suluh drainage basin (data
base: ENMSA and EMA).

36




In the Suluh basin annual rainfall is highest in the northeast and southwest and lowest in the western
part of the basin, where Hawzen meteorological station annually receives less than 550 mm rainfall. In
contrast, Senkata meteorological station receives more than 750 mm annual rainfall. Annual rainfall of
the basin is 678 mm in average; estimated by applying the Thiessen polygon methods (Figure 4-2).
Figure 4-3 shows the average monthly precipitation over the Suluh basin; more than 75% of the total
rainfall occurs during the rainy months of the kirmet.
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Figure 4-3: Average monthly rainfalls for the Suluh basin; data from 1973-
2010 (data source: ENMSA).

For northern Ethiopia relationships between rainfall variations and change in altitude are documented
by a several authors: For example Nyssen et al. (2005) correlate between precipitation and altitude in
an 80 km? large mountainous area of the Geba catchment (2100-2800 m a.s.l.) by installing 16 rain
gauges over a period of six years (1998 to 2003). Zenebe (2009) analyzes for the same area mean
annual rainfall and altitude including additional eight weather stations from northern Ethiopia outside
the Geba basin. In both cases significant relationship between the two variables could not be found.

In the Suluh basin rainfall and altitude were correlated on seasonal bases (considering Ethiopian
traditional seasons) using the mean monthly rainfall (1973 to 2010). It gets evident that the average
monthly precipitation during Belg season, particularly in March (n=7; R?=0.447; a>0.05), April (n=7;
R?=0.55; 0<0.05) and May (n=7; R’=0.771; 0a<0.05) shows dependence on altitude. During Bega and
Tseday season only in the months of January (n=7; R’=0.628; 1<0.05) and October (n=7; R*=0.665;
0<0.05) correlation with altitude can be detected. For the other months lower determination
coefficients were found, ranging from R?=0.0001 to R’=0.373 (a>0.05). However, mean annual
precipitation depends not on altitude (n=7; R’=0.232; 0>0.05). Nyssen et al. (2005) notice, that the
relation between altitude and mean annual rainfall in mountainous regions is covered by additional
factors such as slope, aspect and characteristics of air masses. All weather stations considered (Figure
4-2) show considerable degrees of precipitation seasonality. Traditionally four seasons are considered
in the region (Table 4-1).
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Table 4-1: Traditional seasons of Ethiopia (data source: HTSL, 1976).

Season Duration Description

Bega December to February Dry and hot period

Beleg March to May Small rainy season

Kiremt June to August Big rainy season and cold

Tseday September to November Very few rainfall and raising of temperature

Figure 4-4 shows mean rainfall (mm) for the Suluh basin for the four Ethiopian seasons. During the
Bega (January—February) and Tseday (September—December) all parts of the basin receive very low
rainfall amounts. With the exception of area around Senkata and Edagahamus the rainfall in the study
area has high peak rainfall in Kiremt.
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Figure 4-4: Seasonal mean rainfall in the Suluh basin (data source: ENMSA, 1973-2010).

Table 4-2: Seasonal precipitation regimes as classified by Seasonality Index (after Walsh and
Lawler, 1981).

SI Precipitation regime

<0.19 | Precipitation spread throughout the year

0.20-0.39 | Precipitation spread throughout the year, but with a definite wet season

0.40-0.89 | Rather seasonal with a short dry season
0.60-0.79 | Seasonal
0.80-0.99 | Markedly seasonal with a long dry season

1.00-1.19 | Most precipitation in less than 3 months

>1.20 | Extreme seasonality, with almost all precipitation in 1 to 2 months
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The variability of monthly rainfall during a year is experessed by the relative seasonality index (Walsh
and Lawler, 1981; Livada and Asimakopoulos, 2005). Hence, the changing pattern of rainfall seasonality
in applying Seasonality Index based on equation 3.2 can be confirmed. The analysis of seasonality
indices using the data period 1973—-2010 includes Sl,, the long-term mean, Sl.an, Replicability Index
(RI), minimum and maximum Sl value with the corresponding year (Table 4-3).

Table 4-3: SI; mean values and years with extreme SI; for each rain gauge station.

Station Sl Sl nean Slinimum Year Slmaximum | Year RI

Hagereselam 0.88 1 0.68 1990 1.29 1988 0.88
Adigrat 0.76 0.93 0.55 1990 1.19 1973 0.82
Edagahamus 0.79 0.99 0.68 1990 1.44 1999 0.99
Hawzen 0.95 1.05 0.71 1992 1.5 2009 1.05
Senkata 0.72 0.97 0.54 1979 1.34 1974 0.75
Wukro 1.12 1.24 0.91 1992 1.67 1973 0.91
Mekelle 1.04 1.24 0.83 1993 1.46 1981 0.92

Generally, higher index values indicate a greater overall divergence from an equal distribution of
precipitation throughout the year, while values near zero indicate that there is little or no seasonal
variation in precipitation (Sumner et al., 2001). The maximum value of seasonality index is detected for
Wukro and Mekelle weather stations (southeastern part of the basin). Mean SI > 1.2 indicates that
most of the rain occurred in one to two months (Table 4-3). Relatively low values of the seasonality
index are identified for Senkata, Edagahamus and Adigrat weather stations (northeastern part of the
basin), ranging between 0.8 and 0.99. This indicates that the precipitation appears relatively
concentrated in two periods separated by a marked dry season. The seasonality index of Hawzen and
Hagerselam weather station (western part of the basin) lies in the range of 1.00 and 1.19 indicating that
most of the rain occurred in less than three months.

Replicability Index (RI) values vary between 0.75 and 0.92, with overall higher values found for Mekelle,
Wukro and Hawzen weather stations. The smallest value is observed at the Senkata weather station
and reflects that each month (with the exception of Bega season) has been at least once the wettest
month of the year. The highest Rl value detected for the Mekelle weather station indicates that months
with the maximum rainfall amount occur reliably in certain months (Kiremt).

Temperatures are highly modified by altitude (Abebe, 2007). Consequently, primarily based on altitude,
temperature and rainfall traditionally, the country is subdivided into four climatic altitudinal zones
(HTSL, 1976). According to this classification the Suluh basin is located in the moderately hot humid
climate (Weine Dega region; Table 4-4).
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Table 4-4: Climatic altitudinal zones of Ethiopia (data source: HTSL, 1976).

Mean annual Mean annual rainfall
Name of climatic zone Altitude (m a.s.l.) temperature (°C) (mm/year)
Hot regions (Kolla) <1500 >20 200-800
Moderately hot and humid 1500-2300
(Weyna Dega) 16-20 800-1200
Moderately cold (Dega) 2300-3200 10-16 1200-2200
Cold (Wurch) >3200 <10 >2200

In general, temperature of the Suluh basin is moderate and varies with altitude. The maximum mean
monthly temperature varies between 20 to 30°C and the minimum mean monthly temperature varies
between 3 to 12°C depending on the altitude of the weather station. Warmest months are May and
June and coldest months are December and January.

Time series analysis was conducted by using non-parametric Spearman’s rank correlation methods of
rainfall and temperature time series (1973—2010). The results for the seven weather stations illustrate
that rainfall data show no trend since 1973 (a>0.05). The results agree with Goitom (2012) analyses of
time series for weather stations in and around Geba basin using Mann-Kendall test.

Table 4-5: Time series analysis of annual rainfall (1973—-2010) applying Spearman's rank correlation
trend test (data source: ENMSA).

Number of Critical values of t

Weather station years used (n) (40, 2.5%) (40,0.975) | t;calculated Result

Hagerselam 37 -2.02 2.02 -1.41 | notrend
Adigrat 37 -2.02 2.02 -0.26 | no trend
Edagahamus 37 -2.02 2.02 -1.76 | notrend
Hawzen 37 -2.02 2.02 -0.94 | no trend
Senkata 37 -2.02 2.02 -1.59 | no trend
Wukro 37 -2.02 2.02 -0.29 | no trend
Mekelle airport 37 -2.02 2.02 -0.19 | no trend

Time series of temperature data are analyzed with the Spearman’s rank correlation test only for
Mekelle weather station due to absence of the long term data series for the other stations. All months
show an increasing temperature trend (a>0.05) except September (a<0.05) (Table 4-6).
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Table 4-6: Spearman's rank correlation trend test result for the mean monthly temperature for Mekelle
weather station (1973-2010) (data source: ENMSA).

Number of years Critical values of t
Month used (n) (40, 2.5%) (40, 0.975) | t;calculated Result
January 37 -2.02 2.02 3.47 | Increasing trend
February 37 -2.02 2.02 3.33 | Increasing trend
March 37 -2.02 2.02 3.19 | Increasing trend
April 37 -2.02 2.02 3.57 | Increasing trend
May 37 -2.02 2.02 3.53 | Increasing trend
June 37 -2.02 2.02 2.23 | Increasing trend
July 37 -2.02 2.02 4.61 | Increasing trend
August 37 -2.02 2.02 5.30 | Increasing trend
September 37 -2.02 2.02 1.84 | No trend
October 37 -2.02 2.02 2.40 | Increasing trend
November 37 -2.02 2.02 5.21 | Increasing trend
December 37 -2.02 2.02 5.95 | Increasing trend
4.1.3 Geology

Bed rock of the study area corresponds to strongly folded and foliated Precambrian rocks (Mohr, 1962).
The main rock types are greenstones of basic volcanic origin, but slates, phyllites, granites are also
common. The intensively folded and faulted rocks of the Upper Precambrian, mostly metasediments
and metavolcanics, are unconformably overlain by Palaeozoic and Mesozoic sub-horizontal sandstones,
limestones, shales and tillites constituting the outcropping bedrock in the Central Plateau of Tigray
around Mekele (Gebreyohannes et al., 2010). Tertiary lavas, 200-600 m thick (trap basalts),
unconformably overlie these sedimentary formations, representing the youngest rocks in the area
apart from the Quaternary terrestrial sediments, which are found along the major river valleys, as well
as in softly undulating areas and tectonic depressions (Berakhi et al., 1998).

The Suluh basin is mainly characterized by Precambrian basement rocks, Paleozoic, Mesozoic rocks and
Younger tertiary and Quaternary deposits (HTSL, 1976; WAPCQOS, 2002). The stratigraphy of the study
area encompasses lithological units at the Precambrian basement, Enticho sandstone, Tillite, Adigrat
sandstone, Transition, Mesozoic limestone, and Quaternary alluvial sediments (Table 4-7, Figure 4-5).
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Figure 4-5: Geology of the Suluh basin (data base: Gebreyohannes et al., 2010).

The basement rocks are dominantly found in the middle of the Suluh basin circling Negash village. The
area is dominated by three lithological units: the metavolcanic unit of the Tsaliet group, metagrawacky
and metaconglomerates (Gebreyohannes et al., 2010). Besides, granites occur, forming a ring type
exposure (Figure 4-5).
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Table 4-7: Areal coverage of dominant geology (lithology) in the Suluh basin (data source:
Gebreyohannes et al., 2010).

Lithology Area (km?) Areal coverage in %

Entichosandstone 280.71 29.06
Adigratsandstone 55.31 5.73
Limestone-Marl 135.21 14.00
Metavolcanic 143.40 14.84
Granite 47.44 491
Shale-Marl-Limestone 86.20 8.92
Marl-Limestone 41.48 4.29
Metaconglomerate 46.21 478
Trap Basalt 72.53 7.51
Tillite 31.59 3.27
Shale 8.99 0.93
Alluvium 10.51 1.09
Transition 5.11 0.53
Upper Sandstone 1.32 0.14

These basement rocks are wusually highly

weathered saprolites with relatively high silt
contents (HTSL, 1976). The weathering product of
the metavolcanic/volcanoclastic rocks are also
rich in acidic components, dark grey to brownish
in color, and show a fine to medium-grained ,

texture (Gebreyohannes et al., 2010). ;

Figure 4-6: Metavolcanic outcrops along the
Suluh river.

Areas with outcropping Enticho sandstone are
characterized by an undulating topography. The
Enticho sandstone is whitish, fine to medium
grained and with calcareous (locally siliceous)
cement which is leached at the surface (HTSL,
1976).

Figure 4-7: Enticho sandstone outcrop along
the Suluh river.
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The Adigrat sandstone is found near Adigrat in the northern part of the study area, forming steep cliff
topography. Weathering products of the Adigrat sandstones are non-calcareous, reddish colored with a
high fine sand content (HTSL, 1976; Gebreyohannes et al., 2010).

According to Bosellini et al. (1997), shale-marl-
limestone formations are named as transition
beds. They are located in the southern part of
the study area. The unit consists of sandstone,
shale, marl and limestone. It crops out along the
road from Aberha Atsebha to Wukro and around
Batiakor villege. Quaternary alluvial deposits are
mainly found in the flood plains of the Suluh river
and its tributaries.

. o SR A SRS U N,
Figure 4-8: Shale-marl-limestone outcrop along
Batiakor stream.
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4.1.4 Relief and hydrology

Morphometric and geomorphologic properties of the Suluh basin can be grouped in four categories:
topographic, areal, relief and network properties (Koshak and Dawod, 2011; Table 4-8). Among others,
drainage density indicates the closeness of spacing between channels and is a measure of the total length
of the stream segment of all orders per unit area (Koshak and Dawod, 2011). It reflects a balance between
erosive forces and the resistance of the ground surface, and is therefore related closely to climate,
lithology, and vegetation.

The drainage pattern of the Suluh basin is dendritic and its drainage shape is elongated. Water runs from
north to south and turns to southwestern direction just downstream Abreha-we-Atsebha village. The
northern and northeastern part of the Suluh basin is steeply dissected and mountains are formed in the
trap basalts, which occur west of Adigrat. Altitude varies between 2,500 to 3,000 m a.s.l., locally rising to
over 3,300 m a.s.l. The basalts directly overlie the Adigrat sandstones and the landforms are strongly
controlled by the erosion of the sandstone, resulting in a linear ridge systems branching out from a central
massif (HTSL, 1976). The land has generally very steep slopes, is highly degraded and has initial soils only.
The area is unsuitable for agricultural activities.

Table 4-8: Morphometric characteristics of the Suluh basin (data source: Jarvis et al., 2008).

Properties Value Reference

Area (A, km?) 967

Effective area (EA, km?) 957

Basin perimeter (BP, km) 304

Minimum elevation (Hmin, m) 1769

Maximum elevation (Hmax, m) 3301

Mean elevation (Hmean, m) 2350

Height difference (HD, m) 1521

Total drainage length (TDL, km) 8203

Longest flow path length (LFPL, km) 94.77

Horizontal length (HL, km) 66.60

Sinuosity (SIN) 1.42 | SIN = LFPL/HL (Schumm 1956 in Selby, 1985)
Drainage density (DD, km/ km?) 8.48 | DD =TDL/A

Average basin slope (ABS, %) 14.85

Slope along drainage line (SADL, %) 1.61

Hypsometric integral (HI) 0.382 | H=(Hmean-Hmin)/(Hmax-Hmin)

Relief length ratio (RLR) 0.023 | RLR=HD/HL

Form factor (FF) 0.11 | FF = A/LFPL? (Horton 1932 in Selby, 1985)
e ety | a76| co-ep/2an

Basin elongation (BE) 0.37 | BE = [2V(A/m)]/LFPL (Schumm 1956 in Selby, 1985)
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The gently undulating plains formed in the Enticho sandstones extend from Negash northwards to
Edagahanmus and Hawzen (Figure 4-1). The soil texture is of sandy clay loam to clay loam and soil depth is
moderately deep. Shallow soil depth exists where the Enticho sandstone or inliers of basement rocks occur
near the surface (Nedaw and Walraevens, 2009).

The lower parts of Suluh basin are characterized by river valleys flanked by steep slopes or cliffs and deeply
incised into undulating to rolling tablelands. The dominant bedrock is limestone with locally outcropping
shales and marls (Gebreyohannes et al., 2010). The soils, which are formed on calcareous shales and marls,
are shallow to moderately deep (HTSL, 1976).

The elevation map (Figure 4-9) shows the high altitudinal difference between the headwater area and the
mouth of the river which totals within 95 km 1521 m: Average altitude is 2,350 m a.s.l. Figure 4-10 shows a
slightly right skewed distribution of altitude of the Suluh basin. Most of the area of the basin lies in an
altitudinal range of 176 to 2,500 m a.s.l. The slope gradient map (Figure 4-11) provides information on the
steepness of the slopes; distribution of slope classes show a right skewed distribution (Figure 4-12). The
areas with slopes of less than 10° cover 73% of the basin surface. About 25% of the area has moderate
slopes with inclinations between 10° and 35°. Approximately 2% of the area show slopes with an
inclination steeper than 35°.
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Figure 4-9: Elevation map of the Suluh basin (data base: Jarvis et al., 2008).
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Figure 4-10: Distribution of elevation classes of the Suluh river basin (data
source: Jarvis et al., 2008).
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Figure 4-11: Slope gradient map of the Suluh basin (data base: Jarvis et al., 2008).
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Figure 4-12: Distribution of slope classes of the Suluh river basin
(data soure: Jarvis et al., 2008).
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The longitudinal profile of the Suluh basin's main stream has a length of 94.77 km starting from an
elevation of 2,866 m a.s.l. in the volcanic mountains of Mugulat and ending at the embouchure into Genfel
River on an elevation of 1770 m a.s.l. The slope of the stream averages 1.61%. The longitudinal profile of
the river (Figure 4-13) indicates a sudden slope break around 40 km upstream, the mouth indicating the
transition from metavolcanic series to the Adigrat sandstone; as consequence deep alluvial deposits can be
found downstream.
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Figure 4-13: Longitudinal profile of the Suluh river: AS=Adigrat sandstone, AL=Alluvium, MV=Metavolcanic
and ES-Enticho sandstone (data source: Jarvis et al., 2008 and Gebreyohannes et al., 2010).

Figure 4-14 shows the basin area versus the longitudinal distance of the Suluh river. The breaks in the
graph indicate the mouthing of tributaries.
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Figure 4-14: Drainage area evolving along the channel course of the Suluh river (data source: Jarvis et al.,
2008).

4.1.5 Soils

According to FAO (1998) five major soils types are identified for the study area (Figure 4-15). Lithic
Leptosols (silty clay loam) are found in the mountainous part of the study area. Haplic Lixisols (clay loam)
can be found at hill foots and in flat undulating areas. Eutric Leptosols (loam) occur in the middle part of
the basin while Vertic Cambisols (clay) can be found in the downstream parts of the basin

Lithic Leptosols (silty clay loam) are very shallow soils, limited in depth by bedrock or a continuous
cemented layer of 10-25 cm depth. These soils are found dominantly in the mountainous parts of the
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Suluh basin, mainly in the headwater area of the Suluh river, and are not suitable for crop production, but
farmers use it nevertheless for cultivation due to shortage of arable land (Zenebe, 2009).

Haplic Lixisols (clay loam) are widely spreaded in the Suluh river basin and are predominantly. These soils
are found west of the Senkata-Edagahamus road and northeast of Hawzen. Haplic Lixisols occur
extensively in freely draining sites especially on the sandy parent materials. They are soils which lack the
characteristics of salinity, alkalinity, cracking clay and water logging (HTSL, 1976). The areas are flat to
moderately undulating and intensively cultivated. Soil depths range between 25 and 50 cm.
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Figure 4-15: Distribution of soil texture in the Suluh river basin (data base: FAO, 1998).

Vertic Cambisols (clay) are found south of the Abreha-we-Atsebha-Hawzen road in the moderately to
shallow inclining areas. The soils are shallow with less than 10 cm in depth in the southwest of the basin
while in the rest of the area soil depth varies between 25 and 50 cm (FAO, 1998).

50



According to Nyssen et al. (2007) the major controlling factors for the formation and spatial distribution of
soils in the region are the bedrock and the position of the slope. However, soils developed on siliceous
parent materials (gneiss, quartzite, ferruginous sandstone, metamorphic and other granitic rocks) degrade
very rapidly, especially when they are used for arable production (Wright, 1984).

e Soil data and analysis

The samples were taken from the upper 50 cm of soil since it is the useful root depth for most agricultural
crops, and so it is useful for the evaluation of hydrologic parameters (Rabia et al., 2013). Soil texture is an
inherent attribute of the soil and the most often used to characterize its physical composition.
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Figure 4-16: Soil texture distribution of the Suluh basin (data source: USDA, 1999).

The dominate soil textures are sandy loam, clay and sand (Figure 4-16). Analyzing the spatial distribution of
the different texture classes spatial differences get obvious (Figure 4-17). High contents of sand are
observed in the soils in the northern part of the basin. According to HTSL (1976) the area is dominated by
the Enticho plateau; the lithology of the area is entirely dominated by Enticho sandstone. The clayey soils
concentrate in the southern part of the basin, dominated by the Mekelle and Geba plateaus. Lithology of
the area is dominated by Agula marls and shales with locally some limestone occurring. Silty soils
predominate around the headwater area around Mugulat and Negash village and in the southern part of
the basin. The headwater area is characterized by the Adigrat ridge and is dominated by Tertiary trap
basalts and trachytes (HTSL, 1976), while the Negash area is dominated by basement metavolcanics,
metasediments and dolomites (Gebreyohannes et al., 2010).
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Figure 4-17: Spatial distribution maps of textural fractions: (a) sand content (%), (b) clay content (%), and
(c) silt content (%) (data base: EMA).

In general, the spatial distribution of soil texture shows a strong correlation to the lithology of the basin.
For example the sand concentrated on Entichio sandstone and Adigrate sandstone whereas the silt
content lies at trap basaltic and metasediments and dolomites area. The clay content is concentrated in
Agula marls and shales lithology.
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4.1.6 Vegetation and land use

Little of the natural vegetation of the highlands remains today. The influence of human and his domestic
animals has profoundly altered both, the vegetation and the landscape. Ecological degradation, including
deforestation and soil erosion, is widespread particularly in the northern and central highlands of Ethiopia
(FAO, 1986). The Suluh basin is highly degraded and the natural woodlands have been largely destroyed
(HTSL, 1976). The original Olea Juniperus-Acacia woodland in the headwater of the basin survives only in
remote areas on the main mountain ranges locally rise to 3300 m.a.s.l. The lower parts of the Suluh basin
are covered by the low thorny Acacia bush and scrub is interspersed in cultivated areas. Edaphic grasslands
occur on non-cultivated depression of the Central Plateau (HTSL, 1976).

Severe land degradation in the Highlands of Tigray is induced by dense population, coupled with
unchanged agricultural technology causing high stress on the natural resources, including soil and water
(Kumasi and Asenso-Okyere, 2011). The process of degradation of the natural vegetation occurs due to
overgrazing, as well as the progressive increase in demand for fuel wood and for cultivation (Nyssen et al.,
2004). The main effect of the destruction of the natural vegetation has been an acceleration of erosion and
a consequent depletion of soil depth and soil moisture (Descheemaeker et al., 2006). Figure 4-18 shows
spares bush cover of in the lower part of Suluh basin.

Figure 4-18: Typical major land cover types in the lower part of the Suluh basin.

According to the WAPCOS report (2002), except for the very steep slopes most of the Suluh basin is used
for cereal cropping (Figure 4-19). The major cereals cultivated in the area are teff, wheat, maize, barley and
millet. However, over large areas of the highlands of Tigray, particularly the Suluh basin, soil erosion and
deforestation are the main causes of land degradation.
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The land use system can be further separated into subsistence farming based on dispersed individual
homestead settlements and nucleated village settlements. Since the country’s development is totally
dependent on its land resources, the loss of productivity due to degradation has serious implications on
social and economic development endeavors (Taha, 2002).

,,_., e\ © AL r N g

Figure 4-19: Typical cereal cultivation on steep slope at the headwater of Suluh basin.

The Woody Biomass Inventory and Strategic Planning Project (WBISPP, 2003) prepared land use and land
cover maps for the whole Ethiopia at a scale of 1:250 000 derived from Landsat ETM+ imagery. They also
provide a comprehensive woody biomass stock inventory covering all land cover types. Additionally

WBISPP (2003) provides an eight year long annual tree yield study of all major species in the main agro-
ecological zones (Figure 4-20).
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Figure 4-20: Land use and land cover of the Suluh basin (data base: WBISPP, 2003).

According to the woody biomass land use and land cover map, eight major land use and land cover units of
the Suluh basin were identified: cultivated land (51.2%), grass land (25.8%), shrub land (20.3%), bare land
(2%), woodland (0.6%), natural forest land (0.074%), plantation (0.05%) and water body (0.004%). Based
on the above classification the cultivated land takes the dominant share in the Suluh basin.
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4.1.7 Soil and water conservation activity

Many areas in the Tigray region are subject to severe soil erosion due to prevalence of steep slopes,
erosive rains and overgrazing, all due to population pressure. Hence, the regional government and the
people at large exert captured many efforts to restore and conserve the degraded landscapes (Feoli et al.,
2002). The major strategies for environmental rehabilitation in the Tigray highlands are the construction of
stone terraces, soil bunds, trenches, micro dams including gully treatment, establishment and
development of area enclosures and community woodlots, enforcement of used rules, regulations for
grazing lands and reduced burning activities (Kumasi and Asenso-Okyere, 2011). Figure 4-21 shows some
of the typical soil and water conservation activities carried out in the Suluh basin.

Figure 4-21: Above left: Stone faced soil trench bund, Above right: Trench, Below left: Hill side stone
terrace and below right: Area enclosures.

4.2 Test sites

Three sub-catchments of the Suluh basin were selected as test sites (Figure 4-22): Tsenkanet watershed in
the Enticho Plateau is characterized by undulating plains, the Abreha-we-Atsbeha watershed in the Atsaf
Hills is characterized by steep hills and undulating pediments and the Bat'kor watershed in the Mekelle
Plateau shows a undulating to rolling relief.
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Figure 4-22: Study sites within the Suluh basin (data base: Jarvis et al., 2008 and EMA).

4.2.1 Tsenkanet

The Tsenkanet watershed covers an area of 15.4 km? and its perimeter is 19 km considering Tsenkanet
pond as an outlet. Geographically, it is located between 14° 0' 46"-14° 03' 11" North and 39°32' 40"- 39°
35' 11" East in the northeastern part of Suluh basin near Senkata town (Figure 4-23). The stream is a direct
tributary of Suluh river and drains the flat undulating agricultural land.

Along the watershed, various settlements are located mostly on the top of smaller hills or in the foot zone
of the higher ridges. At the foot of the mountains colluvial sediments occur, whereas alluvial sediments are
mainly deposited along the main stream. The Tsenkanet pond is located in the center of the alluvial basin
bounded by outcropping rocks.
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Figure 4-23: Tsenkanet study site: relief and settlement (data base: Jarvis et al., 2008 and EMA).

The landscape is characterized by flat to moderately steep slopes, which alternate with almost flat areas of
the alluvium and steep slopes of the headwater area. More than 90% of the area has slopes of less than
15°. The maximum elevation is 2,534 m a. s. |. on the ridge and the minimum 2,325 m a. s. |. at the pond.
Relative relief ratio is 3%. The drainage density of the catchment is 2 km/km?2. The basin length along the

principal flow path is 7.23 km.

The climatic condition of the catchment can be characterized as moderately hot and humid (Weyna Dega).
At Senkata meteorological station the annual temperature averages 18°C and its average annual rainfall is
785 mm (1973-2010). The rainfall regime shows a bimodal rainfall distribution with a lesser maximum

spring (belg) from March to May and a larger maximum summer (kiremt) from June to September.
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Two lithological units are found in the study area: Precambrian metavolcanic bedrock and Enticho
sandstone (Figure 4-24). The Precambrian metavolcanics corresponds to the metamorphic basement,
overlaying by the Paleozoic Enticho sandstone (Nedaw, 2010; Figure 4-25). Due to the cementation of
the sandstone and the crystalline character of the metamorphic rocks the groundwater flow of the area
is mainly controlled by fractures, only in the new surface saprolithic weathering zones pore water
occurs (Nedaw, 2010). During site survey it was identified that more than 40 shallow hand dug wells of
3-4.5 m depth exist in the study area, most of them drying out during dry months.
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Figure 4-24: Lithological units of the Tsenkanet study site (data base:
Gebreyohannes et al., 2010).

P il

Figure 4-25: Rocks outcrops on previously cultivated land in the Tsenkanet study site.

Field survey shows that more than 75% of the study area is covered by clay loam corresponding to the
saprolithic weathered Paleozoic sandstone and Precambrian basement rocks, mostly occurring on the
moderately undulating slopes and plains (Figure 4-26). Soil depth varies between 50 cm to 100 cm. The
clay soils occur predominantly in the alluvium plains. They vary in depth from 100 cm to 200 cm (Figure
4-27). Sandy clay and sandy clay loam soils can be mostly found in the upland and hillside part of the
catchment. Generally, these soils have a limited areal coverage and are characterized by a shallow
depth and repeated rock outcrops that document their strong degradation.
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Figure 4-26: Soil map of the Tsenkanet study site (data base: Jarvis et al., 2008 and
EMA).
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Figure 4-27: Major soil types in the Tsenkanet study site: Left: Eutric Vertisols, Right: Eutric
Cambisols.

Around Tsenkanet most of the vegetation is very sparse. The hillside is generally bare, with very thin
soil patches systematically lacking organic horizons as a consequence of soil erosion processes. Sparsely
distributed, some native big and old trees with some religious function remain as well as small forests
around churches. Tree like eucalyptus has been planted in wetter areas. The original native olive trees
have largely disappeared, however recently efforts have been made for their revival. Cultivated land
dominates the catchment; only the alluvial plain is used as grazing land (Figure 4-28).

60



Figure 4-28: Different land use types in the Tsenkanet study site: Above left: Terraced hillside, Above
right: Grazing land and below left: Cultivated land.

Figure 4-29 shows the transects that have been conducted to provide a general overview on the study
area's geomorphological units and their soil and land use characters.
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Figure 4-29: Transect route during field survey (data base: Jarvis et al., 2008 and EMA).

Field survey shows that a gully system occurs along the colluvial zone following footpaths; in the alluvial
plain their incision is less measured (Figure 4-30). Most settlements are scattered all over the
catchment, being usually located on the most favorable topographic locations, such as flat interfluves
surfaces and foot slopes or colluvial deposits. Generally, relief forming processes are mainly controlled
by human intervention and water erosion (Coltorti et al., 2009). In the colluvial deposits at the foot
slopes most subsistence farming activities are practiced; the resulting soil erosion causes shallow soil
and frequently outcropping bedrock.

The main geomorphological processes in the region are gravity-driven mass movements and slope
erosion due to running water (Coltorti et al., 2009). They affect human activities, especially in terms of
agriculture and infrastructure management. The geomorphological units of Tsenkanet watershed are
controlled by weathering and soil erosion processes (Figure 4-31). The headwater area corresponds to
an upland plateau formed in the Enticho sandstone. The Mekelle-Adigrat road crosses this area, along

with it multiple settlements occur.
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Since the road is constructed across the natural drainage system, multiple gullies developed
immediately down slope of the road segment. In steep slopes, weathering products (regolith), are
transported and deposited down slope to form colluvia. In the Tsenkanet watershed colluvial deposits
consist of massive sands, clay and silts with scattered debris fragments. Alluvial deposits are occurring
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in the lower landscape position, mainly deposited alongside shallow, low grade stream areas.
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Figure 4-31: Geomorphological unit of the Tsenkanet watershed (data base: Jarvis et al.,

2008 and EMA).
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Longitudinal and cross-sectional profiles (Figure 4-32 and 4-33) indicate the general form of the
landscape units. The profiles indicate the convex, concave, straight and irregular slope forms of the
watershed. In general profile curvature indicates two basic processes: convex (cx): predominance of
mass movement, and concave (cv): predominance of processes controlled by running water.
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Figure 4-32: Longitudinal profile for section AA (location see figure 4-31), R = Road Mekelle to Adigrat
(data source: Jarvis et al., 2008).

The cross-sectional profile across the natural watershed indicates the number of streams, interfluves
and slope processes among stream sides.
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Figure 4-33: Cross-sectional profile section BB (location see figure 4-31) (data source: Jarvis et al.,
2008).
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4.2.2 Abraha-we-Atsbeha

The Abraha-we-Atsbeha area is located in the central Suluh basin. It is bounded between 13° 50' 01" -
13° 51' 25" North and 39°31' 05"- 39° 33' 20" East. It covers a total area of 5.4 km” and its perimeter is
12.8 km (Figure 4-34). The stream is a direct tributary of Suluh river. The landscape is characterized by
flat to undulating slopes in the downstream part of the catchment, which is dedicated for intensive
cultivation. The headwater area is generally mountainous with steep slopes. 51.4% of the area has
slopes with less than 15°inclination, 31.5% of the area has an inclination in between 15° to 30° and 14%
of the area has an inclination of more than 30°. The maximum elevation is 2539 m a.s.l. on the ridge
and the minimum 1948 m a.s.l. at the embouchure in to the Suluh river; relief ratio is 12%. The
drainage density of the catchment is 3 km/km? and its basin length along the principal flow path is
4.88 km.

Abraha-we-Atsbeha belongs to the historical areas of Ethiopia, particularly characterized by rock
churches. Human settlements in the area have a long lasting history. Human settlements are scattered
around on the colluvial and alluvial deposits and are forming nucleated villages along the divide.
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Figure 4-34: Abraha-we-Atsbeha study site: relief and settlement (data base: Jarvis et al., 2008 and
EMA).

Data from the meteorological stations of Wukro and Hawzen show, that the rainfall regime is unimodal
with a main rainy season in summer (kiremt) from June to September while the rest of the months are
dry. The annual temperature average is 19°C and its average annual rainfall is 585 mm (1973-2010).

Lithological units found in the area are Metaconglomerates, Enticho sandstone, Limestone-Marl,
Adigrat sandstone and Alluvium (Gebreyohannes et al., 2010). Adigrat sandstone dominates the
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eastern part of the area and forms a steep to very steep cliff topography and covered with scattered
trees and bushes. Besides, the area is subjected to the east-west striking Wukro fault that affects the
Precambrian basement, as well as the Phanerozoic and Mesozoic units and passes through the central
part of the catchment (WAPCOS, 2002).

Soil texture distribution shows that most of the area is dominated by sandy clay loam and loamy sand
(Figure 4-35). Sandy clay loam occurs in the hill sides and headwater areas with Adigrat sandstone as
parent material and is covered by sparse bush land. Loamy sand is found along the stream beds in the
alluvial deposits, and is highly suitable for agriculture.
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Figure 4-35: Soil map of the Abraha-we-Atsbeha study site (data base: Jarvis et al.,
2008 and EMA).

9200
9200

Al

The human impact on the geomorphological processes of the Abraha-we-Atsbeha is very high. Sand
quarrying is one of the major activities of the population and results in the disturbance of the river
morphological system and aggravating soil erosion (Figure 4-36). Abraha-we-Atsbeha is also exemplary
in terms of the occurrence of soil and water conservation measures as well as water harvesting
activities. It is known that intensive soil conservation activities result in the regeneration of natural
vegetation and improve the microclimate of the watershed (Flint et al., 2010). However, most of the
soil conservation measures were traditionally built in the alluvial zone and are at present severely
damaged, cause severe downstream scour and a migrating channel due to the unstable behavior of
river banks.

Deforestation and land degradation also severely affect the catchment. Recently planted trees follow
the soil and water conservation activities. Areal enclosure systems and irrigation areas for fruits and
vegetation cropping at household level have significantly revived the vegetation cover of the area. The
vegetation is dominated by thorn bushes and cactus; grow in drier, slopy areas. Big trees with broader
leaves such as Fig and Eucalyptus grow around water points and along the main stream in the flood
plain area. Generally, the land use pattern in the catchment can be grouped into intensively cultivated
land with scattered trees, woodland with scattered shrubs, grazing land, scattered settlement of rural
communities (village) and rock outcrops.
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Figure 4-36: Above left: Sand quarry on stream bed, Above right: Stream bank instability and Below left:
Gabion work across stream.

The steep hillsides of Abraha-we-Atsbeha watershed are dissected by a number of gullies which are
surrounded by sharp cliffs and sparsely covered with shrubs. The cliff is highly exposed to mass wasting
and mass movements. The main stream is incised and forms a v-shape valley in the headwater area and
a wide u-shaped valley in the downstream area with a distinct alluvial zone and a meandering channel.
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Figure 4-37: Geomorphological units of the Abraha-we-Atsbeha study site (data base: Jarvis et al., 2008
and EMA).

4.2.3 Bat'akor

The Batiakor watershed is located in the southwestern part of the Suluh basin. It is bounded between
13° 46' 40"-13° 49' 06" North and 39°26' 49"- 39° 25' 48" East. It has a total area of 12.2 km’ and its
perimeter is 23.46 km (Figure 4-38). It is accessible by the all-weather road from Wukro to Tsegareda
village.

The landscape is characterized by flat to undulating slopes in the headwater area, which are dedicated
to intensive cultivation. The lower course of the main stream is deeply insected, forming steep slopes
with mountainous relief. 89.3% of the Batiakor area has slopes of less than 10° inclination, 10.5% of the
area has slopes in between 10° to 25° inclination and only 0.2% of the area has slopes with more than
25° inclination. The maximum elevation is 2,195 m a. s. |. in the headwater area and the minimum
2,036 m a. s. |. at the embouchure into the Batiakor stream. The relief ratio of the watershed is 3.3%
and its basin length totals 4.75 km. The drainage density of the watershed is 2.4 km/km®.

Settlements are scattered in the colluvial zone and upland plateau and are concentrated in the
peripheral parts of the relatively deep incised valley (Figure 4-38).
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Figure 4-38: Bat'akor study site: relief and settlement (data base: Jarvis et al., 2008 and EMA).

Since there is no meteorological station in the study site, the climatic conditions of the Batiakor
watershed are estimated with the help of New_LocClim, which was used to present the local climatic
conditions from FAO data base. New_LocClim is a software program with an extensive database that
provides estimates of average climatic conditions at locations where weather observations are not
available (FAO, 2010). The rainfall pattern in the area is unimodal with an average annual rainfall of
620 mm. The main rainy season is from June to Mid-September, also known as Kiremt with a mean
annual temperature of 18°C.

Shale-Marl-Limestone is the dominant lithological unit in the area, which outcrops along the main
channel. Typical soils that develop on the limestone are Calcic Luvisols in the slope positions and Eutric
Cambisols in the flatter areas. The depth of the soils varies from shallower in the upland plateau to
deep in the alluvium zone.

The dominant land use in the watershed is rainfed agriculture. The main crops cultivated are wheat,
teff and barley. However, there are also small patches of bush land with limited areal extent in the
southwest of the watershed around the churches. Small patches of communal grazing land occur in the
valley bottom. Small scale irrigation is practiced in the valley bottom.

Most of the drainage basin has a plateau like relief which is totally dedicated for intensively cultivated
land use (Figure 4-39). The stream network is well developed and starts along the rolling hills of the
catchment. Footpaths contribute to the formation of discontinuous gullies in the watershed. The steep
hillsides of the eastern Bati'kor watershed are highly controlled by soil conservation measures mainly
by old stone band and newly constructed hillside stone terraces. The cliff is highly exposed to mass
wasting and mass movements.
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The main stream is incised and forms a v-shaped valley in the headwater area; in the downstream part
of the watershed a wide u-shape valley is formed with unstable stream banks and a meandering
channel in the alluvial zone.
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Figure 4-39: Geomorphological units of the Bat'akor study site (data base: Jarvis et al., 2008 and EMA).
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Chapter 5
5 Land use and land cover and climate change scenario

5.1 Land use and land cover change

The spatial distribution of land cover change within of the Suluh basin from 1972 to 2003 considers the
woody biomass project land use and land cover map from 2003 (WBISPP, 2003) (Figure 5-2). Table 5-2
shows the basin-wide cover change between 1972 and 2003. From 1972 to 1986 the greatest land
cover changes occurred with rapid loss in natural forest and bush land, which were converted into
cultivated land. Additionally, significant bare land also transformed into cultivated and grazing land.
Similarly, between 1986 and 2003 all of the natural forest was converted into cultivated land.
Exceptionally, shrub land increased in the period from 1986 to 2003 with an average rate of 1.57% per
year (Table 5-2). The probable reason is due to the regional government policy of environmental
rehabilitations program including the implementation of area enclosures and the protection of
degraded land resources from grazing or cultivation (Reda, 2007; Nyssen et al., 2008). Especially since
1991 the regional government and the local population have put special effort in the rehabilitation and
development of the region’s natural resources (Tafere, 2002).

Table 5-1: Classification accuracy report.

Accuaracy totals Kappa statistics
Reference | Classified Number Producers | Users Conditional Kappa
Class name totals totals correct accuracy accuracy by category
Forest land 1 1 50,00% 100,00% 1,000
Grazing land 6 5 100,00% 83,33% 0,8182
Mixed landuse 5 71,43% 83,33% 0,8113
Bareland 10 15 9 90,00% 64,29% 0,5714
Bushland 9 10 8 88,89% 80,00% 0,7647
Cultivated land 25 22 21 84,00% 95,45% 0,9221
Totals 59 60 50
Overall 83,33% 0,7814
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Figure 5-1: Land cover map of the Suluh basin: (A) 1972, (B) 1986, (C) 2000 and (D) WBISPP, 2003 (data
base: http://www.landcover.org and WBISPP, 2003).

The accuracy assessment was carried out based on spilt sampling technique procedure. Accuracy
assessment revealed that the accuracy of classification for the Landsat image was 83.33% with a Kappa
coefficient of 0.78 (Table 5-1). Meanwhile, for the year 1972, the accuracy was 76.9% with a Kappa
coefficient of 0.71.
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Table 5-2: Summary land use and land cover types and changes from 1972—2003 of the Suluh basin
(data source: http://www.landcover.org and WBISPP, 2003).

Land use and land covers Land use/land cover change
1972 1986 2003 1972— 1986— 1972—
Land use and Area Area Area 1986 2003 2003
land cover type | Km? % Km? % Km? % % % %
Forest area 102.0 11| 454 5 7.1 1 -55.5 -84.5 -93.1
Shrub land 237.0 25| 154.3 16 | 195.5 20 -34.9 26.7 -17.5
Grass land 232.3 24 | 278.7 29 | 2493 26 20.1 -10.7 7.3
Cultivated land 273.3 28 | 387.3 40 | 4933 51 41.7 27.4 80.5
Bare land 119.4 12| 98.2 10 19.0 2 -17.8 -80.6 -84.1
Total 964 | 100 964 | 100 964 | 100 - - -

In general, significant land use and land cover changes can be observed between 1972 and 2003: bare
land and natural forest show almost a similar trend with dramatic decrease almost to zero (Figure 5-2).
A distinct increase of cultivated land and minor increment of grass land also observed for this period.

1972 2 L
y S S s S S
0 10 20 30 40 50 60 70 80 90 100
Percent

Matural forest =Shrubland = Grassland =Cultivatedland =Bareland
Figure 5-2: Percentage changes of land use and land cover classes of the Suluh basin
(data source: http://www.landcover.org and WBISPP, 2003).

Land use/land cover change for gauged basin

To quantify the effect of land use and land cover change on the water resources, preparation of land
use data for the gauged watershed is required. For this purpose land use change analysis was carried
out using the land use maps of the years 1972 and 2003. Figure 5-3 depicts the land use maps for the
gauged area of the Suluh basin. Land use was represented by five classes: natural forest, shrub land,
grass land, bare land and cultivated land. Land use change analysis was undertaken for thirteen sub-
basins, which correspond to the stream gauge stations of Suluh river (Table 5-3).
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Figure 5-3: Land cover map of 1972 (A) and 2003 (B) at gauged part of the Suluh basin (data base:
http://www.landcover.org and WBISPP, 2003).

Table 5-3: Land use/land cover classes distribution in the sub-basin (data source:
http://www.landcover.org and WBISPP, 2003).
Area Land use type 1972 Land use type 2003

Sub-basin (km*2) Bareland |Cultivated land |Grassland |Shrub land |Forest land|Bareland Cultivated land |Grassland  [Shrub land |Forestland
W390 4.21 0.82 1.61 0.99 0.44 0.36 0.00 3.55 0.31 0.33 0.00
W3B0 4.40 1.02 2.36 0.70 0.26 0.05 0.00 3.55 0.35 0.50 0.00
W370 39.03 5.65 14.85 12.86 3.77 1.90 0.66 30.40 3.20 4,76 0.00
W350 7.53 1.43 2.37 2.58 0.98 0.17 0.00 6.20 0.30 1.02 0.00
Wi330 12.68 2.11 3.98 4.77 1.69 0.14 0.38 9.44 2.09 0.77 0.00
W3a20 20.60 4.22 8.94 4.24 1.56 1.63 0.00 16.00 1.79 2,80 0.00
W310 20.78 3.04 10.55 4.23 111 1.85 0.40 15.50 2.54 2,34 0.00
W300 25.66 4.37 11.50 6.03 1.61 2.15 0.50 21.67 1.72 1.77 0.00
W290 25.26 2.76 9.79 6.65 3.99 2.08 0.20 17.41 4.85 2.80 0.00
W280 68.69 2.96 8.80 1299 28.89 15.13 0.62 21.11 21.69 25.14 0.12
W250 34.90 1.60 4.24 7.01 29.80 12.26 0.93 29.83 9.09 15.06 0.03
W230 39.45 8.56 8.91 11.34 8.12 2.52 2.38 29.22 5.56 2.29 0.00
W220 35.36 4.01 7.79 6.57 11.55 5.40 0.70 10.55 12.33 11.73 0.04
Total areal coverage (Km#2) 42.55 95.69 B80.85 93.80 45.66 6.77 214.45 65.83 71.31 0.19
percentage share (%) 11.87 26.69 22,55 26.16 12.73 1.89 59.81 18.36 19.89 0.05

The relative increase in cultivated land has almost occurred in all sub-basins (Figure 5-4). In sub-basins
W280, W250 and W220 there was a decrease of natural forest due to expansion of cultivated land.
There was a small increase of grassland and shrub land observed in some of the sub-basins. This may be
due to area enclosure and zero grazing policy of the regional government (Reda, 2007).

74



BO

B0

20 -

-80
2

=
Sub-basin

W30
W3g0
W370
W3s0
W33o
W320
W300
W90
W80
Waso
Wa230
W220

M Bare land M Cultivated land W Grass land Wshrubland W Matural forest

Figure 5-4: Percentage change of land use and land cover in each sub-basin period of 1972—
2003 (data source: http://www.landcover.org and WBISPP, 2003).

It is noticed that the changes in land use mainly resulted from a transformation of natural forest and
bare land into cultivated land (Figure 5-5). These classes are the dominant land use classes in the land
use dynamic process of the study area and have a significant impact on the hydrological response.
Analysis of the sub-basin shows that the area of cultivated land has more than doubled from 1972 to
2003, while shrub land and grass land show reduction (Figure 5-5).
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Figure 5-5: Percentage changes of land use and land cover from 1972—-2003 (data
source: http.//www.landcover.org and WBISPP, 2003).
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This documents the severe effects of the growing population pressure on the natural resources in the
northern Ethiopian highlands. According to WAPCOS (2002) the Suluh river basin experiences human
impact due to agricultural expansion, and increasing urban demand for charcoal, fuel wood and timber.

Different research results in the region confirm the detected land use changes of the Suluh basin. For
example Alemayehu et al. (2009) conducted a research on the Geba basin (Agula watershed);
documenting land use and land cover change over the last four decades (1965—-2005). Hadgu (2008) did
undertake a research in the same region on land use and land cover change over the past 41 years
(1964—-2005) and pointed out that agricultural land areas increased significantly from 10% to 40% while
the woodlands decline from 28% to 3% during the same period. Gebresamuel et al. (2010) tested land
use change in two small catchments between 1964 and 2006. Results show that, for all periods,
cultivated land increases up to 1.7 ha/year while parallel forest and woodland were nearly completely
destroyed (Gebresamuel et al., 2010).

5.2 Statistical downscaling of climate parameters

5.2.1 Selection of predictor variables

Selection of predictor variable(s) is one of the critical stages in the processes of statistical downscaling
model (Yimer et al., 2009). This recognized as entirely on the character of the downscaled scenario. A
fourth root transformation and conditional process were set for daily precipitation data while linear
and non conditional process were used for both maximum and minimum temperature data. The spatial
and temporal variation of each predictor variables has significant impact on decision process during the
selection of predictor variables (Wilby and Dawson, 2007).

In statistical downscaling model, scatter plots, linear and partial correlation analysis were used to
evaluate the significance of the predictor-predictand relationships. The daily minimum and maximum
temperatures and daily rainfall data from Mekelle airport weather station and the reanalysis data sets
of the National Centre for Environmental Prediction (NCEP) representing the current situation were
used to look into the percentage of variance explained by each predictand-predictor pairs (Yimer et al.,
2009). Table 5-6 shows the description of the most significant («<0.05) NCEP predictor variables
selected for prediction of maximum temperature, minimum temperature and precipitation at Mekelle
Airport weather station with the corresponding predictor.

During model calibration and validation the variance inflation, event threshold and bias correction
should be set properly to obtain a good statistical performance of the model. The model calibrated
based on the selected predictor variables (Table 5-6) from NCEP data set and observed data to estimate
coefficients the multiple linear regression equation. The data period of 1961-2000 was chosen to
represent the current climate condition. A split year approach was followed to calibrate the model for
the period 1961-1980 and validate it independently for the period 1981-2000.
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Table 5-4: Selected predictor variables.

Predictor Predictand Predictor variables Symbol
Mean sea level pressure mslpaf

Maximum 850 hpa divergence p8zhaf

temperature | Relative humidity at 500 hpa r500af
Mean temperature at 2 m tempaf

surface zonal velocity p_uaf

HadCM3 Minimum Relative humidity at 500 hpa r500af
temperature Near surface relative humidity rhumaf
Mean temperature at 2 m tempaf

Surface divergence p_zhaf

Precipitation 850 hpa meridional velocity p8_ vaf

Relative humidity at 500 hpa r500af

Mean sea level pressure Mslpgl

Surface zonal velocity p__ugl

Maximum 850 hPa airflow strength p8 fgl

temperature | g50 hpa zonal velocity p8_ugl

Specific humidity at 500 hPa s500gl|

Mean temperature at 2m tempgl

Mean sea level pressure mslpgl

Surface airflow strength p_ fgl

CGCM3 Minimum Surface zonal velocity p__ugl

temperature 500 hPa airflow strength p5_fgl

850 hPa vorticity p8_ zgl
Surface specific humidity shumgl

Mean temperature at 2m tempgl

Surface airflow strength p_ fal

Precipitation 850 hPa zonal velocity p8 ugl

Specific humidity at 500 hPa s500gl|
Surface specific humidity shumgl

Figures 5-6 and 5-7 show the performance of the model during validation period. The graph shows a
good agreement between the observed and simulated mean daily precipitation and simulated mean
daily maximum and minimum temperature showed good agreement for all months of the year.
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Figure 5-6: Comparison plots of observed and NCEP simulated (using SDSM) average daily (a, left)
maximum and (b, right) minimum temperatures during the validation period (1981-2000)
at Mekelle airport (data source: CICS: HadCM3 A2 and B2 emission scenario
(http://www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration: CGCM3 A2
emission scenario; http://loki.qc.ec.gc.ca/DAI/CGCM3_predictors-e.html and ENMSA).

Precipitation is subjected for local process i.e. the occurrence of humidity, cloud cover, local
topographic and wet-days. Hence a conditional process and fourth root transformation were applied
during calibration and validation of statistical downscaling model. As a result precipitation downscaling
is more problematic parameters than temperature downscaling (Yimer et al., 2009).
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Figure 5-7: Comparison plots of observed and NCEP simulated (using SDSM) average daily
precipitation during the validation period (1981-2000) at Mekelle airport
(data source: CICS: HadCM3 A2 and B2 emission scenario:
http://www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration:
CGCM3 A2 emission scenario; http://loki.qc.ec.gc.ca/DAI/CGCM3_predictors-
e.html and ENMSA).
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5.2.2 Downscaling the Global Circulation Model (GCM) output with SDSM

Following calibration and validation of the SDSM model the scenario generation operation was
performed. Hence, the same empirical relationship with predictors, were used to downscale the future
climate change scenario data simulated by HadCM3 and CGCM3. A20 ensembles of synthetic daily time
series were generated for HadCM3 A2a and B2a SERS emission scenarios for the period of 139 years
(1961—-2099) and similarly for CGCM3 predictors covering the future period 100 years (2001-2100) for
the SRES A2 scenario (Yimer et al. 2009). For further analysis the ensemble mean of the 20 ensemble
members were considered to keep the inter-variable relationships for the period (2011-2040), (2041—
2070) and (2071-2099), were used as input climatic data to HEC-HMS semi distributed hydrological
model for impact assessment (Yimer et al.,, 2009). Thus, the mean of 20 ensemble members
downscaled for the baseline period from HadCM3 A2 and B2 and CGCM3 A2 emission scenarios were
aggregated to monthly totals to compare statistically by correlation coefficient(R?), mean and variance
with observed data (Ayalew et al., 2012). Parry et al. (2007) recommend 1961-2000 as climatological
baseline period for impact assessment. Therefore this period was also used as baseline period for this
study. The downscaling experiment was conducted for minimum temperature, maximum temperature
and precipitation based on the data from Mekelle airport weather station.

Downscaling the Global Circulation Model (GCM) for the baseline period

Figures 5-8, 5-9 and 5-10 show the general trend in the mean daily precipitation and the mean daily
maximum and minimum temperature at Mekelle weather station corresponding to the baseline period
downscaled with SDSM.
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Figure 5-8: Observed and downscaled monthly mean minimum temperature for the baseline period
(1961-2000) at Mekelle airport (data source: CICS: HadCM3 A2 and B2 emission
Scenario: http://www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration:
CGCM3 A2 emission scenario; http://loki.qc.ec.gc.ca/DAI/CGCM3_predictors-e.html and
ENMSA).
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e Maximum temperature
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Figure 5-9: Observed and downscaled monthly mean maximum temperature for the baseline period
(1961-2000) at Mekelle airport (data source: CICS: HadCM3 A2 and B2 emission Scenario:
http://www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration: CGCM3 A2
emission scenario; http://loki.qc.ec.gc.ca/DAI/CGCM3_predictors-e.html and ENMSA).

e Precipitation
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Figure 5-10: Mean daily observed and downscaled precipitation for the baseline period
(1961-2000) at Mekelle airport (data source: CICS: HadCM3 A2 and B2
emission Scenario:
http.//www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration:
CGCM3 A2 emission scenario; http://loki.qgc.ec.gc.ca/DAI/CGCM3_predictors-
e.html and ENMSA).
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Downscaling the GCM for future scenarios

Minimum temperature

The downscaled minimum temperature shows an increasing trend in all future time horizons for
HadCM3 A2 and B2 and CGCM3 A2a scenarios (Figure 5-9). The average annual minimum temperature
will increase by 0.2°C and 0.14°C respectively in 2011-2040. In 2041-2070 the increment will be 0.5°C,
0.4°C and 0.4°C for HadCM3 A2, B2 and CGCM3 A2a scenario respectively. For the 2071-2099 the
average annual minimum temperature will be increased by 0.8°C, 0.54°C and 0.7°C for HadCM3 A2, B2
and CGCM3 A2 scenario respectively.
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Figure 5-11: Predicted in daily minimum air temperature: (A) for the HadCM3 A2 climate scenario, (B)

for the HadCM3 B2 climate scenario and (C) for the CGCM3 A2 climate scenario at
Mekelle airport weather station

(data source: CICS: HadCM3 A2 and B2 emission scenario:
http://www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration: CGCM3 A2
emission scenario; http://loki.qc.ec.gc.ca/DAl/CGCM3_predictors-e.html and ENMSA).

The annual mean minimum temperature in the long run shows an increasing trend as compared to the
baseline period for all scenarios (Figure 7-1). In 2011-2040 the net annual mean minimum temperature
change may be minor resulting from all scenarios since the increase from the baseline period is small in
all months. In 2041-2070 and 2071-2099 all the months except May and July show a possible increase
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in mean minimum temperature for HadCM3 A2 and B2 scenarios. During same period CGCM3 A2a
scenarios show a decrease in month July, August and September (main rainy season). In general the net
effect shows an increase in mean minimum temperature in the whole seasons except for the summer
for CGCM3 A2a scenario.
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Figure 5-12: Change in the mean minimum temperature (2011-2099) from the baseline
period mean minimum temperature: (A) HadCM3 A2a; (B) HadCM3 B2a and (C)
CGCM3 A2a climate scenario at Mekelle airport weather station
(data source: CICS: HadCM3 A2 and B2 emission scenario:
www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration: CGCM3
A2 emission scenario; http.//loki.qc.ec.gc.ca/DAI/CGCM3_predictors-e.html and
ENMSA).

e  Maximum temperature

The downscaled maximum temperature scenario data also indicates that there will be an increasing
trend for HadCM3 A2 and B2 and CGCM3 A2a scenario (Figure 5-10). The average annual maximum
temperature will increase by 0.3°C and 0.25°C respectively in 2011-2040. In 2041-2070 the increment
will be 0.6°C, 0.54°C and 0.4°C for HadCM3 A2, B2 and CGCM3 A2a scenario respectively. For the 2071-
2099 the average annual maximum temperature will increase by 1.0°C, 0.82°C and 0.7°C for the
HadCM3 A2, B2 and CGCM3 A2 scenario respectively.
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Figure 5-13: Predicted in the daily maximum air temperature: A) for the HadCM3 A2 climate scenario,
(B) for the HadCM3 B2 climate scenario and (C) for the CGCM3 A2 climate scenario at
Mekelle airport weather station (data source: CICS: HadCM3 A2 and B2 emission
scenario: http.//www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration:
CGCM3 A2 emission scenario: http://loki.qc.ec.gc.ca/DAI/CGCM3_predictors-e.html and
ENMSA).
The downscaled monthly maximum temperature shows an increasing trend in all months except for
January, February and December for the period 2011-2040 and for September and December for the
period 2041-2070 for the HadCM3 A2 and B2 scenario. In 2071-2099 there may be an increase in
temperature in all the months except September and December for the HadCM3 A2 and for December
for the B2 Scenario (Figure 7-2). In the case of the CGCM3 A2a scenario the monthly maximum
temperature show decreases for July, August and September (summer season) in all future time
horizons and has similar trends like the mean minimum temperature (Figure 7-1). Seasonally, a
pronounced increase in mean maximum temperature is observed in the summer (main rainy season)
and spring (small rainy season) in the case of HadCM3 A2 and B2. In general, the annual mean
maximum temperature shows an increasing trend in all scenarios (Figure 7-2). The findings of this study
well agree to the previous studies in the region regardless of the magnitude of changes.
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Figure 5-14: Change in the mean minimum temperature (2011-2099) from the baseline period
mean minimum temperature: (A) HadCM3 A2a; (B) HadCM3 B2a and (C) CGCM3
A2a at Mekelle airport weather station (data source: CICS: HadCM3 A2 and B2
emission scenario: (http://www.cics.uvic.ca/scenarios/sdsm/select.cgi), data
access integration: CGCM3 A2 emission scenario; http.//loki.qc.ec.gc.ca/DAl/
CGCM3_predictors-e.html and ENMSA).

e  Precipitation

Future projections of rainfall did not document a systematic increase or decrease. The rainfall amounts
generally show a decrease trend in the spring rainy season especially in the month of March and May
and a dramatic increase for the month of April for all scenarios in all future time horizons (Figure 5-11).
Also the rainfall in the beginning of main rainy season (June) will increase while it will decrease in the
month of July. Towards the end of the main rainy reason (August and September) the rainfall increases
for all future scenarios.
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Figure 5-15: Predicted in daily precipitation: A) for the HadCM3 A2 climate scenario, (B) for the
HadCM3 B2 climate scenario and (C) for the CGCM3 A2 climate scenario at Mekelle
airport weather station (data source: CICS: HadCM3 A2 and B2 emission Scenario:
http://www.cics.uvic.ca/scenarios/sdsm/select.cgi), data access integration: CGCM3 A2
emission scenario; http://loki.qc.ec.gc.ca/DAI/CGCM3_predictors-e.html and ENMSA).

The precipitation projection points to a decrease in mean annual precipitation by 1% for the HadCM3
A2a scenario and by 9.2% for the CGCM3 A2a scenario, contrary it shows an increase by 2.8% for
HadCM3 B2a scenario for the period 2011-2040. In the 2041-2070 periods the mean annual
precipitation is expected to increase by 2.9, 4.5 and 3.0% and for the 2071-2099 periods by 6.6, 8.1 and
12.5% for HadCM3 A2a, B2a and CGCM3 A2a scenarios respectively (Figure 7-2). Rainfall in Suluh basin
is concentrated in the main rainy season Kiremt (June to September) and the minor rainy season Belg
(March to May). Relatively high changes in of rainfall in the other months therefore are negligible due
to the small magnitude of the base line precipitation (<0.05 mm).
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Looking to the relative precipitation changes considering two rainy seasons for the future, the HadCM3
A2a scenarios indicate a monthly mean precipitation decrease in July and an increase in April, June and
September for all time periods examined. Integration of HadCM3 B2a scenario shows a decrease of
precipitation in May and July and an increase in April, June and September during the 2041-2070 and
2071-2099 periods. Integration of the CGCM3 A2a scenario shows a monthly mean precipitation
decrease for May and July and an increase for April, June and September for all examined time periods.
It is observed that the change of precipitation during the two rainy seasons shows similar trend
regardless of the magnitude for all climate change scenarios. However, the downscaling of precipitation
is highly uncertain due to the influence of the seasonal cycle of temperature and precipitation (Hulme
etal., 2001).
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Figure 5-16: Percentage change in monthly precipitation in the future from the baseline period
average precipitation: (A) HadCM3 A2a; (B) HadCM3 B2a and (C) CGCM3 A2a at
Mekelle airport weather station (data source: CICS: HadCM3 A2 and B2 emission
Scenario:  http://www.cics.uvic.ca/scenarios/sdsm/select.cgi), —data  access
integration: CGCM3 A2 emission scenario; http://loki.qc.ec.gc.ca/DAl
/CGCM3_predictors-e.html and ENMSA).
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Chapter 6

6 Effects of climate and land use change on water resources

6.1 Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS)

The rainfall-runoff model was performed to quantify the effect of climate and land use/land cover
change factors on the hydrological response (Legesse et al., 2010; Pechlivanidis et al., 2011). The HEC-
HMS model is capable to simulate a continuous based runoff process (Figure 6-1). A continuous
simulation model was deemed suitable to analyze changes in water resource, due to the effects of

climate and land use change on hydrological response (Haberlandt, 2010; Meenu et al., 2012).

g EVAPOTRANSPIRATION Rainfall
' Rainfall loss l ' : I Direct runoff !
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Figure 6-1: Runoff generation process with continuous model structure in HEC-HMS.

6.1.1

Terrain preprocessing requires a series of steps including the computing of flow direction, flow
accumulation, stream definition, stream delineation, watershed delineation. Watershed aggregation

Terrain preprocessing

was performed step by step to derive the drainage networks (Figure 6-2).
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Figure 6-2: Terrain pre-processing: A) Raw DEM, B) Flow direction grid, C) Flow accumulation grid and
D) Catchment polygon of the gauged part of the Suluh basin (data source: Jarvis et al.,
2008).

6.1.2 Basin processing

To revise the catchment delineation, including basin merge, basin subdivision, river merge, river profile,
split basin at confluences and batch sub-basin delineation basin processing was conducted after
preprocessing of the terrain model. The sub-basins were further merged with land use, soil map and
slope map. Figure 6-3 shows the final thirteen sub-basin polygons derived for the gauged part of Suluh
basins for the hydrological model setup. In addition, several topographic characteristics of streams and
sub-basins like river length, river slope, basin slope, longest flow path, basin centroid, centroid
elevation and centroidal flow path are the main morphometric information derived from Digital
Elevation Model (Fleming and Doan, 2009) that can be used for estimating initial hydrologic
parameters.
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Figure 6-3: Basin processing: A) Sub-basin processing, B) Centroidal and longest flow path and C) HEC-
HMS schematic map of the gauged part of the Suluh basin (data source: Jarvis et al., 2008).
6.1.3 Initial parameter estimation

The HEC-HMS hydrologic model includes several possibilities to represent the different components of
the rainfall-runoff modeling process (Figure 6-1). These are the selected options to execute the HEC-
HMS Continuous model simulation:

Table 6-1: Selected model algorithm.

Model operation

Selected algorithm

Soil Moisture Accounting (SMA) and deficit and constant

Loss model loss method
Runoff transform Clark Unit Hydrograph method
Flow routing Lag method

Base flow routing

Linear reservoir
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The model parameters included in the four algorithms (Table 6-1) are measurable and non-measurable
parameters by indirect/direct means. Measured parameters may be obtained for example through
observation of catchment characteristics in the field or through GIS measurement (SKM, 2009; Adnan,
2010). These measured parameters may include sub-basin area (km?), slope (%), flow length (km) and
percentage of impervious surface. Seven of the twelve parameters are needed for the Soil Moisture
Accounting algorithm (Table 6-2): canopy storage, surface depression storage, maximum infiltration
rate, maximum soil storage, tension zone storage, soil zone percolation rate, and groundwater-1
percolation rate. Since most of the model parameters were entirely depend on the inherent properties
of soil, land use and topography further processing is mandatory to estimate the initial model value
(Neary et al., 2004). To estimate the initial model parameter map overlay and derivation of attribute
were carried out corresponding to each sub-basin. Groundwater-1 and 2 storage depths and storage
coefficients parameters were entirely dependent on basin lithological units (SKM, 2009). These
estimated parameters are subjected to sensitivity analysis and calibration processes. However, the
groundwater-2 percolation rate is depending on the complex aquifer system and the parameter value
entirely depends on the local lithology, the value of the parameter is difficult to estimate by physical
means and conceptually it was determined based on model calibration (Neary et al., 2004). The rainfall-
runoff process was modeled at the sub-basin level within HEC-HMS. Hence, in all sub-basins the initial
values of model parameters were obtained through clustering the sub-basin based on soil texture, land
use and slope. Silt clay loam and clay loam are the two major soil textures found in the basin.
Fortunately, these soil textures have nearly the same character and both are under hydrologic soil
group D (USDA, 1999). Although, in each sub-basin there are five land use class, namely shrub land,
grass land, bare land, forest and cultivated land (Section 5-1-3). For the estimation of the initial model
parameters a) shrub land, grassland and minor forests, and b) cultivated and bare land for each of the
sub-basins were grouped. From the knowledge on soil texture, slope and land use and land cover, the
thirteen sub-basins were grouped into three homogeneous sub-basins. Finally, the initial model
parameters were set based on different empirical formulas and extracted from scientific literatures for
example Fleming and Neary (2004); Neary et al. (2004); Bashar and Zaki (2005); Ayka (2008); Garcia et
al. (2008); SKM (2009) and Meenu et al. (2012) (Table 6-3).

Groupl includes sub-basins W390, W380, W370, W350, W330, W320, W310, W290 and W230 which
have slopes with an inclination of 5-15%, cultivated land as the dominant land use (>75%) and a clay
loam soil texture. Group2 includes only sub-basin W250 and has slope inclination of 15-30% and is
dominated by both bush grassland (44%) with cultivated land (56%) with silt clay loam soil textures
dominating. Group3 includes sub-basins W220 and W280 and has slope inclination of >30%, the
dominant land use is bush and grassland and silt clay loam soil textures dominate.
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Table 6-2: Description of Soil Moisture Accounting model parameters (data source: SKM, 2009).

Parameter Units Description of parameter
Canopy storage
capacity mm Depth of water potentially held by the canopy storage zone.

Depth of water potentially held by the surface storage zone. This
Surface storage is essentially the initial loss, and becomes less influential with
capacity mm increasing flood magnitude.

Upper limit to the soil infiltration rate. Actual infiltration capacity
Maximum infiltration mm/hr | is scaled based on the soil moisture deficit.

Impervious proportion of the catchment connected to drainage
Impervious area % channels.

Depth of water potentially held in the soil moisture storage zone.
Soil storage capacity mm Equal to tension zone storage plus upper zone storage.

Depth of water potentially held in the tension zone compartment
of soil moisture storage. Must be less than or equal to the soil

Tension zone capacity mm storage capacity.

Upper limit of the rate of percolation to GW1. Actual percolation
Maximum soil is limited based on the GW1 storage deficit and the amount of soil
percolation rate mm/hr | moisture storage.

GW1 storage capacity mm Depth of water potentially held in GW1.

Upper limit of the rate of percolation from GW1 into GW2. Actual
GW1 percolation is limited based on the storage values of GW1
GW1 percolation rate mm/hr | and GW2.

Determines the proportion of storage in GW1 that is routed to
GW1 coefficient hr stream flow in each time step.

GW?2 storage capacity mm Depth of water potentially held in GW2.

Upper limit of the rate of percolation from GW2 out of the system
(i.e. deep percolation). Actual GW2 percolation is limited based
GW?2 percolation rate mm/hr | on the storage value of GW2.

Determines the proportion of storage in GW2 that is routed to
GW?2 coefficient hr stream flow in each time step.

Since the surface area of the study site is less than 450 km? the initial value of ground layer 1 was taken
with 25 mm storage depth and of ground layer 2 storage with 35 mm storage depth. Simultaneously,
for initial model setup the storage coefficient of ground layer 1 was taken with 300 hrs and of ground
layer 2 with 1000 hrs (Garcia et al., 2008).
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Table 6-3: Initial model parameters of the sub-basins of the gauged Suluh watershed.

Canopy Surface Maximum Soil Tension

storage storage soil storage storage Soil
Homogeneous capacity | capacity | infiltration | capacity capacity percolation
group (mm) (mm) (mm/hr) (mm) (mm) (mm/hr)
Groupl 6 5.85 24 21 3.9
Group?2 1 4.85 20 18 2.8
Group3 2.5 4.67 14 10 2.8

6.2 Hydrologic modeling using HEC-HMS

6.2.1

Basin Model

The basin model represents the spatial configuration of the watershed (Figure 6-4). The basin model
contains the physical attributes and the topology of stream network (Scharffenberg and Fleming, 2010).
The watershed elements can be modified, added or removed. In the basin model, river reach, reservoir,

diversion and sink/source can be connected in a network imitating basin hydrologic structure
(Cunderlink and Simunovic, 2004). HEC-HMS allows seven different watershed elements for the
construction of the basin model: sub-basins, reach, junction, source, sink, reservoir and diversion.
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6.2.2 Meteorological model

The meteorological model in HEC-HMS includes precipitation and evapotranspiration for continuous
runoff modeling (Feldman, 2000). Precipitation is the driving factor for the watershed responses in the
case of HEC-HMS model; in turn a major effort was to compute the meteorological model to receive
spatially and temporally distributed precipitation input data (Yimer et al., 2009). The Thiessen polygon
technique was selected to determine the gauge weights. Edagahamus, Adigrat and Hawzen weather
stations are used for the estimation of daily areal rainfall. The monthly potential evapotranspiration
data was used as input to the meteorological model. The HEC-HMS model has capable to compute
potential evapotranspiration from net radiation and temperature data by Priestly-Taylor method.
However the methods are not suitable for arid and semi-arid climates (Scharffenberg et al., 2010). The
FAO Penman-Monteith method was applied used for the computation of monthly potential
evapotranspiration externally by applying CROPWAT model (Allen et al., 1998).

6.2.3 Control specification model

The control specification model provides time related information for the model simulation such as the
start and end of the computation period and the computation time interval (Scharffenberg and
Fleming, 2010). Since the available data are daily the computation time interval was one day. However,
since some small sub basins in the study area have a concentration time shorter than 24 hours, the
model computation time step was changed to 6 hours. As a result, values of the daily input data were
divided into four 6-hour intervals.

6.3 Hydrologic model results
The rainfall runoff modeling was carried out using two combinations:

1) Soil Moisture Accounting loss model, the Clark unit hydrograph transformation, linear reservoir
base flow model and lag model channel routing.

2) Deficit and constant loss model, the Clark unit hydrograph transformation, linear reservoir base
flow model and lag model channel routing.

6.3.1 Model sensitivity analysis

The sensitivity analysis was implemented prior to calibration to be able to assess the impact of the
model input parameters on the modeling results (Vaze et al., 2011). During the analysis the Morris
screening method consisting of a random one-factor-at-a-time was adopted (Morris, 1991), which is a
powerful approach widely used for sensitivity studies of individual models (Feyen and Zambrano,
2010). Hence, one input parameter of the model is typically varied at a time and the model re-run to
test the change in the output produced by the change in the single input parameter. The value of each
of the input parameters was modified up to +20% to -20% to check the percentage change in the mean
annual runoff volume and peak flow from the baseline.

Applying the Soil Moisture Accounting component five layers were included (12 loss parameters with 5
parameters defining initial conditions, 2 transform parameters and 4 baseflow parameters), in total
accounting 23 parameters for the continuous model. The Soil Moisture Accounting initial parameters

93



were not included in the sensitivity analysis due to their minor impact (Cunderlik and Simonovic, 2004);
the subsequent seasons have initial conditions automatically set to the conditions at the end of the
previous season. Due to the large number of model parameters and model uncertainty in the semi
distributed hydrological model it is difficult to achieve a valid relationship between simulated and
observed data. Therefore, sensitivity analysis is carried out aiming to reduce the number of parameters.
This also helps to minimize over-parameterization risk of individual model parameters, especially in
distributed models (Feyen and Zambrano, 2010). Figure 6-5 shows the effect of input parameters on
the total runoff volume in the Suluh basin. The maximum soil infiltration, soil percolation, GW1
percolation, GW1 storage coefficient, GW1 and 2 storage capacity and soil storage capacity have
significant influence on the simulated runoff volume. The most sensitive parameters are modified by
model calibration through the comparison of observed and simulated data intending to minimize the
targeted objective function (White and Chaubey, 2005).
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Figure 6-5: Model results (total runoff volume (%)) generated from the sensitivity
scenarios of the change in the Soil Moisture Accounting model parameters
in the Suluh basin.
Similarly, Figure 6-6 shows the effect of input parameters on the peak runoff responses of the Suluh
basin. The soil percolation, soil infiltration and GW1 percolation are the most sensitive parameters for
peak flow. Additionally, the deficit and constant loss model was processed integrating a total 13
parameters 4 loss parameter, 5 initial condition parameters, 2 transform parameters and 2 base flow
parameters. The 5 initial condition parameters of the deficit and constant loss module were not
included during sensitivity analysis due to its effect in the model at the beginning only. Hence the total
number of parameters is reduced to 8 (Figure 6-7 and 6-8). Figure 6-7 shows the effect of input
parameters on the runoff volume total responses of the basin in the case of deficit and constant loss
module. The maximum soil storage capacity is the most sensitive parameter and had significant
influence on the simulated runoff volume.
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Figure 6-7: Model results (total runoff volume (%)) generated from the sensitivity
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Figure 6-8 shows the effect of input parameters on the peak runoff responses of the Suluh basin. The
storage coefficient and constant rate are the most sensitive parameters. They have significant influence
on the simulated peak runoff response.
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Figure 6-8: Model results (peak runoff (%)) generated from the sensitivity scenarios of the
change in the deficit and constant loss model parameters of the Suluh basin.

6.3.2 Calibration and validation

Calibration considered the least sensitive model parameter first and subsequently followed the more
sensitive parameters by systematic adjustment of the initial value to optimize the candidate parameter
which provides the best fit of the observed stream flow and simulated flow (Vaze et al., 2011). HEC-
HMS has internally embedded an optimization manager and has the capabilities to process automated
calibration that can be used to estimate model parameter values. The objective function such as sum of
the absolute error, sum of the squared error, percent error in peak, percent error in volume and peak-
weighted root mean square error were implemented during optimization process to estimate the
goodness-of-fit between simulated and observed value (Feldman, 2000). Manual calibration helps to
adjust the soft constraints keeping the HEC-HMS hard constraints in preserving the hydrograph shape
and minimum error in volume (Yimer et al., 2009). In this study the Nelder and Mead search algorithm
of the HEC-HMS optimization manager was applied in the automated model calibration to optimize the
set of initial model parameters within the limits obtained by manual calibration.

Model validation is one of the most important steps in rainfall-runoff modeling (Vaze et al., 2011).
Validation has often been achieved using a split sample process and is common in the model testing
(Meenu et al., 2012). During the validation process the model that was calibrated using the calibration
data set for the validation period without changing the model parameters and the goodness of fit
statistics are computed for the validation period. 5 years (1992-1996) of observed rainfall and stream
flow data are used for calibrating the hydrological model and the remaining 3 years data (1997-1999)
for validation. To minimize the model error during initial model set up, the start and finish dates of the
simulation were locked to represent inactive hydro-meteorological conditions (Bashar and Zaki, 2005).
Graphical and different statistical measures were used to assess the performance of the hydrologic
model, including error in peak flow, error in volume, Nash and Sutcliffe (1970) efficiency criterion,
%Bias, coefficient of determination and Index of Agreement.
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A. Performance of continuous Soil Moisture Accounting loss model

The canopy storage capacity and the surface depression storage parameter were assumed to stay
constant during calibration and validation due to their minimum impact on model result. In contrast,
the highly sensitive parameters values as maximum infiltration rate, maximum soil storage, tension
zone storage, groundwater 2 percolation rate, groundwater 1 and 2 storage depths and groundwater 1
and 2 storage coefficients were modified during the calibration process (Roy et al., 2013). The first
three parameters were used to adjust the hydrograph shape during medium and high water periods,
while the last four parameters were used to fit the recession curve and the base flow (Garcia et al.,
2008). The groundwater 2 percolation rate was adjusted to match with the total runoff volume. For
each sub-basin, the modification of the values for the indicated parameters was carried out following
homogeneous criteria. Figure 6-9, 6-10 and Table 6-4 show the graphical and different statistical
performance measures of Soil Moisture Accounting continuous model for both calibration and
validation period with daily and monthly time steps.
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Figure 6-9: Daily calibration (1992-1996) and daily verification (1997-1999) of the Soil Moisture
Accounting continuous models for the Suluh basin.
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Table 6-4: HEC-HMS performance during the calibration and validation periods.

Daily time step Monthly time step

No. | Model efficiency criteria Calibration | Validation Calibration Validation

1 Nash Sutcliffe Efficiency, NSE 0.56 0.52 0.83 0.90
2 Index of Agreement, loA 0.86 0.83 0.95 0.97
3 Coefficient of determination, R? 0.57 0.52 0.83 0.91
4 The Index of Columetric Fit, IVF 1.17 4.84 1.01 4.83
5 The relative error of the peak -22.75 15.13 -6.63 -7.20
6 %Bias 17.31 -4.84 1.19 -4.83

B. Deficit and constant rate loss model

The second approach considers the deficit and constant loss model and is used to compute the losses
from the watershed. The deficit and constant loss model uses a single soil layer to account for
continuous changes in moisture content (Scharffenberg and Fleming, 2008). It is a quasi-continuous
model; as a result computation of actual evapotranspiration in each sub-basin is an integral part of the
model simulation based on the monthly input potential evapotranspiration (Meenu et al., 2012). The
parameters for the deficit and constant rate loss model include initial deficit, maximum deficit,
constant rate, and impervious percentage. Above, based on the Clark unit hydrograph transformation it
is assumed that linear reservoir base flow model and lag model channel routing parameters are the
same with Soil Moisture Accounting model. Figure 6-11, 6-12 and Table 6-5 document the graphical
and statistical performance of deficit and constant loss model for both calibration and validation period

with daily and monthly time steps.
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Figure 6-11: Daily calibration (1992—-1996) and daily verification (1997—1999) of the deficit and constant
loss model for the Suluh basin.
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Figure 6-12: Monthly calibration (1992—1996) and monthly verification (1997—1999) of the deficit and
constant loss model for the Suluh basin.

Table 6-5: HEC-HMS performance during the calibration and validation periods for the Suluh basin.

St. Daily time step Monthly time step

No. | Model efficiency Criteria Calibration Validation Calibration Validation

1 Nash Sutcliffe Efficiency, NSE 0.55 0.46 0.80 0.89
2 Index of Agreement, oA 0.85 0.85 0.95 0.98
3 Coefficient of determination, R? 0.56 0.49 0.81 0.89
4 The Index of Volumetric Fit, IVF 0.96 2.93 0.96 2.83
5 The relative error of the peak -9.83 29.61 -2.50 -1.55
6 %Bias -4.19 -2.93 -4.11 -2.83

6.3.2.1 Time series output for sub-basins

The HEC-HMS model provides complete time series output for various hydrologic process and storage
unites for each sub-basin (Table 6-6). All-time series output data are accessed through HEC-DSSVue,
HEC Data Storage System (US Army Corps of Engineers Institute for Water Resources - Hydrological
Engineering Center, 2009).

Among the simulated model results evapotranspiration, surface runoff, base flow and deep percolation
are the most important components in long-term annual water balance calculation. The simulated
areal mean annual surface runoff totals 68.3 mm and ranges from a minimum value of 57.3 mm to a
maximum value of 93 mm across the sub-basins. Mean annual base flow ranges between from 26 mm
and 61.4 mm and deep percolation values ranges between 13.9 mm to 51.5 mm. Figure 6-13 shows the
simulated spatial distribution of the annual surface runoff, base flow and deep percolation in each sub-
basin.
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Table 6-6: Time series output of HEC HMS Model.

1 | Outflow (total stream flow) m*/sec 12 | Soil saturation fraction (mm)
2 | Potential evapotranspiration (mm) 13 | Groundwater layer 1 storage (mm)
3 | Canopy overflow (mm) 14 | Groundwater layer 1 lateral flow (mm)
4 | Canopy evapotranspiration (mm) 15 | Groundwater layer 1 percolation (mm)
5 | Canopy storage (mm) 16 | Groundwater layer 2 storage (mm)
6 | Surface evapotranspiration (mm) 17 | Groundwater layer 2 lateral flow (mm)
7 | Surface storage (mm) 18 | Groundwater layer 2 percolation (mm)
8 | Incremental precipitation (mm) 19 | Excess precipitation (mm)
9 | Soil storage (mm) 20 | Precipitation loss (mm)
10 | Soil percolation (mm) 21 | Direct runoff (m*/sec)
11 | Soil evapotranspiration (mm) 22 | Base flow (m*/sec)
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Figure 6-13: Spatial distribution of the annual surface runoff, base flow and deep percolation in each
sub-basin of the Suluh basin (data base: Jarvis et al., 2008).
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6.4 Runoff simulation using scenario data

6.4.1 Land use change effects

Two land use maps were used to assess the effect of land use change on water resource. The Ethiopian
woody biomass land use database (WBISPP, 2003) is used for as a base line to calibrate and validate the
HEC-HMS 3.5 hydrologic model.

The 1972 land use map was used for the impact assessment; data were derived by classifying Landsat
MSS images. Overall, natural forests, shrubland and grassland covered in 1972 61.5% of the area,
cultivated land and bare soil covered a total of 38.5%. In 2003 natural forests diminished to 0.1% and
shrubland and grassland cover an area of 38.3%. In 2003 cultivated land dominants and covers 59.8% of
the total area. A summary of the annual water balance in the Suluh basin for the baseline simulation
(2003 land use map) and 1972 land use map conditions is provided in Table 6-7.

Table 6-7: Summary of long term mean annual water balance based on land use change scenario in
the Suluh basin.

Hydrologic process 1972 land use map 2003 land use map

Evapotranspiration (mm) 468.26 472.20
Surface runoff (mm) 65.30 68.28
Base flow (mm) 46.32 41.65
Deep percolation (mm) 43.29 40.09
Total annual yield (mm/year) 111.61 109.94

6.4.2 Climate change effects

The ultimate goal of the meteorological downscaling is to estimate meteorological variables
corresponding to a given scenario of future climate and to make them available for hydrological impact
assessments. Even though the calibrated and validated hydrological model was found to be competent
in replicating the observed stream flow reasonably, its ability to predict the watershed response under
future climate conditions completely depends on the model performance under the current scenarios
(Dibike and Coulibaly, 2005). Hence, the downscaled daily rainfall data and the monthly potential
evapotranspiration data were used to simulate the baseline stream flows. Finally, the mean observed
monthly stream flows, the simulated stream flows using observed rainfall, and the baseline stream
flows for the period 1992—-1999 were compared to validate to validate the model (Dibike and Coulibaly,
2005). After calibration and validation of the hydrological model with the historical data they were
tested with downscaled baseline data. The next step was to simulate flows corresponding to future
climate conditions by using the downscaled precipitation and temperature data for the emission
scenario used in the downscaling experiment HadCM3 A2a, B2a and CGCM3 A2a scenario. Stable soil
and land use/ land cover patterns are assumed for the future scenarios.

The future simulation (2011-2040, 2041-2070 and 2071-2099) were carried out with the downscaled
precipitation and temperature data. Figure 6-14, 6-15 and 6-16 show the change in simulated daily
mean flows of Suluh river corresponding to the downscaled precipitation and temperature data of the
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future climate (2011-2040, 2041-2070 and 2071-2099) as compared with observed data. The
simulation results show a mean river flow increase in April (minor rainy season) and in the end of the
main rainy season (August). However, reduced mean river flow can be expected in the mid of the main
rainy season (July) for all future scenarios.
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Figure 6-14: Predicted change in mean daily river flow of the Suluh river: HadCM3 A2a
climate scenario.
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Figure 6-15: Predicted change in mean daily river flow of the Suluh river: HadCM3 B2a
climate scenario.
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Figure 6-16: Predicted change in mean daily river flow of the Suluh river: CGCM3 A2a climate
scenario.

Further comparison of the long term mean annual water balance, i.e. evapotranspiration, stream flow
(surface flow and base flow) and deep percolation under present and expected future conditions is
performed in order to quantify the changes in hydrology of the watershed due to future climate change
in 2011-2040, 2041-2070 and 2071-2099 (Table 6-8, 6-9 and 6-10).

Table 6-8: Summary of long term mean annual water balance of the Suluh river basin 2011-2040.

2011-2040 climate change scenario
Hydrologic process Base line HadCM3 A2a HadCM3 A2a CGCM3 A2a
Evapotranspiration (mm) 472.2 476.5 4935 451.0
Surface runoff (mm) 68.3 54.0 63.0 47.7
Base flow (mm) 41.7 443 423 36.7
Deep percolation (mm) 40.1 41.1 41.2 34.6
Total annual yield (mm/year) 109.9 98.4 105.4 84.4

Among the hydrological process the surface runoff will highly susceptible to climate change effect. For
example Figure 6-17 shows the sub-basin response to the observed and the projected precipitation of
2020s time horizon with mean annual total rainfall decrease by 1%, 9.2% HadCM3 and CGCM3 A2a
scenario respectively and an increase 2.8% HadCM3 B2a during the same period.

The impact of climate change on the hydrology of the Suluh basin shows mixed results. For the
HadCM3 A2a scenario, the mean annual water yield decreases 11.7% in 2011-2040, decreases 6.5% in
2041-2070 and increases 4.6% in 2071-2099. Similarly, the mean annual water yield decreases 4.3% in
2011-2040, decreases 1.5% in 2041-2070 and increases 14.7% in 2071-2099 in case of HadCM3 B2a
scenario. The CGCM3 A2a climate change projection shows a critically decreases of mean annual water
yield in 2011-2040 by 30.2% and increases by 2.4% in 2041-2070 and 25.6% in 2071-2099. Future
projection of total water yield in the Suluh basin generally shows a decrease in 2011-2040 and an
increase in 2071-2099 (Table 6-10).
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Figure 6-17: Climate change effects on surface runoff of the Suluh river basin for the 2011-2040 climate
change scenario (data base: Jarvis et al., 2008).

Table 6-9: Summary of long term mean annual water balance in the Suluh river basin 2041-2070.

2041-2070s climate change scenario
Hydrologic process Base line HadCM3 A2a HadCM3 A2a CGCM3 A2a
Evapotranspiration (mm) 472.2 495.6 501.24 489.5
Surface runoff (mm) 68.3 60.9 66.6 70.7
Base flow (mm) 41.7 423 41.7 41.9
Deep percolation (mm) 40.1 41.2 40.5 38.9
Total annual yield (mm/year) 109.9 103.2 108.3 112.6
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Table 6-10: Summary of long term mean annual water balance in the Suluh river basin 2071-2099.

2071-2099 climate change scenario
Hydrologic process Base line HadCM3 A2a HadCM3 A2a CGCM3 A2a
Evapotranspiration (mm) 472.2 506.6 498.17 511.3
Surface runoff (mm) 68.3 69.8 79.3 103.0
Base flow (mm) 41.7 45.5 49.6 44.7
Deep percolation (mm) 40.1 41.2 45.7 41.0
Total annual yield (mm/year) 109.9 115.2 128.8 147.7

The climate change impact on actual evapotranspiration is also observed during impact assessment.
The predicted minimum and maximum temperature series are used to calculate the potential
evapotranspiration (PET) with the FAO Penman-Monteith method (Allen et al., 1998) keeping other
climatic factors constant. The canopy, soil and surface evapotranspiration are time series outputs of
HEC-HMS model and are together called ‘actual evapotranspiration’. It shows an increasing value for all
future scenarios except HadCM3 B2a scenario for 2071-2099 (Table 6-7, 6-8 and 6-9).
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Chapter 7
7 Discussion

7.1 Land use/land cover change

Changes in land use/land cover at the Suluh basin were analyzed over a period of 31 years (1973—
2003). The result reveals significant modification and conversion of land use and land cover of the Suluh
basin over the last three decades. A significant part of the Suluh basin was increasingly cultivated.
Within the last 31 years, the natural forest cover declined by 93.08%, findings which are confirmed by
Hadgu (2008), Tefera and Sterk (2008), Gebresamuel et al. (2010), Fisseha et al. (2011) and Bewket and
Abebe (2013). Tekle and Hedlund (2000) and Bewket and Sterk (2005) document a decrease in shrub
land that agrees well with the findings of this study which shows a decline of 17.52% for the Suluh
basin. Cultivated land includes various types of land use; since it is difficult to differentiate the rural
settlement, agricultural land and homestead plantation independently and they are integrated in this
category (Tefera and Sterk, 2008; IAO, 2008). Driving forces like population pressure, income growth
and declining productivity of existing cultivated land, trigger a sharp increase of cultivated land on the
expense of other types of land use which in the case of the Suluh basin causes that more than 80% of
the drainage basin area is cultivated (NEDECO, 1997; Donkor and Yilma, 1999; Hadgu, 2008; Alemayehu
et al., 2009; Emiru et al., 2012; Hamza and lyela, 2012; Bewket and Abebe, 2013). An increase in
grassland areas is a result of implementation of integrated watershed management measures and
environmental rehabilitation programs since 1991 (Taffere, 2003) and zero grazing as well as area
enclosure policy of the regional government (Reda, 2007). The land use change rates from 1972 to
1986 and 1986 to 2003 have to be analyzed differentiated. For example, the shrubland decline by
34.9% during the first period and it increases by 26.7% during the second period, meaning a net
decrease of 17.5 % between 1972 and 2003. While the decrease in the first period was due to land
grabbing, the increase in the second period was mainly due to area protection by the government as
well as by government interventions for improved and integrated land use and natural resource
management (Taffere, 2003; Bewket and Sterk, 2005; Alemayehu et al., 2009; Emiru et al., 2012).
According to Tegene (2002) the expansion of cultivated land is reduced since 1986 as most of the land
suitable for cultivation was already in use and the limit for expansion had almost been reached in the
highlands. Similarly, for the Suluh valley integrated rural, agriculture and water resources development
studies (WAPCQOS, 2002) document that the expansion of cultivated land in the basin stagnated as all
possible land was already converted including hill slopes.

Individual sub-basins (Figure 5-3; Table 5-3) in the beginning of the 21* century lacked forest cover
(sub-basin W250 and W230), a finding confirmed by Gebresamuel et al. (2010) This complete forest
degradation was caused by communities who massively expanded the agricultural lands (Hadgu, 2008),
cultivated hill slopes (WAPCQS, 2002) and had increased energy demand (Feoli et al., 2002).
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7.2 Climate change

7.2.1 Minimum temperature

According to Abebe (2007), based on IPCC mid-range (A1B) emission scenario the projected mean
annual temperature will increase in the range of 0.9—-1.1°C by 2030, 1.7-2.1°C by 2041-2070 and 2.7-
3.4°C by 2071-2099 in Ethiopia as compared to the baseline (1961-1990). However, the result varies
according to GCM outputs used, the type of downscaling techniques applied and the geographical
location as well.

Among other studies on the region for example Goitom et al. (2012) point out that the mean minimum
temperature generally shows a decreasing trend for A2 and B2 scenario of HadCM3 experiment for
Geba basin which is in contrary of this study. Similar studies in Baro-Akobo basin (Kebede et al., 2013)
based on data downscaled from REMO and CGCM3.1 A1B and B1 scenarios document that the
minimum temperature of future scenario does not show uniform trends across the basin, with both a
decreasing and an increasing trend observed. For the lake Tana basin Yihun (2009) states as the mean
minimum temperature increase by 0.43°C per decade based on the A2a scenario and 0.27°C per
decade based on the B2a scenario, both based on the HadCM3 experiment.

7.2.2 Maximum temperature

Previous studies in Ethiopia and the Tekeze basin in particular using HadCM3 A2a and B2a scenario
show similar patterns to the findings of this study. Goitom et al. (2012) pointed out that the annual
mean maximum temperature shows an increasing trend in the range of 0.86 to 3.10°C and 0.28 to
0.72°C for HadCM3 A2 and B2 emission scenario. In the upper Blue Nile basin, around lake Tana basin,
Yihun (2009) reports that the mean maximum temperature will increase by 0.52°C per decade and
0.34°C per decade for the HadCM3 A2a and B2a scenarios. According to Kebede et al. (2013), future
scenarios on maximum temperature show mixed results across the Baro-Akobo basin. There is an
incremental trend in the range of +0.1°C to +1.23°C for the period of 2011-2030 and of +0.1°C to +1.3°C
for the period of 2031-2050 based on REMO A1B and B1. Other studies in the Blue Nile basin confirm
an increase trend of maximum temperatures. For example the mean annual temperature over the
country is expected to increase by 0.8°C in 2011-2040 and 1.2°C in 2041-2070 based on the CGCM1 B1
emission Scenario (Hulme et al., 2001). Ayalew et al. (2012) report based on the application of HadCM3
A2a scenario, that both, maximum and minimum temperatures will show in the northwestern Ethiopia
increasing values in the ranges of 1.55°C to 6.07°C and from 0.11°C to 2.81°C, respectively in 2071—
2099.

7.2.3 Precipitation

Previous studies on Ethiopia pointed out that there is a considerable uncertainly and disparity in spatial
and temporal predictions of change in precipitation in both magnitude and spatio-temporal distribution
(Beyene et al., 2007). It shows great variation related to the GCM outputs and the method of
downscaling techniques applied. For example Kebede et al. (2013) identified a change of -2% to +21%
from the base period for both A1B and B1 scenarios applying REMO, in contrast: the A1B scenario of
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CGCM3.1 predicts -25% to +22% changes of annual rainfall in the study area. In the upper Blue Nile
basin (Girma, 2012) tested both CCLM and REMO with ECHAMS5 A1B scenario. The result indicates a
decrease of precipitation of 6.4 to 6.6% for CCLM and an increase of 9.2 to 22.3% in case of REMO
during the same period (Girma, 2012). However, other studies in the same basin (Zelalem, 2013)
confirm that spring and summer precipitation will decrease between -36% to 1% and the autumn and
winter it will increase up to 126% in future, regardless of the SRES scenario used. The downscaled
precipitation in the Geba basin (Goitom et al., 2012) indicates a decrease of rainfall for the forthcoming
decades which contradicts to the present study. This ‘unpredictable’ behavior of precipitation makes
the analysis of implications of these changes for streamflow more complicated and uncertain. Hence,
there is a need of investigation in both the use of GCM outputs and the downscaling technique.

7.3 Hydrological model

HEC-HMS simulates the hydrologic processes, such as vertical soil moisture flow, evapotranspiration
(ET), infiltration, overland flow, channel flow, and ground-water flow within a river basin (Bashar and
Zaki, 2005). HEC-HMS includes Soil Moisture Accounting method and deficit and constant loss module
which counts on rainfall depths and evapotranspiration rate, as inputs to define the rainfall, runoff,
storage and losses relationships. The HEC-HMS simulations were tested by applying two loss model
algorithms (Soil Moisture Accounting and deficit and constant loss module). The Soil Moisture
Accounting module performs well in both daily and monthly time steps. The accuracy of model
calibration and validation were evaluated by qualitatively (graphical) and quantitatively (statistical)
approach (Figure 6-9, 6-10, 6-11, 6-12 and Table 6-4, 6-5).

The model performance for the calibration and validation period between the observed and simulated
hydrographs in monthly time steps for both model algorithms indicates a good performance,
documented by Nash-Sutcliffe efficiency of (0.8) for calibration and (0.9) for validation. The deficit and
constant loss model shows weak performance for daily time step especially for validation, documented
by a Nash-Sutcliffe efficiency of (0.55) for calibration and (0.46) for validation. The coefficient of
determination (R?) of deficit and constant loss model is lower than the acceptable value for validation
(0.49). The model is also unable to capture the peak flow, overestimating it by 29.61% for the validation
period. The Soil Moisture Accounting algorithm shows satisfactory performance simulating daily time
steps (Table 6-4). The model is unable to capture the peak flow, underestimating it by 22.75% and
17.3% Bias simulating runoff volume during calibration.

It is also noticed that the appearance of peak flow of the observed and simulated flow has an offset
between 0 to 1 days. Ayka (2008) explains this due to improper observed rainfall and the poor quality
of the collected hydro-meteorological data. Additionally, the model is weak simulating the runoff
during the rainy season. This is due to lack of proper data on areal rainfall distribution in the sub-basins
as a consequence of inadequate distribution of weather stations inside the Suluh basin. As shown in
chapter 4.1.2 March, April and May rainfall correlates with elevation. According to Gebreyohannes
(2009) the spring rainfall concentrates north east of the basin and cannot be recorded by the available
weather station. In contrast during the main rainy season in summer rainfall the distribution is more or
less uniform over the basin and independent from elevation, in consequence areal rainfall can be
estimated from the available weather station.
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On the other side climatic and hydrological characteristics of the study area have great impact on the
model efficiency. According to Goitom (2012) the relative weak performance of WetSPa hydrologic
model in the Geba basin is due to the arid climate conditions which greatly depends on topography and
results in erratic rainfall events causing flash floods. Similarly the Nash-Sutcliffe efficiency of the HEC-
HMS applied to generate in daily time steps is low due to localized precipitation and poor quality
rainfall and stream flow data. However, it can be concluded that the HEC-HMS model can simulate the
daily stream flow and the water balance of the hydrological processes adequately in case of the Soil
Moisture Accounting module.

The HEC-HMS model results provide several hydrologic outputs in time series. Most important for the
present study are actual evapotranspiration, annual surface runoff, base flow and deep percolation.
The results are provided in the form of time series graphs. The simulated annual water balance
represents a summary of the overall basin hydrological components. The long term water balance is
the relationship between precipitation as input to the system and evapotranspiration, stream flow
(surface and subsurface flow) and deep percolation/groundwater recharge are output from the system.
The water balance of a basin usually is affected by the temporal and spatial variation of the input
parameters, the local condition and anthropogenic impacts. Keeping the factors constant on annual
bases water balance calculations show that long term there is no net change in soil moisture storage
due to averaging and neglecting the hydraulic connectivity of neighboring basins (Nedaw, 2010).

The mean annual precipitation falling in the basin is estimated at 624 mm as calculated by Thiessen
polygon method. Correspondingly water balance output totals 64.20 mm/year (10.3%) canopy
evapotranspiration, 409.80 mm/year (66%) soil and surface evapotranspiration, 68.30 mm/year (11%)
surface runoff, 41.65 mm/year (6.3%) base flow and 40.09 mm/year (6.4%) deep percolation or
recharge to the deep aquifer.

e Evapotranspiration

The annual evapotranspiration is calculated by HEC-HMS model as a sum of evaporation from surface,
soil and canopy transpiration of the vegetated cover. Evapotranspiration is the most important
component of the hydrological cycle in the Suluh basin with 76.3% of the total precipitation. The high
volume of evapotranspiration is related to the semi-arid climatic condition of the area (Aridity
Index=0.43). According to Gebreyohannes (2009), the highest potential evapotranspiration in the Suluh
basin can be recorded in the northeastern of the basin around Edagahamus-Senkata area. Similarly, the
fast increase of vegetation in the rainy season (Goitom, 2012) has great contribution to the high
potential evapotranspiration in the basin. Previous studies in the basin reveal that the annual
evapotranspiration accounts for 462 mm/year (76%) (Gebreyohannes, 2009), 546.6 mm/year (87.3%)
(Goitom, 2012), 440 mm/year (81%) (Arefaine et al., 2012) and 405.6 mm/year (71.7%) (Negusse et al.,
2013) of the mean annual precipitation. The model result in this study is in line with these results.
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e Surface runoff
Annual surface runoff in the gauged Suluh basin ranges between 57.3 mm/year and 93 mm/year with a
mean value of 68.3 mm/year (n=13), which is equivalent to an annual total flow of 24.5 million m>
(Figure 6-11). This amounts 11% of the annual precipitation in the Suluh basin which is in line with the
findings of other previous studies in the basin (Table 7-1). In general, according to Zenebe et al. (2011,
2013), the basin runoff coefficient varies between 9 to 47% and decreases with catchment area.

Table 7-1: Summary of surface runoff estimates by different studies.

Annual surface % of annual Studied
Author runoff (mm/year) rainfall Methods basin
Goitom (2012) 74.6 11 | WetSpa model Geba
Arefaine et al. (2012) 40 7 | WetSpa model llala
Gebreyohannes (2009) 108 18 | WetSpa model Geba
Nedaw (2010) 73.3 13 | Water balance Koraro

Sub-basins W250, W280 and W220 have relatively high surface runoff response compared to the other
sub-basins (Figure 6-13). These three sub-basins are characterized by very steep slopes (>30%), silty
clay loam soil texture, shallow soil depth (FAO, 1998) and more than 68% the land use/land cover
dominated by shrub land. It is observed that in the Suluh basin soil texture and slope have a strong
influence on the generation of surface runoff. Previous studies in the Geba basin (Gebreyohannes,
2009) found that soil texture has stronger impact than land use on surface water modeling applying
WetSpa model. The rest of the sub-basins have gentle slopes, sand dominated clay loam soil textures,
medium soil depth and are fully dominated by cultivated land. In consequence, surface runoff
generated for these sub-basins is relatively low (Figure 6-13).

e Base flow

Baseflow is the portion of stream flow that is sustained between precipitation events and fed delayed
to the stream channel by subsurface pathways (Price, 2011). The base flow is simulated with the linear
reservoir method provided by the HEC-HMS model. During simulation of the rainfall-runoff process the
soil moisture accounting algorithm shows a linear relationship between the potential infiltration rate
and the water content of the soil. Hence, this linear structure may be a source of error which is actually
a non-linear process (Bashar and Zaki, 2005). The base flow is the main component of annual water
balance (Figure 6-13). The base flow response of the sub-basin ranges between 26 mm/year to
61.4 mm/year and an averages at the gauge station 41.65 mm/year (6.3%), while Gebreyohannes
(2009) estimated as 72 mm/year (11.5%) for Suluh basin.

The sub-basin W250, W280 and W230 contribute relatively high amounts of base flow. These sub-
basins are characterized by high elevation as well as a highly dissected topography and have only a low
soil and surface evaporation (Gebreyohannes, 2009; Tafere, 2002; Goitom, 2012). Besides, those sub-
basins are hydraulically remote from the basin outlet. In contrast, the rest of the sub-basins are
characterized by gentle slopes, sand dominated clay loam soil textures and cultivated land resulting in
low base flow contribution. The contribution of base flow to stream flow is influenced by basin geology,
topography and soil characteristics (SKM, 2009 and Price, 2011).
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e Deep Percolation

Deep percolation contributes to recharge the aquifer system. In general groundwater recharge in the
sub-basin is promoted by low evapotranspiration and low surface runoff, i.e. flat topography and
permeable soils. Figure 6-13 shows the annual deep percolation map resulting from the application of
the HEC-HMS soil moisture model. Deep percolation in the gauged Suluh basin ranges between 13.85
to 51.46 mm/year, with a mean value of 41.09 mm/year (which is equivalent to 14.4 million ms/year).
This makes up 6.4% of the total annual precipitation in the basin. This result is consistent with the
previous studies in the basin (Table 7-2).

Table 7-2: Summary of deep percolation/recharge estimates by different studies.

Deep percolation/ | % of annual Studied
Author recharge (mm/year) | rainfall Methods basin
Tesfagiorgis et al. (2011) 21.3 4 | WetSpa model Geba
Teferi (2009) 32 5 | WATBAL model Aynalem
Arefaine et al. (2012) 66 12 | WetSpa model llala
Gebreyohannes (2009) 37 6 | WetSpa model Geba

Chloride mass

Kahsay (2008) 30-40 4.5-6 | balance method Aynalem
Nedaw (2010) 56.7 10.3 | Water balance Koraro

The sub-basins (Figure 6-13) W380, W370, W350, W320, W310, W300, W290 are identified and
mapped by Gebreyohannes (2009) as high recharging site of the Geba basin. This corresponds to the
results of this study. Main factors controlling deep percolation are soils with a sandy texture and the
predominance of gentle slopes.

7.4 Effect of land use change on water resources

According to Donkor and Yilma (1999) deforestation considerably affects quantity and quality of water
resources. The land use and land cover change on the water resources of the Suluh basin is assessed
based on the comparison of the Woody Biomass Inventory and Strategic Planning Project (WBISPP,
2003) and the 1972 land use map. The results from the application of the HEC-HMS soil moisture model
show that the average annual stream flows remained stable between 1972 with 111.3 mm and 2003
with 109.9 mm. Besides, also the actual evapotranspiration remained stable (1972: 468.3 mm, 2003:
472.2 mm). Also changes in surface runoff are only slight (1972: 65.3 mm, 2003: 68.28 mm) as well as
changes in base flow (1972: 46.32 mm, 2003: 41.65 mm) and deep percolation (1972: 43.29 mm, 2003:
40.1 mm). The slight increase of surface runoff and the slight decrease of base flow are associated with
the land use and land cover change but remain small in magnitude. Haberlandt (2010) compared
hydrological models fed with three different land use change scenario. In the ‘deforestation scenario’
the agricultural area has been increased by 15% at the expense of forested area. For the ‘urbanization
scenario’ the urban area has been increased by 26% at the expense of agricultural land. In the
‘afforestation scenario’ the forested areas have been increased by 30% at the expense of agricultural
land. Result of HEC-HMS model application show only very small differences between the results of
these scenarios while at the same time WaSIM-ETH shows considerable reactions for the afforestation
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and deforestation scenario. Applying SWAT Girma (2012) found only weak responses for upper Blue
Nile basin integrating land use/ land cover change scenarios. These differences in the result of different
model application might be due to the model set up: WaSIM-ETH is a fully distributed hydrological
model considering the change in cell by cell bases while HEC-HMS and SWAT hydrologic models are
sub-basin configurated and have lumped parameter values.

The model output parameters that strongly relate to land use/land cover (SKM, 2009) are the following:
maximum soil infiltration rate, canopy storage capacity and soil and tension zone thicknesses. The
parameter controlled by land use change with the strongest impact on flood generation is the
maximum soil infiltration rate (SKM, 2009). However, this parameter is more dependent on soil texture
rather land use/land cover type. Several other studies on the effects of land use change in Ethiopia
(Legesse et al., 2003; Bewket and Sterk, 2005; Gebresamuel et al., 2010) documented a decreasing of
stream flow with increasing area of arable land.

Generally, the observed changes on mean annual surface runoff, base flow, and deep percolation from
the sub-basin are linked to the changes in land use/land cover associated with expanding cultivated
land and degradation of catchment resources (expansion of degraded grazing lands and reduction of
vegetative cover, particularly shrubs and natural forest). However, the increment of evapotranspiration
is partly linked to climate change due to the increment of temperature.

7.5 Effects of future climate change on water resource

The effect of climate change on water resources concentrates on the two Ethiopian rainy seasons: the
lesser rainy season (Belg) from March to May and the main rainy season (Kiremit) from June to
September. Kiremit and Belg are the cropping seasons in Ethiopia, particularly in Suluh basin.

Different climate change scenarios were used as input data for HEC-HMS for impact assessment on
water balance. In the coming 90 years the future projections of mean monthly flow indicate mixed
results for the two rainy seasons Belg and Kiremit (Table 7-3).

The projected stream flow shows a decline in the months December to March in all the three future
periods under the A2 and B2 scenarios of the HadCM3 and CGCM3 experiments. There is an increase in
the flows of April in 2041-2070 and 2071-2099 under all scenarios except for the CGCM3 A2a scenario
in 2071-2099. Stream flows in May and July also decrease in all three periods under both scenarios
with exception of the HadCM3 A2 scenario in 2071-2099 for the month May. The mean monthly
stream flow in June increases in all future time periods except for 2011-2040 under the HadCM3 and
CGCM3 A2a scenarios. In August stream flow will increase with exception of the HadCM3 A2a scenario
in 2041-2070.
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Table 7-3: Projected relative (%) change of mean monthly stream flows at the outlet of the Suluh
basin under different climate change scenarios.

HadCM3 A2a HadCM3 B2a CGCM3 A2a

2011- | 2041- | 2071- | 2011- | 2041- | 2071- | 2011- | 2041- | 2071~ | Ethiopian
Month | 2040 | 2070 | 2099 | 2040 | 2070 | 2099 | 2040 | 2070 | 2099 | season
Dec 17.4| -286| -22.7| -227| -286| -125| -350| 57.8| 811
Jan 286 | -385| -286| -286| -286| -200| -500| -59| 250|599
Feb 50.0 | -50.0| -50.0| -50.0| -50.0| -50.0| -66.7| -364| -7.1
Mar 412 | -263| -333| -41.2| -33.3| -333| -1182| -412| -846
Apr -10.1| 305| 241| -29.1| 244| 230 -451 84| -18.8
May 26| -182| 114| -500| -69.6| -2.6| -77.3| -300| -69.6 | Belg
Jun 50.0| 333| 250| 30.8| 59.1| 455| -385 00| 143
Jul 210| -257| -451| -36.1| -64.0| -176| -67.3| -139.4| -75.4
Aug 65| -46| 268| 224| 192| 249| 116| 313| 509
Sep 50| -103| -11| 91| -11| 150| -103| -32| 30.9 |Kiremt
Oct 96| 21 78| 6.0 60| 145| 22| 175| 19.0
Nov 29| 31 29| 00 0.0 83| -10.0 29| 19.5 | Tseday

Applying the HadCM3 A2a scenario climate change will impact the hydrology of the Suluh basin in the
way that the mean annual water yield decreases in 2011-2040 by 11.7%, in 2041-2070 by 6.5% and
increases in 2071-2099 by 4.6%.

Similarly, the mean annual water yield will decrease by 4.3% in 2011-2040, by 1.5% in 2041-2070 and
increase by 14.7% in 2071-2099 applying the HadCM3 B2a scenario. The CGCM3 A2a climate change
projection causes a critically decrease on mean annual water yield in 2011-2040 by 30.2% and an
increase by 2.4% in 2041-2070 and 25.6% in 2071-2099. The mean annual surface runoff is more
sensitive to climate change compared to other hydrological process. The sub-basin response (Figure 6-
17) indicates the effect of future climate change on mean annual surface runoff. Future projection of
total water yield in the Suluh basin generally shows a decrease in 2011-2040 and an increase in 2071-
2099 for all climate change scenarios. Previous studies in the basin indicate that stream flow of the
Geba basin will be reduced and predict an increasing water stress under future climate change (Goitom
et al., 2012). Other studies show inconsistent results. For example Girma (2012) reports there will be an
increase in the future runoff using the regional climate change projections of ECHAM5-A1B downscaled
by the REMO and CCLM whereas Zelalem (2013) points out a decrease of stream flow for the Blue Nile
basin by 10 to 60% for downscaled predictors from three GCMs (ECHAMS5, GFDL21 and CSIRO-MK3)
under the SRES scenarios A1B and A2. Similarly, Yihun (2009) reports an increase of seasonal flow
volume up to 136% during Belg and 36% during Kiremt. In contrast Abdo (2008) and Yimer et al. (2009)
state a runoff decrease during the main rainy season (June—September) by 12% in 2071-2099 around
Tana lake basin. These results indicate that there is a need for further studies to better understand the
reasons for contrasting results on impact assessment of future climate change. The uncertainty of GCM
outputs, downscaling techniques and the type of hydrological model applied have a significant impact
on the result.
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Chapter 8
8 Conclusions and Recommendations

8.1 Conclusions

In order to assess the potential effects of land use and land cover change and climate change on the
water resources of the Suluh basin the hydro-climatology, geomorphology, geology, land use and land
cover and soils of the basin has been investigated. Emphasis was made to create a database on all
information relevant for water resource impact assessment of the basin. To attain the overall objective
several activities were undertaken: (1) statistical analyses of historic climate trends and seasonality
patterns, (2) field and laboratory based soil mapping, (3) geomorphological mapping of the test sites (4)
analysis of land use/land cover change in the basin since 1972, (5) downscaling of GCM's output climate
data using the Statistical DownScaling model (5) calibration and validation of the HEC-HMS semi
distributed model and simulation of hydrological processes with scenario data for impact assessment
on water resources of the basin. Based on the results the following main conclusions can be drawn:

e Statistical analysis of climate data
Statistical methods have been applied to characterize the seasonality and temporal variability of the
past climatic records of 37 years observed at seven weather stations in and around Suluh basin.
Seasonality index technique was used to analyze the degree of variability in monthly rainfall patterns,
while Spearman's rank correlation non parametric statistical trend test was used to detected temporal
changes.

The calculated Relative Seasonality Index for the area revealed that rainfall regime is markedly seasonal
with a long dry season. The analysis of the seasonality index shows for Wukro and Mekelle weather
stations that most of the rain occurs in one to two months of the year, concentrated on the main rainy
season. At Senkata, Edagahamus and Adigrat weather stations rainfall is relatively concentrated on the
two rainy seasons separated by a marked dry season. At Hawzen and Hagerselam weather stations
most rain occurs in less than three months of the year.

Based on 37 years of data records and seven weather stations, time series analysis shows that the
annual precipitation lacks a trend. In contrast, the mean monthly temperature at Mekelle weather
station shows increases.

e Geomorphological mapping

A direct interrelationship between natural processes and human impact is observed for the Tsenkanet,
Abraha-we-Atsebeha and Bat'akor test sites. The high population pressure on landscape stability causes
humans degradation processes. Geomorphological survey clearly indicated soil erosion due to running
water, mass movements and human induced landscape modification as the dominant relief shaping
processes. Erosion forms and badlands develop consequentially to clearance of natural vegetation and
overgrazing as well as to a lack of maintenance of existing soil conservation measures. The
development of gully systems also indicates the alarming impact of channeled runoff along footpaths
and cattle treads.
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e Land use change dynamics
This research tried to examine the long-term dynamics in land use/land cover change and the driving
forces for changes in the Suluh basin. It revealed that there were substantial land use changes in the
area during the past 31 years (1972-2003). The most important changes were destruction of the
natural vegetation, an increase of area with cultivated land, a slight expansion of grazing land and a
decline of shrub land and bare land. The basic driving force is the rapidly growing population with a rate
of 2.6% per annum (CSA, 2008), in turn leading to an increased demand for food, water and energy.

e Climate change
Already in previous studies it was tried to predict the impact of climate change on the water resource in
the Suluh basin, mostly based on a single GCM output. Since each GCM and downscaling tool has its
own strength and weakness, it may be not acceptable to rely on the outputs of one GCM. These
shortcomings of the previous climate impact studies in the Suluh basin are addressed to some extent in
this study.

Downscaling was attempted based on the HadCM3 and CGCM3 GCMs outputs under two SRES
emission scenarios (A2a and B2a) using Statistical DownScaling Methods (SDSM) on a local watershed
scale for the 2011-2040, 2041-2070 and 2071-2099 time interval.

The results reveal that an increase of the mean annual maximum and minimum temperature in the
time intervals 2041-2070 and 2071-2099 has to be expected. The mean annual precipitation also
indicates a decrease for 2011-2040 and an increase for 2071-2099 for all emission scenarios.

e HEC-HMS model application
The HEC-HMS semi-distributed hydrological model was tested for the Soil Moisture Accounting
algorithm and the deficit and constant loss model. The deficit and constant loss model performs well in
both daily and monthly time steps. The calibrated and validated Soil Moisture Accounting module has
been used for prediction of its hydrologic response to land use/land cover and climate change effect in
the Suluh river basin.

The local sensitivity analysis shows that soil infiltration rate, soil storage, tension zone storage and
groundwater 1 storage coefficient are the most sensitive parameters for the simulation of stream flow.
The Nash-Sutcliffe model efficiency, the Index of Agreement (loA), the percentage error in volume and
the percentage error in peak were used for performance evaluation, for calibration and validation; all
indicating a good performance of the model for the simulation of hydrological processes.

e Impact of land use on water resource
The impact assessment of land use/ land cover change on water resources is based on the 1972 land
use map derived from LandSat MSS image and the 2003 woody biomass land use map. Land use
change between 1972 and 2003 resulted in deforestation and expansion of cultivated land. In turn the
surface runoff increased by 4.6% and base flow and deep percolation were reduced by 10.08% and
7.4% respectively. Also evaporation rate shows a slight increment. The annual water yield reduced by
1.5%.
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e Impact of climate change on water resource

The impact assessment of climate change is carried out for the time intervals 2011-2040, 2041-2070
and 2071-2099. On the annual bases the climate change will cause a decrease of mean annual water
yield by 11.7% in 2011-2040, by 6.5% 2041-2070 and an increase by 4.6% in 2071-2099 applying the
HadCM3 A2a scenario. Similarly, the application of HadCM3 B2a scenario shows that the mean annual
water yield decreases by 4.3% in 2011-2040, by 1.5% in 2041-2070 and an increase by 14.7% in 2071-
2099. The CGCM3 A2a climate change projection shows a critically decrease of the mean annual water
yield of 30.2% in 2011-2040 and an increase of 2.4% in 2041-2070 and of 25.6% in 2071-2099. Among
the hydrological processes surface runoff is identified the most sensitive one reacting on climate
changes.

8.2 Recommendations

During this study it was tried to identify and come across various problems, which not all could be
answered in this study, but need to be addressed in future research. The following list shows the most
important issues:

Field sampling and laboratory based soil mapping is bulky, time intense and expensive on river basin
scale. Due to the case, soil properties investigations undertaken for these studies have a coarse spatial
resolution and are only for soil texture classification. For further field investigation it is recommended
to include in-situ soil infiltration tests, hydraulic conductivity test and soil compactness.

It is known that different soil and water conservation measures have certain impact on rainfall-runoff
relationships. The research presented not fully considers the soil conservation measures. It should be
addressed for future research.

River discharge data in the Suluh basin are limited and the accuracy of the data is poor. The installation
of more river gauging stations in the basin and updating of the rating curve will improve data
availability and quality. As all currently available weather stations are found only in the vicinity of the
Suluh basin, it is mandatory to install at least one additional weather station inside the basin for better
estimation of areal rainfall distribution. This will help to improve the water resources assessment in the
future.

In the climate change impact assessment, this study did not cover uncertainties due to the selection of
GCMs outputs or selection of different emission scenarios, nor did this study quantify the possible bias.
This will address in the future.

Downscaling of large scale climate variables was done only for Mekelle airport weather station. This is
due to the lack of long term climate data in other stations in the basin or its surroundings. It is
recommended to include downscaling of other station data to improve the climate change impact
assessment across the basin.

The present day land-use data were used for simulating future hydrological processes. It is more
accurate that considering future land-use change scenarios along with fully distributed hydrological
model. It is therefore recommended to follow a careful study of the combined effects of climate and
land-use change on the hydrological processes and water resources in the study area.
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Finally, this study involved a number of models and model outputs each including a certain level of
uncertainty. However, it is believed that the results of this study give an indication and increase
awareness on the changes of land use/land cover and future risks of climate change. Hence, such
studies should continue on different basins considering the wide range of uncertainties associated with
models and try to reduce the uncertainties by the use of different GCM outputs, downscaling

techniques, and emission scenarios as well as different hydrological models.
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Appendix

Appendix A: Meteorological data analysis related

A. Data consistence check
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B. Spearman correlation trend test

Hagreselam -

observed Kxi - rank of Observed data Kyi - rank of the | Di

annual rainfall | the data as ascending same data in =
Year data observed order ascending order | Kxi - Kyi Din2
1973 689 1 359 10 -9 81
1974 772 2 400 12 -10 100
1975 802 3 495 37 -34 1156
1976 706 4 517 32 -28 784
1977 760 5 529 30 -25 625
1978 713 6 541 36 -30 900
1979 571 7 571 7 0 0
1980 1372 8 579 31 -23 529
1981 816 9 599 38 -29 841
1982 359 10 621 35 -25 625
1983 852 11 628 13 -2 4
1984 400 12 673 27 -15 225
1985 628 13 675 20 -7 49
1986 704 14 689 1 13 169
1987 913 15 704 14 1 1
1988 1006 16 706 4 12 144
1989 722 17 709 28 -11 121
1990 792 18 713 6 12 144
1991 797 19 720 34 -15 225
1992 675 20 722 17 3 9
1993 912 21 754 29 -8 64
1994 821 22 760 5 17 289
1995 833 23 772 2 21 441
1996 900 24 776 25 -1 1
1997 776 25 792 18 7 49
1998 900 26 797 19 7 49
1999 673 27 802 3 24 576
2000 709 28 816 9 19 361
2001 754 29 821 22 7 49
2002 529 30 833 23 7 49
2003 579 31 851 33 -2 4
2004 517 32 852 11 21 441
2005 851 33 900 24 9 81
2006 720 34 900 26 8 64
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2007 621 35 912 21 14 196
2008 541 36 913 15 21 441
2009 495 37 1006 16 21 441
2010 599 38 1372 8 30 900
Mean 731 Sum Di"2 11228
Rsp | -0.22858
t | -1.40878
ter -2.02 | 2.02
Senkata -
observed Kxi - rank of | Observed data Kyi - rank of the Di
annual the dataas | ascending same data in =
Year rainfall data | observed order ascending order Kxi - Kyi Din2
1973 525.2 1 290.5 2 -1 1
1974 290.5 2 306.7 37 -35 1225
1975 634.2 3 378.8 12 -9 81
1976 629.7 4 405.2 30 -26 676
1977 903.7 5 466.9 31 -26 676
1978 1286.9 6 509.9 33 -27 729
1979 678.7 7 525.2 1 6 36
1980 742.4 8 552.8 28 -20 400
1981 1736.2 9 563.3 36 -27 729
1982 1786.3 10 564.0 35 -25 625
1983 965.6 11 604.6 32 -21 441
1984 378.8 12 611.9 13 -1 1
1985 611.9 13 629.7 4 9 81
1986 747.5 14 634.2 3 11 121
1987 1070.6 15 642.0 34 -19 361
1988 1101.2 16 651.6 38 -22 484
1989 772.2 17 678.7 7 10 100
1990 902.3 18 742.4 8 10 100
1991 795.2 19 747.5 14 5 25
1992 842.7 20 766.2 25 -5 25
1993 1105.3 21 772.2 17 4 16
1994 831.0 22 795.2 19 9
1995 891.2 23 831.0 22 1
1996 917.5 24 842.7 20 4 16
1997 766.2 25 852.3 27 -2 4

134




1998 941.0 26 857.3 29 -3 9
1999 852.3 27 891.2 23 4 16
2000 552.8 28 902.3 18 10 100
2001 857.3 29 903.7 5 24 576
2002 405.2 30 917.5 24 6 36
2003 466.9 31 941.0 26 5 25
2004 604.6 32 965.6 11 21 441
2005 509.9 33 1070.6 15 18 324
2006 642.0 34 1101.2 16 18 324
2007 564.0 35 1105.3 21 14 196
2008 563.3 36 1286.9 6 30 900
2009 306.7 37 1736.2 9 28 784
2010 651.6 38 1786.3 10 28 784
Mean 785.0 Sum Di"2 11478
Rsp | -0.25594
t | -1.58852
ter -2.02 2.02
Adigrat -
observed Kxi - rank of | Observed data Kyi - rank of the Di
annual the data as | ascending same data in =
Year rainfall data | observed order ascending order Kxi - Kyi Din2
1973 452 1 245 15 -14 196
1974 598 2 315 27 -25 625
1975 862 3 372 37 -34 1156
1976 512 4 386 16 -12 144
1977 625 5 428 12 -7 49
1978 482 6 436 32 -26 676
1979 530 7 452 1 6 36
1980 666 8 468 28 -20 400
1981 787 9 482 6 3 9
1982 561 10 438 36 -26 676
1983 560 11 498 33 -22 484
1984 428 12 512 4 8 64
1985 666 13 530 6 36
1986 577 14 548 31 -17 289
1987 245 15 560 11 4 16
1988 386 16 561 10 6 36
1989 591 17 565 30 -13 169
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1990 752 18 569 38 -20 400
1991 702 19 577 14 5 25
1992 647 20 591 17 3 9
1993 791 21 598 2 19 361
1994 770 22 625 5 17 289
1995 636 23 636 23 0
1996 741 24 647 20 4 16
1997 792 25 666 13 12 144
1998 737 26 666 8 18 324
1999 315 27 672 35 -8 64
2000 468 28 682 29 -1 1
2001 682 29 702 19 10 100
2002 565 30 717 34 -4 16
2003 548 31 737 26 5 25
2004 436 32 741 24 8 64
2005 498 33 752 18 15 225
2006 717 34 770 22 12 144
2007 672 35 787 9 26 676
2008 488 36 791 21 15 225
2009 372 37 792 25 12 144
2010 569 38 862 3 35 1225
Mean 590 Sum Di"2 9538
Rsp | -0.04366
t| -0.2622
ter -2.02 | 2.02
Woukro -
observed Kxi - rank of | Observed data Kyi - rank of the Di
annual the data as ascending same data in =
Year rainfall data | observed order ascending order Kxi - Kyi Din2
1973 272 1 263 12 -11 121
1974 590 2 272 1 1 1
1975 625 3 284 20 -17 289
1976 1358 4 319 7 -3 9
1977 789 5 358 25 -20 400
1978 489 6 370 37 -31 961
1979 319 7 471 31 -24 576
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1980 956 8 482 32 -24 576
1981 739 9 486 13 -4 16
1982 601 10 486 23 -13 169
1983 807 11 489 6 5 25
1984 263 12 496 33 -21 441
1985 486 13 503 36 -23 529
1986 628 14 543 27 -13 169
1987 840 15 588 30 -15 225
1988 1134 16 590 2 14 196
1989 652 17 601 10 7 49
1990 620 18 613 22 -4 16
1991 654 19 620 18 1 1
1992 284 20 625 3 17 289
1993 719 21 628 14 7 49
1994 613 22 652 17 25
1995 486 23 654 19 4 16
1996 928 24 674 34 -10 100
1997 358 25 692 38 -13 169
1998 927 26 719 21 5 25
1999 543 27 739 9 18 324
2000 812 28 758 35 -7 49
2001 1112 29 789 5 24 576
2002 588 30 807 11 19 361
2003 471 31 812 28 3 9
2004 482 32 840 15 17 289
2005 496 33 927 26 7 49
2006 674 34 928 24 10 100
2007 758 35 956 8 27 729
2008 503 36 1112 29 7 49
2009 370 37 1134 16 21 441
2010 692 38 1358 4 34 1156
Mean 648 Sum Di’2 9574
Rsp -0.0476

t | -0.28591

ter -2.02 | 2.02
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Edagahamus -

observed Kxi - rank of | Observed data | Kyi - rank of the Di
annual the data as ascending same data in =

Year rainfall data observed order ascending order Kxi - Kyi Din2

1973 505 1 401 25 -24 576
1974 570 2 407 30 -28 784
1975 769 3 431 38 -35 1225
1976 546 4 434 37 -33 1089
1977 731 5 444 7 -2 4
1978 535 6 449 8 -2 4
1979 444 7 454 36 -29 841
1980 449 8 478 35 -27 729
1981 606 9 498 31 -22 484
1982 679 10 505 1 9 81
1983 614 11 512 27 -16 256
1984 590 12 526 32 -20 400
1985 1203 13 535 6 7 49
1986 2731 14 546 4 10 100
1987 1913 15 570 13 169
1988 1926 16 571 21 -5 25
1989 723 17 586 34 -17 289
1990 869 18 589 26 -8 64
1991 776 19 590 12 7 49
1992 734 20 606 9 11 121
1993 571 21 614 11 10 100
1994 722 22 616 28 -6 36
1995 618 23 618 23 0 0
1996 738 24 646 33 -9 81
1997 401 25 679 10 15 225
1998 589 26 722 22 4 16
1999 512 27 723 17 10 100
2000 616 28 731 5 23 529
2001 819 29 734 20 9 81
2002 407 30 738 24 6 36
2003 498 31 769 3 28 784
2004 526 32 776 19 13 169
2005 646 33 819 29 4 16
2006 586 34 869 18 16 256
2007 478 35 1203 13 22 484
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2008 454 36 1913 15 21 441
2009 434 37 1926 16 21 441
2010 431 38 2731 14 24 576
Mean 736 Sum Di’2 11710
Rsp | -0.28132
t| -1.75897
ter -2.02 | 2.02
Mekelle - Kxi - rank
observed of the Observed data Kyi - rank of the Di
annual data as ascending same data in =
Year rainfall data | observed | order ascending order Kxi - Kyi Din2
1973 476 1 287 36 -35 1225
1974 451 2 304 12 -10 100
1975 771 3 374 7 -4 16
1976 532 4 388 32 -28 784
1977 670 5 417 37 -32 1024
1978 439 6 439 6 0 0
1979 374 7 451 2 5 25
1980 911 8 456 28 -20 400
1981 618 9 466 30 -21 441
1982 589 10 476 1 9 81
1983 706 11 527 20 -9 81
1984 304 12 532 4 8 64
1985 536 13 533 31 -18 324
1986 590 14 536 13 1 1
1987 739 15 551 25 -10 100
1988 918 16 589 10 6 36
1989 607 17 590 14 3 9
1990 623 18 599 33 -15 225
1991 632 19 607 17 2 4
1992 527 20 618 24 -4 16
1993 722 21 618 9 12 144
1994 658 22 619 35 -13 169
1995 692 23 623 18 5 25
1996 618 24 623 29 -5 25
1997 551 25 630 38 -13 169
1998 749 26 632 19 7 49
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1999 717 27 658 22 5 25
2000 456 28 670 5 23 529
2001 623 29 692 23 6 36
2002 466 30 706 11 19 361
2003 533 31 717 27 4 16
2004 388 32 722 21 11 121
2005 599 33 739 15 18 324
2006 755 34 749 26 8 64
2007 619 35 755 34 1 1
2008 287 36 771 3 33 1089
2009 417 37 911 8 29 841
2010 630 38 918 16 22 484
Mean 592 Sum Di"2 9428
Rsp | -0.03162
t | -0.18983
ter -2.02 2.02
Hawzen - Kxi - rank
observed of the Observed data Kyi - rank of the | Di
annual data as ascending same data in =
Year rainfall data | observed order ascending order | Kxi - Kyi Din2
1973 602.4 1 320.3 12 -11 121
1974 360.0 2 340.5 36 -34 1156
1975 706.5 3 360.0 2 1 1
1976 623.1 4 372.3 32 -28 784
1977 656.0 5 390.3 31 -26 676
1978 451.3 6 412.3 7 -1 1
1979 412.3 7 428.1 20 -13 169
1980 502.1 8 440.3 37 -29 841
1981 666.4 9 448.0 33 -24 576
1982 525.5 10 451.3 6 4 16
1983 637.1 11 468.7 13 -2 4
1984 320.3 12 470.6 30 -18 324
1985 468.7 13 488.6 25 -12 144
1986 535.9 14 502.0 23 -9 81
1987 655.8 15 502.1 8 7 49
1988 796.5 16 512.5 24 -8 64
1989 548.8 17 517.9 22 -5 25
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1990 609.7 18 523.1 35 -17 289
1991 592.6 19 525.5 10 9 81
1992 428.1 20 535.9 14 6 36
1993 546.1 21 546.1 21 0 0
1994 517.9 22 548.8 17 5 25
1995 502.0 23 568.0 38 -15 225
1996 512.5 24 580.7 27 -3 9
1997 488.6 25 592.6 19 6 36
1998 607.5 26 602.4 1 25 625
1999 580.7 27 607.5 26 1 1
2000 763.4 28 609.7 18 10 100
2001 890.8 29 623.1 4 25 625
2002 470.6 30 637.1 11 19 361
2003 390.3 31 655.8 15 16 256
2004 372.3 32 656.0 5 27 729
2005 448.0 33 666.4 9 24 576
2006 750.5 34 706.5 3 31 961
2007 523.1 35 750.5 34 1
2008 340.5 36 763.4 28 8 64
2009 440.3 37 796.5 16 21 441
2010 568.0 38 890.8 29 9 81
Mean 547.7 Sum Di”2 10554
Rsp | -0.15483

t | -0.94033

ter -2.02 2.02

141




Appendix B: Soil laboratory results

A. Wet sieve analysis example

Sample
code SUL 001
Sieve Weight Weight of Weight of Cumulative Cumulative
size, D Sieve | of sieve + soil mass of % % %
(mm) No. Sieve (g) | soil retained Retained (g) | soil retained (g) | Retained | retained finer
4.75 4 451.7 581.2 129.5 129.5 25.9 259 | 741
2.00 10 529.6 560.7 311 160.6 6.2 321 | 67.9
0.425 40 468.2 514.1 45.9 206.5 9.2 41.3 | 58.7
0.075 200 416.8 516.9 100.1 306.6 20.0 61.3 | 38.7
Pan - 423.8
Total weight of sample (g) 500
finer 193.4
%finer 38.68
B. Dry sieve analysis example
Sample code
SUL 013
Percent
Sieve size Weight of wt of sieve + Mass retained | retained Cumulative % | Percentage
(mm) sieve retained soil (gm) (%) retained finer (%)
37.50 1705.96 1705.96 0.00 0.00 0.00 100.00
28.00 1727.22 1727.22 0.00 0.00 0.00 100.00
20.00 1617.33 1617.33 0.00 0.00 0.00 100.00
14.00 1356.9 1356.9 0.00 0.00 0.00 100.00
10.00 1324.81 1324.81 0.00 0.00 0.00 100.00
5.00 1372.25 1383.27 11.02 1.10 1.10 98.90
2.36 1245.13 1258.96 13.83 1.38 2.48 97.52
1.18 491.63 537.44 45.81 4.58 7.07 92.93
0.60 492.08 804.29 312.21 31.22 38.29 61.71
0.30 279.03 650.7 371.67 37.17 75.45 24.55
0.15 442.88 637.36 194.48 19.45 94.90 5.10
0.075 414.57 451.44 36.87 3.69 98.59 1.41
pan 314.57 328.14 13.57 1.36 99.95 0.05
1000.00
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C. Hydrometer analysis (sedimentation method) example

Oven dry mass of soil (g) 50

Volume of suspension (cc) 1000

Specific gravity of soil 2.5
Sample code Specific gravity of water 1
SUL 032 unit wt of water (g/cc) 1

Effective Particle

Elapsed | Actual Corrected depth K, diameter
Time of | time (t) hydrometer Composite | hydrometer | (mm) from D (mm) %

Sr.No. | reading minute reading T(°c) | correction | reading from table L/t V(L/t) table Finer
1 3:05 0
2 3:07 2 1.025 22 0.0017 1.0233 9.7 4.85 | 2.20227155 0.01286 | 0.028321212 | 77.66667
3 3:39 4 1.023 22 0.0017 1.0213 10.5 2.625 | 1.62018517 0.01286 | 0.020835581 71
4 3:11 6 1.022 22 0.0017 1.0203 10.85 | 1.80833 | 1.34474285 0.01286 | 0.017293393 | 67.66667
5 3:13 8 1.021 22 0.0017 1.0193 11 1.375 | 1.17260394 0.01286 | 0.015079687 | 64.33333
6 3:15 10 1.02 22 0.0017 1.0183 11.3 1.13 | 1.06301458 0.01286 | 0.013670368 61
7 3:25 20 1.019 22 0.0017 1.0173 12.3 0.615 | 0.78421936 0.01286 | 0.010085061 | 57.66667
8 3:35 30 1.017 22 0.0017 1.016 14.2 | 0.47333 | 0.68799225 0.01286 0.00884758 | 53.33333
9 4:05 60 1.016 22 0 1.0153 16 | 0.26667 | 0.51639778 0.01286 | 0.006640875 51
10 5:05 120 1.012 22 0 1.012 16.15 | 0.13458 | 0.36685601 0.01272 | 0.004666408 40
11 7:05 240 1.011 22 0 1.011 16.15 | 0.06729 | 0.25940637 0.01272 | 0.003299649 | 36.66667
12 11:05 480 1.009 22 0 1.009 16.15 | 0.03365 | 0.18342801 0.01286 | 0.002358884 30
13 3:05 1440 1.007 21 0 1.007 16.15 | 0.01122 | 0.10590221 0.01301 | 0.001377788 | 23.33333
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D. Soil texture for the Suluh basin based on USDA classification

Soil Geographical coordinate (UTM) Percent distribution

sample Elevation Specific
code East North (m) Sand Clay Silt Soil texture gravity
SUL 001 545060 | 1574719 3089 47.82 | 16.96 | 35.23 | Loam 2.69
SUL 002 540000 | 1570000 2833 16.72 | 15.42 | 67.86 | Siltloam 2.74
SUL 003 544872 | 1569964 2860 54.12 | 14.44 | 31.44 | Sandy loam 2.81
SUL 004 550000 | 1570000 2778 46.87 | 18.93 | 34.20 | Loam 2.71
SUL 005 555000 | 1570963 2549 73.71 | 11.47 | 14.83 | Sandy Loam 2.71
SUL 006 545000 | 1565759 2621 36.53 | 30.22 | 33.25 | Clay Loam 2.66
SUL 007 550000 | 1565000 2411 22.84 | 41.57 | 35.59 | Clay 2.60
SUL 008 556041 | 1565000 2506 96.18 1.92 1.90 | Sand 2.58
SUL 009 560000 | 1565000 2604 57.20 | 22.41 | 20.39 | Sand Clay Loam 2.69
SUL 010 565000 | 1565000 2788 76.75 9.42 | 13.83 | Sandy Loam 2.60
SUL 011 550000 | 1560000 2353 66.65 | 13.83 | 19.52 | Sandy Loam 2.71
SUL 012 555000 | 1560000 2390 19.38 | 35.95 | 44.67 | Silt Clay Loam 2.66
SUL 013 560000 | 1560000 2507 98.62 0.63 0.74 | Sand 2.66
SUL 014 550000 | 1555000 2318 99.73 0.09 0.18 | Sand 2.63
SUL 015 555000 | 1555000 2354 88.90 5.88 5.22 | Sand 2.71
SUL 016 560000 | 1555000 2369 68.16 | 16.00 | 15.84 | Sandy Loam 2.50
SUL 017 565000 | 1555000 2651 98.85 0.50 0.65 | Sand 2.58
SUL 018 550000 | 1550000 2265 62.51 | 18.90 | 18.58 | Sandy Loam 2.45
SUL 019 555000 | 1550000 2291 32.44 | 47.98 | 19.58 | Clay 2.43
SUL 020 560000 | 1550000 2343 97.94 0.85 1.21 | Sand 2.63
SUL 021 550000 | 1536000 2339 68.92 8.00 | 23.08 | Sandy Loam 2.60
SUL 022 565000 | 1550000 2456 26.88 | 25.08 | 48.04 | Loam 2.43
SUL 023 550000 | 1545000 2292 29.35 | 44.73 | 25.92 | Clay 2.36
SUL 024 555000 | 1545000 2296 80.99 6.77 | 12.24 | Loamy Sand 2.60
SUL 025 560000 | 1545000 2341 6.08 | 46.30 | 47.62 | Silty Clay 2.40
SUL 026 565000 | 1545000 2511 92.34 3.53 4.13 | Sand 2.66
SUL 027 555000 | 1540000 2087 71.26 9.39 | 19.36 | Sandy Loam 2.71
SUL 028 560000 | 1540000 2287 33.51 | 15.29 | 51.20 | Silty Loam 2.74
SUL 029 565000 | 1540000 2462 48.70 | 13.21 | 38.09 | Loam 2.60
SUL 030 551500 | 1532500 2080 19.33 | 44.09 | 36.59 | Clay 2.71
SUL 031 555222 | 153300 2006 95.43 2.62 1.94 | Sand 2.58
SUL 032 560000 | 1535000 2287 47.23 | 19.03 | 33.75 | Loam 2.50
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E. Soil Texture for Suluh basin based on USDA classification (Continued)

Soil Geographical coordinate (UTM) Percent distribution

sample Elevation Specific
code East North (m) Sand Clay Silt Soil texture gravity
SUL 033 550000 | 1531134 2125 | 55.26 | 19.32 | 25.42 | Sandy Loam 2.55
SUL 034 555000 | 1530000 1971 | 56.21 | 19.91 | 23.88 | Sandy Loam 2.63
SUL 035 560000 | 1530000 2328 | 25.56 | 62.58 | 11.86 | Clay 2.60
SUL 036 545000 | 1525000 2155 7.97 | 40.53 | 51.50 | Silty Clay 2.60
SUL 037 550000 | 1525000 2094 | 1497 | 43.21 | 41.82 | Silty Clay 2.97
SUL 038 555307 | 1531520 1975 | 59.46 | 10.90 | 29.64 | Sandy Loam 2.74
SUL 039 555000 | 1525000 1964 | 28.07 | 46.29 | 25.64 | Clay 2.60
SUL 040 560000 | 1525000 2112 | 29.60 | 33.03 | 37.37 | Clay Loam 2.58
SUL 041 540000 | 1520000 2263 237 | 56.30 | 41.33 | Silty Clay 2.58
SUL 042 545000 | 1520000 2118 2.81 | 49.73 | 47.46 | Silty Clay 2.71
SUL 043 550000 | 1520000 2012 | 14.51 | 59.65 | 25.85 | Clay 2.52
SUL 044 555000 | 1520000 1929 | 18.54 | 53.19 | 28.28 | Clay 2.50
SUL 045 535475 | 1515087 2280 30.25 43.78 | 25.97 | Clay 2.74
SUL 046 540000 | 1515000 2076 | 73.74 8.62 | 17.64 | Sandy Loam 2.71
SUL 047 545000 | 1515000 1942 71.74 10.62 | 17.64 | Sandy Loam 2.71
SUL 048 550000 | 1515000 2065 | 18.78 | 44.28 | 36.94 | Clay 2.55
SUL 049 555000 | 1515000 2246 Rock outcrop

SUL 050 540583 | 1509726 2189 | 7494 | 11.78 | 13.28 | Sandy Loam 2.66
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Appendix C: Morphometric parameters

A. Sub-basin parameters for the gauged Suluh basin

Shape Shape Basin Area
OBIJECT | GRID length | area Hydro | Drain | Sub-basin slope Basin HMS
ID CODE km km? ID ID name (%) lag km?
2 2 3798 | 35.36 22 22 W220 29.8 2.47 35.36
3 3 43.74 | 39.45 23 23 W230 10.5 2.23 39.45
5 5 58.56 | 54.90 25 25 W250 26.9 4.24 54.90
8 8 51.78 | 68.69 28 28 W280 32.8 2.76 68.69
9 9 37.80 | 25.26 29 29 W290 14.0 1.98 25.26
10 10 35.82 25.66 30 30 W300 8.1 2.34 25.66
11 11 3294 | 20.78 31 31 W310 11.1 2.12 20.78
12 12 35.82 20.60 32 32 W320 9.8 2.07 20.60
13 13 34.62 12.68 33 33 W330 7.3 2.11 12.68
15 15 19.62 7.53 35 35 W350 8.0 1.28 7.53
17 17 55.62 39.03 37 37 W370 8.2 3.15 39.03
18 18 14.34 4.40 38 38 W380 9.3 1.04 4.40
19 19 18.48 421 39 39 W390 6.8 1.30 421
B. Suluh river parameters for the gauged Suluh basin
Next ElevUP ElevDS RivLen
ARC GRID FROM TO Hydro down Drain Slope HMS HMS HMS
ID CODE | NODE NODE ID ID ID (%) (m) (m) (m)
1 1 1 2 2 5 28 0.02 2584 2399 8.69
4 7 2 3 5 6 28 0.01 2399 2392 0.51
5 8 3 4 6 10 28 0.01 2392 2355 3.12
6 5 5 4 7 10 25 0.02 2661 2355 18.80
7 2 6 7 8 12 22 0.01 2528 2417 8.62
8 3 8 7 9 12 23 0.02 2588 2417 7.56
9 9 4 9 10 16 29 0.01 2355 2314 6.61
10 11 10 9 11 16 31 0.01 2360 2314 3.76
11 10 7 11 12 17 30 0.01 2417 2318 10.58
12 13 12 11 13 17 33 0.01 2363 2318 3.59
13 14 13 14 14 19 37 0.01 2359 2348 1.47
15 12 9 15 16 18 32 0.01 2314 2261 5.74
16 15 11 15 17 18 35 0.02 2318 2261 3.57
17 18 15 16 18 20 38 0.01 2261 2248 2.53
18 16 14 16 19 20 37 0.01 2348 2248 10.44
19 19 16 17 20 -1 39 0.00 2248 2248 1.67
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C. Tsenkanet Test site morphometric parameters

Morphometric

parameters Formula Reference Result
Area (kmz) 15.4
Perimeter (km) 19
Basin order Hierarchical order Strahler, 1964 4
Basin length (Lb) (km) 7.23
Rb = Nu/ Nu+1; where: Nu = total number of stream segment Schumm,
Bifurcation ratio (Rb) of order's’, Nu+1 = number of segment of next higher order 1956 2.6
Drainage density(Dd) Dd = L/A; where: L = total length of streams, A = area of
(km/ kmz) watershed Horton, 1945 2
Stream frequency (Fs) Fs = N/A; where: N = total number of streams, A = area of
(km'z) watershed Horton, 1945 3.77
T =N1/P; where: N1 = total number of first order streams, P =
Texture ratio (T) (km™) perimeter of watershed Horton, 1945 1.53
Form factor (Rf) Rf = A/(Lb)2; where: A = area of watershed, Lb = basin length Horton, 1932 0.30
Rc = 4nA/P2; where: A = area of watershed, m=3.14,P =
Circulatory ratio (Rc) perimeter of watershed Strahler, 1964 0.54
Re = 2V(A/m)/Lb; where: A = area of watershed, m=3.14, Lb = Schumm,
Elongation ratio (Re) basin length 1956 0.61
RLR = HD/HL, height difference between the outlet and the
highest point in the catchment (HD, m) and Horizontal length
between the outlet and the remotest point in the catchment
Relif ratio (%) divide (HL, m) 3
D. Bati'akor Test site morphometric parameters
Morphometric
parameters Formula Reference Result
Area (kmz) 12.2
Perimeter (km) 23.46
Basin order Hierarchical order Strahler, 1964 4
Basin length (Lb) (km) 4.4
Rb = Nu/ Nu+1; where: Nu = total number of stream segment of
Bifurcation ratio (Rb) order's’, Nu+1 = number of segment of next higher order Schumm, 1956 4.2
Drainage density (Dd)
(km/ kmz) Dd = L/A; where: L=otal length of streams, A = area of watershed | Horton, 1945 2.4
Stream frequency (Fs) Fs = N/A where, N = total nu mber of streams, A = area of
(km'z) watershed Horton, 1945 4,18
T =N1/P; where: N1 = total number of first order streams, P =
Texture ratio (T) (km'l) perimeter of watershed Horton, 1945 1.19
Form factor (Rf) Rf = A/(Lb)2; where: A = Area of watershed, Lb = basin length Horton, 1932 0.63
Rc = 4nA/P2; where: A = area of watershed, t=3.14,P =
Circulatory ratio (Rc) perimeter of watershed Strahler, 1964 0.28
Re = 2V(A/m)/Lb; where: A = area of watershed, m=3.14, Lb =
Elongation ratio (Re) basin length Schumm, 1956 0.90
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RLR = HD/HL, height difference between the outlet and the
highest point in the catchment (HD, m) and Horizontal length
between the outlet and the remotest point in the catchment

Relif ratio (%) divide (HL, m) 3.3
E. Abraha-we-Atsbeha Test site morphometric parameters
Morphometric parameters | Formula Reference Result
Area (kmz) 5.4
Perimeter (km) 12.8
Stream order Hierarchical order Strahler, 1964 3
Basin length(Lb) (km) 43
Rb = Nu/ Nu+1; where: Nu = total number of stream segment of
Bifurcation ratio (Rb) order's’, Nu+1 = Number of segment of next higher order Schumm, 1956 3.12
Drainage density (Dd) Dd = L/A; where: L = total length of streams, A =area of
(km/ kmz) watershed Horton, 1945 3
Stream frequency (Fs) Fs = N/A; where: N = total nu mber of streams, A = area of
(km'z) watershed Horton, 1945 7.22
T =N1/P; where: N1 = total number of first order streams, P =
Texture ratio (T) (km™) perimeter of watershed Horton, 1945 1.72
Form factor (Rf) Rf = A/(Lb)2; where: A = area of watershed, Lb = basin length Horton, 1932 0.29
Rc = 4nA/P2; where: A = area of watershed ,t=3.14,P =
Circulatory ratio (Rc) perimeter of watershed Strahler, 1964 0.41
Re = 2V(A/m)/Lb; where: A = area of watershed, m=3.14, Lb =
Elongation ratio (Re) basin length Schumm, 1956 0.20
RLR = HD/HL, height difference between the outlet and the
highest point in the catchment (HD, m) and Horizontal length
between the outlet and the remotest point in the catchment
Relif ratio(%) divide (HL, m) 12
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Appendix D: Details of Soil Moisture Accounting module

Storage

Minimum time step®

Canopy interception storage

TimeStep = 1, CunCanStore
4 PotEvapTrans

Calculated only if evapotranspiration losses can occur and when the
current canopy interception storage at the beginning of the time step
exceeds the nominal storage volume.

Surface interception storage

. 1 CunSurftore
TimeStep =—* -
4 PotSoilInfl + PotEvapTrans

Calculated when potential evapotranspiration or infiltration losses >
0, and CurSurfStore > 0.

Soil profile storage

. 1 CunSoilStore
TimeStep =—* -
4 PotSoillPerc + PotEvapTrans

Calculated when percolation or evapotranspiration can occur from
the soil profile and CurSoilStore > 0.0001 inches.

Groundwater storage

TimeStep = 1, CunGwl1Store
4  PotGwllPerc

Calculated when percolation (loss) can occur from a
groundwater layer, and the current volume in a
groundwater layer >0

TimeStep = %* RoutGwlIStore

Calculated when the groundwater storage volume divided by the
linear reservoir routing coefficient > 0.

Precipitation intensity

. 1 . MaxCanStore + MaxSurfStore + MaxSoilStore
TimeStep = —* —
4 PrecipTimeStep

Calculated when PrecipTimeStep > 0.

1

TimeStep = time step for storage; CurCanStore = current canopy interception storage; CurSurfStore = current surface

interception storage; CurSoilStore = current soil profile storage; MaxCanStore = maximum canopy interception storage;

MaxSurfStore = maximum surface interception storage; MaxSoilStore = maximum soil profile storage; CurGw1Store =

current groundwater storage; PotEvapTrans = potential ET; PotSoillnf = potential infiltration; PotSoilPerc = potential
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percolation from soil profile; PotGw1Perc = potential percolation from groundwater layer; RoutGw1Store = coefficient for

groundwater linear reservoir model; PrecipTimeStep = time step for specification of precipitation data
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Appendix E: HEC-HMS objective functions formulae

Objective function

Equation’

Sum of absolute error
(Stephenson, 1979)

23 a,()-a.()

Sum of squared residuals (Diskin
and Simon, 1977)

2

4 =§[qo(i)—qs(i)]

7 _100/%(Peak)—a, (peak)

Percent error in peak ‘ Q, (peak) ‘

Peak-weighted root mean square NG 2 . %2
error objective function (USACE, | Z =4| > [q,(i)—a,(i)] 9o (1) +, (mean)
1998) — 24, (mean)

7 = objective function; NQ = number of computed hydrograph ordinates; qo(t) = observed flows; gs(t) = calculated flows,

computed with a selected set of model parameters; qo(peak) = observed peak; go(mean) = mean of observed flows; and

gs(peak) = calculated peak
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Appendix F: Student t-distribution tables

e Student t-distribution
Percentile points of Student t-distribution for a 5% level of significance

p=P(t<ty): 0.025 0.975
-
4 -2.78 2.78
5 -2.57 2.57
6 -2.54 2.54
7 -2.36 2.36
8 -2.31 2.31
0 -2.26 2.26
10 -2.23 2.23
11 -2.20 2.20
12 -2.18 2.18
14 -2.14 2.14
16 -2.12 2.12
18 -2.10 2.10
20 -2.09 2.09
24 -2.06 2.06
30 -2.04 2.04
40 -2.02 2.02
60 -2.00 2.00
100 -1.98 1.98
160 -1.97 1.97
-1.96 1.96

Remark: Take the next higher value for v if the required number of degrees of freedom is
not listed.
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