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Abstract

Nowadays, climate change impact imposes serious challenges on water resources potential
that can be used for useful developmental projects. As a result, this study investigates the
effect of climate change on water resources potential of Omo Gibe basin, Ethiopia. The study
area is located south western part of the country lies between 4°00°N & 9°22'N latitude and
34°%44’E & 38°24°E longitude. One of the main scientific puzzles in climate change study is
getting reliable and bias free climate model outputs that can be used as an input to
hydrological models. Therefore, this research addresses two different methods, cumulative
distribution mapping and statistical downscaling method to downscale course resolution
regional and global climate model outputs to point scale resolution.

The other basic result of climate change studies is daily discharge at the point of interest.
Prediction of this discharge for un-gauged basin is still a big challenge especially in
developing country like Ethiopia, because most of the catchments are not well organized to
measure this flows. As a result this research proposes a methodology to produce daily flows
data from un-gauged watersheds corresponding to reference time period.

Understanding how the influence and changes imposed by climate change on available
water resource potential corresponding to future time period enhances on the capacity and
ability of planners, decision makers and designers to manage, design and plan this scarce
resources under climate change conditions for different projects. With regard to this, the
thesis proposes modeling of daily flow at Gibe Il dam site under climate change scenarios
for future water use.

The proposed downscaling methodologies were employed to downscale regional and global
climate model outputs in the Omo Gibe basin. Two REMO scenarios for two conditions each
Al1B_911 and A1B_912 wet and optimum B1_921 and B1_923 wet and dry conditions were
considered. Here wet, optimum and dry conditions used for this particular study based on
simulated rainfall values of the scenarios before downscaling.

The efficiency of the methodologies was validated in a number of ways by comparing with
observed results, and they performed very well in producing current climate conditions that
have similar statistical parameters with observed values. As a result five climate scenarios
were projected corresponding to future time period 2020-2050.

Semi distributed physically based hydrological model SWIM was utilized to estimate daily
flows from un-gauged part of the basin for reference time period. Initially, this model was
calibrated and validated at Abelti flow measuring station with satisfactory results. The
performance of the model has been evaluated by Nash—Sutcliffe efficiency and total water
difference between observed and simulated flow. Reasonable assumptions have been made
between Abelti and un-gauged part of the basin to utilize (transfer) all model calibrated
parameters obtained from Abelti to un-gauged basin. Consequently, by considering full
climatological and hydrological processes of un-gauged basin and Abelti's calibrated
parameter, 29 years (1970-1998) daily flows data generated from this basin.

Observed daily flow on Gibe River at Abelti, Wabe River at Wolkite and Gojeb River at OM19
flow stations were routed to Gibe Ill dam site. The result of routed flow summed up with
generated un-gauged flow to get total inflow at Gibe Ill dam site for current time. This flow
was used to calibrate SWIM at Gibe Il dam site to study effects of climate change on water
resources potential of the basin. SWIM has been utilized at Gibe Il outlet to model
hydrological response of Gibe Il catchment under climate change conditions. The
performance of this model at this station has been evaluated through sensitivity analysis,
calibration and validation. During validation the Nash-Sutcliffe efficiency has been found
greater than 90% and the overall water difference was less than 2% which is the most
important requirement for climate change.



Detail investigation of downscaled results from climate model scenarios were analyzed
individually and spatially based on monthly seasonal and annual projected climate outputs.
Areal analysis of downscaled results pointed out that the downscaling models projected
increased maximum and minimum temperature throughout the basin from all scenarios as
compared to current climate condition. Accordingly, areal average maximum temperature is
expected to increase in the range of 0.86°C to 1.37°C and minimum temperature is expected
to rise in the range of 0.7°C to 1.9°C in the upper part of the basin above Gibe Ill dam site.
On the other hand rainfall behavior from projected scenarios show very mixed patterns of
change in the upper part of the basin. The southern part of the basin characterized increased
rainfall pattern from three climate stations Sawula Jinka and Morka by GCM scenario in
average of 30%. However, the three RCM scenarios (REMO) do not show significant
change. The average areal rainfall in the upper part of the basin projected to increase as
6.5%, 4.5% 2.4% and 1.9% by A1B_ 911, GCM, A1B_912 and B1 921 scenarios
respectively, where as one scenario (B1_923) projected decreased rainfall by -1.4%.

The calibrated model parameters at Gibe Il dam site and results from climate change
scenarios downscaled from regional and global climate model for scenario period were used
to model inflow at Gibe Il dam site corresponding to future time frame (2020-2050). As a
result, hypothetical daily flow at the aforementioned site considering climate change effects
projected from five scenarios, and flow duration curves of these flows were developed.
These streamflow data were applied to analyze monthly, seasonal and annual stream flow
variability in relation to climate change. The projected streamflow analysis revealed that
spring flows from all scenarios projected increased value due to increases precipitation at
this season, to the contrary Autumn and peak flow projected decreased results from all
scenarios.

Evaporation losses due to Gilgel Gibe | and Gibe Ill reservoirs were projected by using
projected climate outputs of (2020-2050) with modified Penman and Priestly Taylor
equations. Results of this loss estimated a gross mean annual loss of 12.8m?%s flow in the
form of evaporation from the two reservoirs. Finally this loss was deducted from projected
flows to estimate net inflows to Gibe Ill outlet. Eventually, one of the scenarios A1B_911
projected 6.7% increased net mean annual flow, whereas B1 923 projected moderately
decreased flow as -17.2% in the net mean annual flow.

The developed downscaling technique, cumulative distribution mapping can be used in other
basins to downscale regional or global climate model outputs especially maximum and
minimum temperatures to get bias free climate scenarios. Moreover, the results of this study
can be used as a quick access to water resources potential of the basin in consideration of
climate change that can be used by decision makers and planers for developmental projects
in the basin.



Zusammenfassung

Der Einfluss des Klimawandels fuhrt heutzutage zu ernstzunehmenden Herausforderungen
hinsichtlich der Wasserressourcenverfiigbarkeit, die fiir Entwicklungsprojekte genutzt werden
kann. Diese Studie untersucht den Einfluss des Klimawandels auf das
Wassernutzungspotential im Omo Gibe Becken, Athiopien. Das Untersuchungsgebiet liegt
im Sudwesten des Landes (4°00°-9°22° nordl. Breite sowie 34°44°-38°24° ostl. Lange). Eines
der Hauptziele in Klimawandelstudien ist es, verlassliche Ergebnisse aus Klimamodellen zu
generieren, die ihrerseits als Eingangsdaten in hydrologischen Modellen verwendet werden
kénnen. Daher widmet sich diese Studie zweier Methoden, um die grob aufgeldsten
regionalen und globalen Klimamodelle auf die Punktskale herab zu skalieren bzw. zu
verfeinern.  Dies sind das ,cumulative distribution mapping“ sowie das ,statistical
downscaling®.

Ein weiteres wesentliches Ergebnis von Klimawandelstudien ist der tagliche Zufluss an
einem Untersuchungspunkt fir einen bestimmten Bezugszeitraum. Die Vorhersage von
Abflissen in pegellosen Einzugsgebieten ist immer noch eine groRe Herausforderung,
besonders fiir Entwicklungslander wie Athiopien, wo in vielen Einzugsgebieten keine
Messstationen vorhanden sind. Daher wird in dieser Studie eine Methode entwickelt, um
tagliche Abflussdaten aus pegellosen Einzugsgebieten fir einen Bezugszeitraum zu
generieren.

Das Verstandnis tUber Einflisse und Veranderungen des Klimawandels auf das zuklnftige
Potential von Wasserressourcen erweitert die Mdglichkeiten von Planern und
Entscheidungstragern, die knappe Ressource Wasser bestmoglich zu bewirtschaften. Daher
behandelt diese Arbeit die Modellierung des taglichen Zuflusses fir zuklnftige
Wassernutzung am Gibe |l Damm unter Bertcksichtigung des Klimawandels.

Die hier vorgestellten Skalierungsmethoden werden benutzt, um raumlich hochaufgeloste
Eingangsdaten von regionalen und globalen Klimamodellen fir die hydrologische
Modellierung des Einzugsgebiets des Omo Gibe zu erhalten. Es werden zwei Szenarien des
Modells REMO fiir je zwei unterschiedliche Bedingungen verwendet. Die Szenarien
Al1B 911 und A1B_912 (feucht bzw. optimal) sowie die Szenarien B1_921 und B1_923
(feucht bzw. trocken). Die in dieser Studie verwendeten feuchten, mittleren sowie trockenen
Bedingungen der Klimamodelle basieren auf simulierten Niederschlagen der jeweiligen
Szenarien.

Eine Validierung und Beurteilung der Gite der Methoden erfolgt an beobachteten Pegeln.
Durch Anwendung der Methoden kdnnen aktuelle Klimabedingungen, deren statistische
Eigenschaften gut mit denen aus beobachteten Daten (bereinstimmen, generiert werden.
Darauf aufbauend werden fuinf Klimaszenarien fur die Periode von 2020-2050 erstellt.

Um den taglichen Zufluss aus dem pegellosen Teil des Einzugsgebiets fur den
Referenzzeitraum zu schatzen, wurde das semi-flachenverteilte, physikalisch basierte
hydrologische Modell SWIM benutzt. Eine zufriedenstellende Kalibrierung / Validierung des
Modells wird zunachst an der Pegelstation ,Abelti durchgefiihrt. Zur Beurteilung der
Modellgite dienen die Nash-Sutcliffe Effizienz (NSE) sowie der Volumenfehler. Auf
Grundlage sinnvoller Annahmen wird die Parametrisierung des kalibrierten SWIM-Modells fir
die Pegelstation ,Albeti“ auf den pegellosen Teil des Einzugsgebiets Ubertragen. Darauf



aufbauend wird flr dieses Einzugsgebiet eine 29-jahrige tagliche Abflusszeitreihe flr den
Zeitraum von 1970-1998 generiert.

Die gemessenen Abflisse des Gibe Flusses bei der Pegelstation Albeti, des Wabe River bei
der Pegelstation Wolkite sowie des Gojeb Flusses bei der Pegelstation OM19 werden dem
Gibe 1l Damm zugefihrt. Zu diesem Abfluss wird der generierte Abfluss aus dem pegellosen
Gebiet addiert. Die Summe aus beiden Abflusskomponenten bildet den Gesamtzufluss zum
Gibe 1l Damm. Der Abfluss des Gibe Il Damms wird anschlieBend zur Kalibrierung
/Validierung des SWIM-Modells genutzt und die Auswirkungen des Klimawandels auf die
Hydrologie untersucht. Fur die Validierung ergibt sich ein NSE > 0.9 sowie ein Volumenfehler
von < 2%. Gerade der Volumenfehler ist fir die Betrachtung von Auswirkungen des
Klimawandels von Bedeutung.

Des Weiteren erfolgt eine detaillierte Analyse der skalierten Modellergebnisse der
Klimaszenarien. Die Analyse wird sowohl punktuell als auch flachig vorgenommen, jeweils
fur monatliche sowie jahrliche Modelldaten der Klimaprojektionen. Fur den flachigen
Vergleich der skalierten Ergebnisse zeigt sich gegentiber dem aktuellen Klima eine Zunahme
der Minima und Maxima der Lufttemperatur Uber das ganze Einzugsgebiet. Dieser Befund
gilt fur alle Szenarien. Bezilglich der durchschnittlichen Maximaltemperatur wird eine
Zunahme von 0.86°K bis 1.37°K erwartet, fur die durchschnittliche Minimaltemperatur eine
Zunahme im Bereich von 0.7°K bis 1.9°K (jeweils fur den Teil des Einzugsgebiets oberhalb
des Gibe Il Damms). Demgegeniiber zeigt das Verhalten des projizierten Niederschlags im
oberen Teil des Einzugsgebiets kein eindeutiges Muster. Szenario A1B_911 resultiert in
einer Zunahme des Niederschlags von 6.5%, fur die Szenarien des GCM sowie A1B 912
und B1 921 ergeben sich etwas geringere Zunahmen von 4.5%, 2.4% bzw. 1.9%. Das
Szenario B1_923 ergibt eine Abnahme des Niederschlags um 1.4%. Fuir den sudlichen Teil
des Einzugsgebiets ergibt sich aus dem GCM eine signifikante Zunahme des Niederschlags
an den Klimastationen Sawula, Jinka und Morka von30%. Die Ergebnisse der RCM
Szenarien (REMO) zeigten allerdings keine signifikanten Anderungen.

Das kalibrierte SWIM-Modell wird nun mit den Ergebnissen der skalierten Klimaszenarien
betrieben, um den Zufluss zum Gibe Il Damm fir den Zeitraum von 2020-2050 zu
simulieren. Daraus ergeben sich hypothetische Abfliisse und Abflussdauerlinien fiir jedes der
funf Klimaszenarien. Diese Abflussdaten werden genutzt, um monatliche, saisonale und
jahrliche Abfliisse in ihrer Variabilitat hinsichtlich des Klimawandels zu analysieren. Die
Analyse der projizierten Abfliisse zeigt fir alle Szenarien eine Zunahme im Frihjahr. Grund
hierflr ist eine Zunahme der Niederschlage. Demgegeniber prognostizieren alle Szenarien
einen niedrigeren Abfluss im Herbst und dartiber hinaus einen niedrigeren Spitzenabfluss.

Die Evaporation der Becken Gilgel Gibe | und Gibe Il wurde anhand der Ergebnisse der
Klimamodelle fur den Zeitraum von 2020-2050 mittels eines modifizierten Penman
Verfahrens sowie der Priestley-Taylor Methode geschatzt. Aufgrund einer steigenden
Evaporation aus den Becken ergibt sich eine mittlere jahrliche Verringerung des Abflusses
um 12.8 m3/s. Zur Bestimmung des Nettozuflusses zu den Gibe Il Becken werden die
projizierten Zuflisse um diesen Betrag verringert. Das Szenario A1B_911 zeigt eine
Zunahme des mittleren jahrlichen Abflusses (netto) um 6.7%, wohingegen das Szenario
B1 923 eine moderate Abnahme des mittleren jahrlichen Abflusses von 17.2%
prognostiziert.



Die entwickelten Methoden zur Skalierung der Ergebnisse von regionalen und globalen
Klimamodellen (downscaling) sowie das ,cumulative distribution mapping“ sind raumlich
Ubertragbar und eigenen sich besonders fir die Parameter maximale bzw. minimale
Lufttemperatur. Darlber hinaus kénnen die Ergebnisse dieser Studie genutzt werden, um
das Wasserressourcenpotential im Einzugsgebiet vor dem Hintergrund des Klimawandels zu
betrachten. Diese Informationen kénnen von Entscheidern und Planern fir
Entwicklungsprojekte genutzt werden.

Vi
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Chapter 1 Introduction

1.1 Background

Projected twenty first century changes in air temperature and precipitation patterns due to
climate change may alter the availability of water leading to new challenges for water supply
planning and management in many regions throughout the world (Bates et al. 2008; Hunt
and Watkiss 2011). The potential impact of climate change on the ability to meet future
demands for high quality drinking water and satisfy other competing goals for surface water
supplies is an issue of importance in many regions (Bates et al. 2008; Brekke et al. 2009). In
consideration of climate change problems the assessment of potential impacts of climate
change is progressing from taxonomies and enumeration of the magnitude of potential direct
effects on hydrology and ecosystems. Nowadays, there is strong scientific evidence that the
average temperature of the Earth’s surface is increasing due to greenhouse gas emissions.
Climate change affects poor nations in particular, because of their weak adaptive capacities
due to lack of finance and knowledge gap.

Climate change will reduce water availability, hydropower potential and changing seasonality
of flows in many regions (IPCC, 2010). For instance, the average annual global surface air
temperature have increased by about 0.6 °C while sea level has risen by 10-25 cms over the
last hundred fifty years and these increases have been partially attributed to the
accumulation of greenhouse gases in the atmosphere (IPCC, 2001).

What is more worrying in the future? According to the fourth assessment report (AR4) of the
Intergovernmental panel on climate change (IPCC), if steps are not taken to reduce emission
of greenhouse gases (i.e. business as usual scenario continues), the global surface
temperatures at the end of the twenty-first century (2090-2099) are projected to increase
higher than 4°C, in the range of 1.8 to 4°C relative to 1980-1999. The upper bounds of
projected sea-level rise for these same emission scenarios ranged from 48 to 59cm (IPCC,
2007). Such drastic change of climate and sea level rise in a short span of time is expected
to have adverse impacts on many socio-economic sectors like; low-lying areas and coastal
wetlands, agricultural production, water supplies, human health and terrestrial and aquatic
ecosystems will be in danger. It is also expected that changes in the earth's climate will hit
developing countries like Ethiopia, because their economies are strongly dependent on crude
forms of natural resources and their economic structure is less flexible to adjust to such
drastic changes. It is a fact that climate change has adverse impacts on socio-economic
development of all nations. But, it is expected that its impact will hit developing countries the
worst. A good example for this the drought which was occurred recently (2011) in East Africa
which left the loss of so many human lives.

Regions with an arid and semi-arid climate could be sensitive to even insignificant changes
in climatic characteristics. Therefore, quantitative estimates of hydrologic effects of climate
change are essential for understanding and solving the potential water resource
management problems associated with water supply for domestic and industrial water use,
power generation, and agriculture as well as for future water resource planning, reservoir
design and management, and protection of the natural environment and human lives from
disasters like flood and drought. It is estimated that, by 2080s, the proportion of arid and
semi-arid lands in Africa is likely to increase by 5-8% (IPCC 2007). In South Africa and
Ethiopia, minimum temperatures have increased slightly faster than maximum or mean
temperatures (Boko M. et al, 2007). Ricardian studies in Burkina Faso, Cameroon, Egypt,
Ethiopia, Ghana, Kenya, Niger, Senegal, South Africa, Zambia, & Zimbabwe indicate a
potential fall in net revenues from farming in all of Africa $23 billion with 2.5°C of temperature
change (Watkiss, 2009).

For countries that are highly dependent on natural resources, these challenges may be
amplified by extreme events having social and economic impacts that far outweigh their
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apparent probabilities of occurrence (Thornton et al. 2009). Climate change is one of the
more imperative issues that attract the attention of scientists and policy makers. Many
scientists are developing necessary methodologies to better understand the impacts of
climate change, and support the development of appropriate adaptation measures. Literature
on the application of adaptation measures to changing climatic conditions is very limited and
the need for more work is evident on the development of adaptation strategies for mitigating
negative impacts of climate change in water resources management practice especially in
developing country like Ethiopia.

Past studies addressing climate change impacts on water resources and hydrology in
Ethiopia in general and Omo Gibe basin in particular are very limited even it is possible to
say nhothing has been done in Omo Gibe basin regarding to climate change. As a result the
principal aim of this research is to explain the relationship between climatic conditions,
hydrological conditions and surface water condition in Omo basin. Despite the fact that the
impact of climate change is commonly projected at continental or global scale, the magnitude
and type of impact at regional-scale catchments is not investigated in many parts of the world
that also includes Ethiopia. Therefore, the other objective of this study is to assess impacts of
climate changes in regional-scale.

1.2 What is climate change?

United Nations Framework Convention on Climate Change (UNFCCC) defines climate
change as: “a change of climate which is attributed directly or indirectly to human activity that
alters the composition of the global atmosphere and which is in addition to natural climate
variability observed over comparable time periods”. In other words, the UNFCCC uses the
term climate change to mean only those changes induced by human activities. According to
Oxford dictionary it is defined as, changes in the earth's weather, including changes in
temperature, wind patterns and rainfall, especially the increase in the temperature of the
earth's atmosphere that is caused by the increase of particular gases, especially carbon
dioxide. Earth's atmosphere comprises of "green-house gases". This allows heat to penetrate
the Earth and keep us warm. Water vapor and carbon dioxide are examples of the green-
house gases. Without them, the Earth would be cooler than it is now, so they are essential
for survival on Earth. However, over the past few decades, more and more green-house
gases are being released by the people. The burning of coal and oil results in more heat
being trapped inside of the Earth by the atmosphere. Deforestation (the cutting down of
trees) is also a reason for global warming because trees absorb the carbon dioxide or
greenhouse gas emissions.

Heat exits the Earth system as the Earth’s surface, warmed by solar energy, radiates heat
away. However, greenhouse gases allow the lower atmosphere to absorb the heat radiated
from the Earth’s surface, trapping heat within the Earth system. Over the past century the
amounts of greenhouse gases within our atmosphere have been increasing rapidly.
Consequently, in the past one hundred years global temperatures have been increasing
more rapidly than the historic record shows. Scientists believe this accelerated heating of the
atmolsphere is because increasing amounts of these greenhouse gases trap more and more
heat".

! http://www.eo.ucar.edu/basics/cc_1.html



1.3 Climate change and water resources management

Climate change affects the hydrological cycle, through changes in precipitation, maximum
and minimum temperature and evapotranspiration. As it is clearly known that
evapotraspiration is one of the main components of hydrological cycle, as the evaporation
rate changes it has a direct impact on the hydrological regimes of a specific watershed.

The relation between water resources and evaporation can be explained as follow: water
molecules are always moving. At the water surface some molecules are bumped by
molecules below them and gain enough speed to break free and escape it to the air as gas
(water vapour). This escape of surface molecule is called evaporation. Evaporation takes
place in all times and at any temperature. The higher the temperature the higher the rate of
evaporation, when the temperature of the water or the surrounding air increases the water
molecule will gain more energy to escape at a faster rate. This indicates that in addition to
the changing pattern of the rainfall due to climate change there will be a direct influence on
evaporation and ultimately on water resources potential.

Complex impacts of climate change affect all sectors of society. This research is focused on
water resources potential of Omo-Gibe basin. In many cases and in many locations, there is
compelling scientific evidence that climate changes will pose serious challenges to the water
systems (Biggs et al., 2012). It is very important to understand how current climate change
affects the availability and variability of regional water resource as well as the frequency of
extreme cases such as floods and droughts. With this regard the study of availability of water
for future in the changing climate condition is unquestionable.

So far especially in Africa quantification of climate change on basin scale is not studied in
detail. Meeting the new challenges on water resources management, implies the
guantification of climate change impact on basin-scale hydrology (Varies et al., 2004).
Certain aspects of water resources are very sensitive to both climate and to how the complex
water systems are managed (Gleick and Adams, 2010), therefore, the complexity of the
impacts of climate and socio-economic changes should be addressed by looking at the
combined impacts of changes on hydrology and on the human and environmental use of
water. It is now well accepted that modelling seems to be the only resort to address this
complex problems (Xu et al., 2005). Therefore, the regional scale simulation of hydrological
consequences of climate change has received increasing attention.

1.4 Problem statement

With respect to available water resources, any climate change may affect the hydrological
cycle and its water balance terms. For instance, changes in temperature and precipitation will
have direct impact on the processes of runoff production. Consequently, any change in the
spatial and temporal availability of water resources affects agriculture, industry and urban
development. As such climate change is expected to have adverse impacts on socio-
economic development in most nations, although, the degree of the impact will differ.
However, there are few countries benifited from climate change especially on those who live
in the coldest climates, for instance Canada. Just a brief list of the benefits to coldest
province in Canada, Manitoba, and the coldest city, Winnipeg, illustrates the positive
potential of global warming; reduced heating costs, reduced fuel bills for travel, a longer
growing season allowing a greater variety of crops, less frost damage and crop loss?.

IPCC findings indicate that developing countries such as Ethiopia will be more vulnerable to
climate change, and climate change may have far reaching implications for Ethiopia because
of its economic, climatic and geographic settings. The economy of the country mainly
depends on agriculture that largely depends on available water resources while a large part
of the country is arid and semi-arid that is highly prone to drought and desertification. Also

? http://www.fcpp.org/publication.php/1365



the country has a fragile highland ecosystem that is currently under stress due to still
increasing population pressure. Rising temperatures and increasing climate variability is
already imposing a significant challenge to Ethiopia by affecting food security, water and
energy supply, poverty reduction and sustainable development efforts. It also exacerbates
natural resource degradation and natural disasters (NMAE, 2007).

One of the important causes for vulnerability of Ethiopia to climate variability and change is
very high dependence on rainfall patterns and rain fed farming for food production. This is
very sensitive to climate variability and change. The overall performance of the economy
depends on the agricultural production. It also severely impacts the water resources of the
country and indirectly on the hydropower production capacity. This in turn affects the
country’s economy and its developmental goals and poverty reduction capacity.

The big and main water resources problem in Ethiopia is uneven distribution of the rainfall,
which can be linked to impacts of climate change. Between 80-90% of Ethiopia's water
resources is found in the four river basins namely; Abay (Blue Nile), Tekeze, Baro Akobo,
and Omo Gibe in the west and south-western part of Ethiopia where the population is no
more than 30 to 40 percent. On the other hand, the water resources available in the east and
central river basins are only 10 to 20 percent whereas the population in these basins is over
60 percent (MOWE, 2001). Existing power generation in Ethiopian is highly dominated by
hydropower resources; this is the source of 95% of current total electricity.

For instance in 2009 power cuts cost the Ethiopian economy 1% in GDP growth. Future
power disruptions will cost more due to increased dependence of the economy on power
(ERG, 2009). These are some of the problem recently existed, in addition to these problems
with climate change the situation will be exacerbated and will have much impact on social,
economy and the overall water resources of the country. A hydro dominated strategy makes
the power system and the economy vulnerable to climatic variations.

The overall coefficient of variability in rainfall of the country ranges from 10-50%. The arid
and semi-arid regions which constitute 60% of the country’s surface area experience a
coefficient of variation of 50% whereas the rainfall fluctuation in the South-Western regions is
usually less than 20% (the coefficient of variation is simply the standard deviation divided by
the average annual rainfall). Although long-term records are generally lacking, the potential
evapotranspiration in the arid and semi-arid areas exceeds precipitation by a factor of more
than 4 (Workineh, 1987). The high rainfall deviation together with the high evapotranspiration
increases the vulnerability of these areas to drought. The recurrence of drought is a clear
indication of the decreasing trend in the overall moisture availability in terms of rainfall. Areas
that used to get enough rain to grow crop in the past have now become arid areas and they
have been deserted. A good example for this is the Awash rift valley and Eastern part of
Ethiopia.

Between July 2011 and mid of 2012, a severe drought affected the entire East Africa region.
Said to be "the worst in 60 years", the drought caused a severe food crisis that threatened
the livelihood of 9.5 million people across the region. Many refugees from southern Somalia
fled to neighboring Kenya and Ethiopia, where crowded, unsanitary conditions together with
severe malnutrition led to a large number of deaths®.

In addition to the above mentioned problems the level of awareness about the environment
and climate change is still very low among most Ethiopians. Issues pertaining to climate
change and the vulnerability of Ethiopia are not yet sufficiently addressed. For instance
climate change is projected with in near future to reduce yields of the wheat staple crop in
Ethiopia by 33% (NMAE, 2007). Therefore there is a need to carry out climate change
research and studies to better understand impacts of current climate variability particularly on
hydrology. It is a clear fact that in any water related engineering activities proper estimation

* Https://en.wikipedia.org/wiki/2011 East Africa_drought as visited on May 2013
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of runoff magnitude is required. For efficient design, planning, and management of river
basin projects that deals with conservation and utilization of water for various purposes, the
long-term water availability and mean annual flows are of vital interest especially at present
time due to the climate change effect.

In 2006/07, agricultural production in Ethiopia generated around 46 percent of Ethiopia’s
gross domestic product and employed 80 percent of the working population (Arndt et al,
2009). According to Deressa, 2006 Ethiopia has about 16.4 million hectares of arable land
(14.6 percent of its total land area), of which about 8 million hectares are used for crop
production. However, most of the agricultural sectors are dominated by mixed rain fed small-
scale farming based on traditional technologies. These traditional technologies are easily
susceptible to climate change factors.

1.5 Objective of the research
I. General Objective

The general objective of this research is to derive the amount of water resources potential
available from future climate scenarios for water resources development in the basin. That
would help to better understand and optimize available and limited water resources utilization
strategies under the changing climate. And to develop techniques useful in assessing the
sensitivity of water resources to climate change. Focus was given for downscaling of climate
data output to get spatio-temporal, refined and accurate climate data scenarios for near
future.

Furthermore, there are one reservoir (Gibe I) and one tunnel (Gibe Il) hydropower systems
which are already constructed and functional; additionally one reservoir (gibe Ill) hydropower
plant is under construction, therefore this study will have a significant implication by modeling
the basin under climate change scenarios for estimation of available water resources for
power production, irrigation and other uses.

II.  Specific objectives of the research
The specific objectives of this research mainly focus on the following core points:

e To develop reliable methodology to downscale course resolutions of climate model
outputs

e To provide temporal climate change scenarios of precipitation and temperature of the
basin for current and hypothetical future climate conditions.

e To develop GIS-based rainfall runoff hydrologic modeling and to model the basin
under climate change scenarios.

e To investigate the possible hydrological impact of climate change in Omo-Gibe river
basin based on the downscaled precipitation and temperature scenarios data.

e To quantify the possible impacts of the climate change on the water resources
availability of Omo-Gibe river basin for the coming 31 years (2020 to 2050); this
includes assessment of inflow in to Gibe Il reservoir with the changing climate
condition.

e Developing of daily flow data for un-gauged part of the catchment, which is one of the
flow contribution catchment to Gibe Il dam site.

e Estimating of evaporation loss from Gilgel Gibe | and Gibe Ill reservoir for future time
period

e And finally to give the necessary information and create awareness for planners,
decision makers and communities for the necessary preparation related to the
availability of water with the hypothetical climatic change conditions in the future.



1.6 Importance of the study

The significance of investigating climate change and their impacts on economy, social life,
food security, hydrology and hydropower generation has been highlighted by many
researchers for planning and sustainable management of natural resources in many parts of
the world. Climatic variability, including changes in the frequency of extreme events (like
droughts, floods and storms) have always had a large impact on humans. Particularly severe
drought. Regarding with water resource use is the generation of energy by constructing
renewable hydroelectricity generating dams will face problems because of the change in
hydrological regimes of the basin due to climate change.

Current power generation capacity in Ethiopia is approximately 2,060 MW, of which 95
percent is generated from hydroelectric generators. Out of these power generation plants
currently two of them are found in Omo-Gibe basin these are; Gibe | which has the installed
capacity of 184 MW and Gibe Il total installed capacity of 420 MW. This constitutes nearly
30.2%. Presently Gibe Il hydropower project is on construction. At completion the project
will generate 1780MW.

Ministry of water and energy in Ethiopia is a governmental organization which is responsible
for the country’s water and energy sector development, with the mission to play a significant
goal in the socio-economic development of Ethiopia through development and management
of its water and energy resources in a sustainable manner and provision of quality and
equitable supplies in the entire food security and foreign currency earning (Geteneh A.,
2013).

It is clear that climate change already has severed human impact today, but it is one of the
neglected study areas in Ethiopia especial in Omo-Gibe basin. Because of this, there is no
systematic research on techniques that deal with effects of climate change on water
resources potential in Omo-Gibe basin for sustainable water resources management which
have been carried out in detail before. Accordingly, an integrated climate change and
hydrology simulation approach that takes in to account the availability of water under
prediction of the different climatic scenarios will have a paramount importance in the
development of sustainable water resources management and in fulfilling of the mission of
Ministry of water and energy of Ethiopia. Understanding the types and impacts of climate
change is an essential indicator for resource base analysis and development of effective and
appropriate infrastructure for sustainable management of natural resources in the country in
general and at the study area in particular.

Therefore, the contribution of this research is a newly developed technique with the objective
of downscaling climate scenario and assessing future available water resources for different
use. Moreover, it presents a method to quantify climate change and their impact on
hydrological regime. This has been achieved through a method that combines climate
outputs and physical-based, semi-distributed hydrological models (SWIM) to simulate the
hydrological processes and geographical Information. In addition to this one of the
hindrances in Omo-Gibe basin for research is, availability of flow data especially daily flow
data, since the basin has poorly developed hydrometric networks because of lack of human
and financial resources. With this regard also this research filled the gap in getting of flow
data on the main river course for reference time period of 29 years (1970-1998).

1.7 Thesis layout

The thesis is organized into nine chapters; Chapter 1 highlights the research in the form of
introduction by giving some background and rational of the study, also pin points the general
objective and specific objectives of the study together with the significance of this study to
Omo Gibe basin are discussed. Chapter 2 presents the review of previous work of various
researchers about climate change in general. Moreover, assessing of climate change
problems and their effects in Ethiopia has been described in detail. Chapter 3 describes
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hydrological modeling in the context of climate change, selection criteria of hydrological
modeling for climate change study, description of the selected hydrological model and
hydrological processes in the model elaborated. Chapter 4 presents descriptions of the study
area and salient features of available hydropower stations in the study area are clarified.
Chapter 5 deals with description of hydrological and meteorological data used for this study,
methodology that have been employed for downscaling of REMO and GCM meteorological
data sets, their results and discussion elaborated in detail.

Chapter 6 encompasses application of SWIM hydrological model for Abelti and Un-gauged
basin, calibration and validation of the model also described for the purpose of derivation of
daily flow data from un-gauged part of the basin for reference time period. Moreover,
estimation of mean annual flow at Gibe Il dam site and un-gauged part of the basin using
different empirical relationships for reference time period has been elaborated.

Chapter 7 focuses on setup and calibration of SWIM at Gibe Ill dam site, mainly for the
purpose of investigating, effects of climate change on Gibe Il inflows for the coming 31 years
(2020-2050). Chapter 8 focuses on modeling of the basin under climate change scenarios
and analysis of future time flow carried out. Chapter 9 provides conclusion and
recommendation of the entire work.

1.8 Frame work of the study

The method to evaluate the impacts of climate change on water resources potential of Omo
Gibe basin can be achieved through integrating climate modeling like REMO and GCM
outputs, GIS and hydrological model SWIM.

At the beginning of the work precipitation and temperature scenarios for the years 1970-
2050 with daily temporal resolution interpolated with bilinear interpolation from the four
nearest RCM (REMO) grid points to all weather observation stations. In addition to this;
precipitation and temperature scenarios downscaled using SDSM model from the nearest
GCM point to each weather observation station of Omo Gibe basin. Impact studies on
climate change require realistic assessments of future climate change at specific regions or
locations. In consideration of this, for the purpose of getting bias free climate model outputs a
distribution mapping method employed for adjusting dynamically downscaled interpolated
precipitation and temperature scenarios.

In order to create an initial model setup for SWIM, records of stream flow data are needed as
input to the model in addition to other sources of data. Therefore, these inflows time series
data should be available in both appropriate quantity and quality. Such inflow time series
data is missing in some part of un-gauged Omo basin. This un-gauged basin is one which
doesn’t have any records for historical period of hydrological observations to enable
computations of hydrological variables of interest (both model calibration and calculation of
available water for future time series) at the appropriate spatial and temporal scales. This
was a major difficulties encountered either for the simulation of current or future SWIM model
set up. However, to fill this gap rainfall runoff modeling technique was employed to generate
daily flow from this un-gauged catchment.

SWIM semi-distributed, process-based eco-hydrological model that allows several different
subunits or objects to be defined within a watershed is utilized (Huang et.al, 2010). This can
be parameterized using regionally available data. Simulation of the model for gauged
catchment offers outputs that assist to integrate our knowledge of hydrologic systems of the
gauged catchment to un-gauged catchment of the basin. Using this technique daily flow data
for un-gauged catchment was developed. After wards estimation and projection of available
water resources for Omo Gibe basin developed, which is particularly useful in the estimation
and projection of future water requirements for hydropower generation and other uses under
the changing climate condition.



This research therefore extends the integration of a hydrologic model SWIM with a newly
developed climate downscaling methodology for the purpose of determining future water
availability and strategies for the management of scarce water resources for production of
hydropower and other uses. Details of the approaches are given in Figure 1.1.
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Chapter 2 Literature Review about Climate Change

2.1 Introduction

Scientists look in many places to find clues about climate change. For example; they
examine historical records, collect measurements, and observe trends in temperature,
weather patterns, sea level, and other features of the environment. Because there are so
many clues from all over the world that the climate is changing from time to time, we know
that climate change is already happening today and it imposed so many problems.

According to (IPCC, 2007) climate change can be defined as a change in the state of the
climate that can be identified (e.g. using statistical tests) by changes in the mean and/or the
variability of its properties, and that persists for an extended period, typically decades or
longer. It refers to any change in climate over time, whether due to natural variability or as a
result of human activity. So one way of detecting such an influence is through long-term
changes in mean conditions, preferably guided by climate model studies as to which
variables and how they should change. This requires long averages to overcome the effects
of natural variability (climate noise), and for quantities such as global temperatures (Santer et
al. 2011). Accordingly, a change in climate is most likely to be perceived by encountering
new “weather’” and breaking records of changes in the extremes. Changes in certain
extremes, such as higher temperatures and increases in heavy rains and droughts are
expected with climate change (IPCC 2007; Trenberth., 2011a). Extremes are always
expected to happen as the climate record gets longer, but certain extremes related to heating
are becoming more evident. For example in the United States, extremes of high
temperatures have been occurring at a rate of twice those of cold extremes (Meehl et al.
2009), and this has accelerated considerably since June 2010 to a factor of 2.7, and in the
summer of 2011 to a factor of over 8 (Skolnik., 2011).

As climate varies or changes because of human and other induced factor, several direct
influences alter precipitation amount, intensity, frequency, and type (Trenberth, 2011a).
Warming accelerates land-surface drying as heat goes into evaporation of moisture, and this
increases the potential incidence and severity of droughts, which has been observed in many
places worldwide (Dai., 2011).

Scientists are frequently asked about increasing climate change events especially change in
global surface temperature. Different climate researcher are given similar answer to this
guestion for instance (Trenberth K., 2012) gave a short and precise answer to this question
on his study “framing the way to relate climate extremes to climate change” as; all-weather
events are affected by climate change because the environment in which they occur is
warmer and moister than it used to be.

The general change in global climate is very fast from time to time this include the change in
global temperature always shows an increasing trend and the rise in sea level due to melting
ice for the past time frame. If these change are continue in these patter climate change might
have a devastating impact on natural resources and human being. (IPCC 2007) report noted
that eleven of the last twelve years (1995-2006) rank among the twelve warmest years in the
instrumental record of global surface temperature (since 1850). The linear warming trend
over the 50 years from 1956 to 2005 0.13° [0.10 to 0.16] °C per decade is nearly twice that
for the 100 years from 1906 to 2005. Recently the temperature increase is widespread over
the globe. Increases in sea level are consistent with warming. Global average sea level rose
at an average rate of 1.8 [1.3 to 2.3] mm per year over 1961 to 2003 and at an average rate
of about 3.1 [2.4 to 3.8] mm per year from 1993 to 2003 (IPCC 2007). There is very high
confidence, based on more evidence from a wider range of studies, that recent warming is
strongly affecting hydrology, ecosystem and fresh water availability. Observational evidence

10



from all continents and most oceans shows that many natural systems are being affected by
regional climate changes, particularly temperature increases.

The causes for all these climate change can be taken as natural and anthropogenic drivers
including the chain from greenhouse gas (GHG) emissions to atmospheric concentrations to
radiative forcing to climate responses and effects. Greenhouse gas (GHG) emissions
resulting from the provision of energy services have contributed significantly to the historic
increase in atmospheric GHG concentrations (IPCC 2012). The IPCC Fourth Assessment
Report (AR4) concluded that “Most of the observed increase in global average temperature
since the mid-20th century is very likely due to the observed increase in anthropogenic
greenhouse gas concentrations. As very well know carbon dioxide (CO,) is the most
important anthropogenic GHG. Its annual emissions have grown between 1970 and 2004 by
about 80%, from 21 to 38 gigatonnes (Gt), and represented 77% of total anthropogenic GHG
emissions in 2004. The rate of growth of CO,-eq emissions was much higher during the
recent 10-year period of 1995-2004 (0.92 GtCO,-eq per year) than during the previous period
of 1970-1994 (0.43 GtCO,-eq per year) (IPCC 2007).

2.2 Climate models

2.2.1 (GCM) General circulation model

Climate models, both global and regional, are the primary tools that aid in our understanding
of the many processes that govern the climate system (S. Jeremy et al., 2007). Climate is
one of the most challenging geophysical systems to simulate because of the number of
interacting components and the wide range of time and spatial scales of relevant processes
and their complexity (Laprise R., 2008). Global climate models also known as general
circulation models (GCMs) are the most complex of climate models, since they attempt to
represent the main components of the climate system in three dimensions. According to
many research GCMs are the vital resource used to perform climate change experiments
regionally, globally and very fine scale up to point climate pattern from which climate change
scenarios are derived; but they have main drawbacks because of their course resolution.
Most of the time they lack producing of current climate trend including the most important
statistical parameters like mean and variance.

GCMs depict the climate using a three dimensional grid over the globe, typically having a
horizontal resolution of between 250 and 600 km, 10 to 20 vertical layers in the atmosphere
and sometimes as many as 30 layers in the oceans. Their resolution is thus quite coarse
relative to the scale of exposure units in most impact assessments. Moreover; many physical
processes, such as those related to clouds, also occur at smaller scales and cannot be
properly modeled. Instead, their known properties must be averaged over the larger scale in
a technique known as parameterization. This is one source of uncertainty in GCM-based
simulations of future climate (IPCC-TGICA 2007). A few years ago, GCMs only included a
representation of the atmosphere, the land surface, sometimes the ocean circulation, and a
very simplified version of the sea ice. Nowadays, GCMs take more and more components
into account, and many new models now also include sophisticated models of the sea ice,
the carbon cycle, ice sheet dynamics and even atmospheric chemistry (Goosse H. et al.,
2013).

2.2.2 Regional climate model

A regional climate model (RCM) is a climate model of higher resolution than a global climate
model (GCM). It can be nested within a global model to provide more detailed simulations for
a particular location. Local climate change is influenced heavily by local topographical
features such as mountains. Due to their coarse resolution, small-scale topographical
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features are not picked up by GCMs. RCMs have a higher resolution than a GCM (~ 25 km)
even less and are influenced by a smaller scale of topographical features. It is much more
computationally intensive to run an RCM so they are usually run over a limited area®.

Regional models have been used to conduct climate change experiments for many regions
of the world. These methods of obtaining sub-grid scale estimates (commonly down to 50 km
resolution or less) are able to account for important local forcing factors such as surface type
and elevation, which conventional GCMs are unable to resolve. They have the advantage of
being physically based, but are also highly demanding of computer time. For this reason,
until recent years there had been very few simulations for a sufficient period of simulated
years to allow meaningful climate change statistics to be extracted. Furthermore, the
commonest approach, nesting, is still heavily reliant on specialized GCM outputs for its
boundary conditions. GCMs do not always provide good simulations of the large scale flow
and there can be inconsistencies between the behavior of the physical parameterizations in
the driving model and in the finer grid of the regional model (IPCC-TGICA 2007).

Any regional climate modeling approach affords an increase of resolution over a region of the
globe of about one order of magnitude compared to CGCMs, with regional grid-point spacing
of a few tens of km in the horizontal, for operational use on climate timescales (Laprise R.,
2008).

2.3 Downscaling techniques

Downscaling, or regionalisation, is the term given to the process of deriving finer resolution
data (e.g., for a particular site) from coarser resolution GCM or RCM data set.

Although regional climate models (RCMs) are powerful tools for describing regional and even
smaller scale climate conditions, they still feature severe systematic errors (Jakob T. et al.,
2011). The projections of the estimates of GCM and RCM climate variables either for present
or future period obtained directly from simulation of GCM and RCM outputs are of limited
value for any study as the spatial resolution of both results are coarse in nature to resolve
many sub-grid scale. This characteristics makes the outputs are always unreliable at
individual grid. Spatial downscaling methods have been proposed to solve this problem. The

methods used to convert GCM or RCM outputs into local meteorological variables used for
hydrological modeling or any other regional climate study are referred to as downscaling
techniques (wood et al., 2004; Coulibaly, 2005). Nowadays, there are different types of
downscaling methods to provide very fine scale GCM and RCM results at point scale; for
instance some of the methods are mentioned in (Jakob T. et al., 2011) as linear and
nonlinear empirical-statistical downscaling techniques. Direct point-wise methods like
guantile mapping and local intensity scaling as well as indirect spatial methods as nonlinear
analogue methods vyield systematic improvements in median, variance, frequency, intensity
and extremes of daily precipitation. Multiple linear regression methods, even if optimized by
predictor selection, transformation and randomization, exhibit significant shortcomings for
modelling daily precipitation due to their linear framework. The other downscaling technique
which is referred to as dynamical downscaling method mainly applied to derive regional-
scale information from GCMs ((Jakob T. et al., 2011). Particularly, small-scale patterns of
daily precipitation are highly dependent on model resolution and parameterization and can
often not be used directly in climate change impact assessment studies (Fowler et al., 2007).

Recently, the availability of regional RCM-based climate scenarios for different part of the
world tremendously increased; it is possible to mention REMO. Recently this regional climate
model is available for Ethiopia. However, due to the error characteristics of RCMs it is not
possible to use directly for any climate change study in the region when climate information

* http://ukclimateprojections.defra.gov.uk/23249 as visited on August 2013
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at the point scale is needed. Therefore to overcome this drawback downscaling or bias
correction should be employed before using the results of this RCM or GCMs.

2.4 Scenarios and their purpose

Future greenhouse gas (GHG) emissions are the product of very complex dynamic systems,
determined by driving forces such as demographic development, socio-economic
development, and technological change. Scenarios are alternative images of how the future
might unfold and are an appropriate tool with which to analyse how driving forces may
influence future emission outcomes and to assess the associated uncertainties. They assist
in climate change analysis, including climate modeling and the assessment of impacts,
adaptation, and mitigation (IPCC 2000).

SRES refers to the scenarios described in the IPCC special report on emissions scenarios
(SRES, 2000). The scenarios are grouped into four scenario families (Al, A2, B1 and B2)
that explore alternative development pathways, covering a wide range of demographic,
economic and technological driving forces and resulting GHG emissions. The scenarios do
not include additional climate policies above current ones. The emissions projections are
widely used in the assessments of future climate change, and their underlying assumptions
with respect to socio-economic, demographic and technological change serve as inputs to
many recent climate change vulnerability and impact assessments.

The scenarios are based on different storylines of socioeconomic and demographic
developments covering a wide range of plausible and consistent possible future
developments. Depending on several assumptions related to economic growth, energy
intensity and efficiency as well as the growth of the world population, in IPCC special report
2000 four scenario families have been worked out providing the radiative forcings for a large
number of climate model runs (Al, A2, B1, B2).

Economic

A
A1 A2

Global < > Regional

B2

Figure 2.1 The four IPCC SRES scenario storylines (after Nakicenovic et al., 2000).
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In simple terms, the four storylines combine two sets of divergent tendencies: one set varying
between strong economic values and strong environmental values, the other set between
increasing globalization and increasing regionalization (IPCC-TGICA 2007).

The A-families are characterized by a domination of economic drivers, whereas the B
families assume environmental concerns to be the driving force. A further differentiation is
given by the number associated with the scenario families. While the A1 and B1 scenario
families are rather globally orientated, the A2 and B2 scenario families pursue a rather
regional policy. The following gives a brief survey of the scenario families and their main
characteristics as presented by the (IPCC 2000).

Al: The Al storyline and the associated scenarios are based on an expanding economic
prosperity together with a rapid introduction of new and more efficient technologies. The
global population reaches its maximum in the mid-century followed by a later decline in
population up to the year 2100. Following its rather global orientation, an increase of cultural
and social interactions as well as a substantial reduction in regional differences in per capita
income is assumed. The scenario family distinguishes between three directions of technical
change in the energy system represented by three different scenario groups. While for the
ALT scenario group technological emphasis is put on non-fossil energy sources, the ALlFI
scenario group assumes an intensive use of fossil energy sources. Not relying on one
particular energy source, the A1B scenario group assumes a balanced employment and
further development of all available energy sources.

A2: The A2 storyline and scenario pictures a very heterogeneous world characterized by a
society willing to preserve local identities. Population is continuously growing due to a
retarding convergence of fertility patterns across the regions. Economic development takes
place on a regional level with per capita economic growth and changes in technology taking
much more time compared to other scenarios.

B1: The B1 scenario and storyline displays a convergent world with similar population growth
as in the Al scenario storyline. Economic structures develop toward a service and
information economy going together with an introduction of clean and resource efficient
technologies. Solutions to social, economic and environmental sustainability are pursued on
a global level, thus not creating additional climate initiatives.

B2: The B2 scenario and storyline pictures a world in which the goals of economic, social
and environmental sustainability are pursued on a local and regional level. The world
population is continuously growing, however, not as rapidly as in the A2 storyline. Economic
development is less distinct and technical change takes more time and is more diverse
compared to the storylines of B1 and A1B.

Storyline, scenario and scenario family can be defined as based on (IPCC-TGICA 2007) as
follow:

v’ Storyline, a narrative description of a scenario (or a family of scenarios), highlighting
the main scenario characteristics and dynamics, and the relationships between key
driving forces.

v' Scenario, projections of a potential future, based on a clear logic and a quantified
storyline.

v' Scenario family, one or more scenarios that have the same demographic, politico-
societal, economic and technological storyline.

The basic features of each of the four storylines included quantitative projections of major
driving variables such as population and economic development taken from reputable
international sources for instance United Nations and World Bank. The storylines were then
fully quantified using integrated assessment models, resulting in families of scenarios for
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each storyline. In all, 40 scenarios were developed by six modelling teams (Figure 3.3)
(IPCC-TGICA 2007).

Bl
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A2
Storyline

Scenario"Graqups
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1 5 1 2 2 1] 4 2 2 7 4 4

Number of Scenarios

Figure 2.2 Structure of the storylines and scenarios in the IPCC special report on emissions
scenarios

From the four sets of scenarios in figure 2.2 called Al, A2, B1 and B2, 40 SRES scenarios
have been developed by six modeling teams. All are equally valid with no assigned
probabilities of occurrence. The set of scenarios consists of six scenario groups drawn from
the four families: one group each in A2, B1, B2 and three groups within the Al family,
characterizing alternative developments of energy technologies: A1FI (fossil fuel intensive),
A1B (balanced) and A1T (predominantly non-fossil fuel). Within each family and group of
scenarios, some share “harmonized” assumptions on global population, gross world product,
and final energy, these are marked as “HS” for harmonized scenarios. “OS” denotes
scenarios that explore uncertainties in driving forces beyond those of the harmonized
scenarios. The number of scenarios developed within each category is shown. For each of
the six scenario groups an illustrative scenario (which is always harmonized) is provided.
(IPCC 2000).
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Figure 2.3 global CO, emissions related to energy and industry (IPCC 2000)
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2.5 The expected impacts from climate change

The increasing awareness that enhanced levels of greenhouse gases of direct/natural or
indirect anthropogenic origin in earth’s atmosphere might change the climate of different
regions of the world, in the long run, has recently instigated a great deal of research into the
projection of regional responses to global climate change. Various general circulation model
(GCM) experiments and studies indicate that a substantial rise in global temperature would
be expected as a consequence of a doubling of carbon dioxide (CO,) concentrations. As a
result, climatic processes are likely to intensify, including the severity of hydrological events
such as; droughts, flood waves, and heat waves (Meenu R., 2013). These projected effects
of possible future climate change would significantly affect many hydrologic systems, which
in turn affect the water availability and runoff and the flow in rivers. Climate change is already
having a profound effect on climate system, hydrology, human being, ecosystem, flooding
and drought, snowpack, sea level, and river flows etc.

2.5.1 Hydropower impact

Hydropower is a renewable energy source where power is derived from the energy of water
moving from higher to lower elevations. Most hydropower projects are developed by
construction a huge hydraulic structure (dam) to create an artificially created manmade lake
to store the flowing water for power production. Hydropower sector is one of the systems that
might be affected by climate change. Currently due to the advancement of different
technology; the rising demand for electricity is observing all over the world especially in
Africa. Indeed Ethiopian hydropower takes the lion’s share of the energy production the role
of climate change may alter the power demand of the country for the coming time period.
Although precipitation is anticipated to increase in global level many part of the world are
anticipated to see significant drying. Studies indicate that temperature will be increased in
most part of the world; regarding to this an increasing trend has been observed in Ethiopia
and it will be projected to increasing in the coming time. As the temperature increases the
water which will be lost as evaporation from the reservoir will increase in combination of this
and declining stream flow as a result of climate change will lead to decline to hydropower
production.

2.5.2 Water supply and flood impact

Eventhough, there are no studies conducted regarding to effects of climate change on water
supply system to Ethiopian condition, there are a number of researches conducted on this
issue around the globe. For instance for mountainous regions of the northeastern U.S. these
changes can reduce annual snowpack accumulation, accelerate snowmelt processes and
increase water losses due to evapotranspiration (ET) which may lead to more winter flooding
and reduced summer flows (Brekke et al. 2009 and Matonse et al. 2011) because of this
change it will have change in the river flow in different seasons there by it will affect the
demand. The potential impact of climate change on the ability to meet future water supply
demands for high quality drinking water and for industrial use might face the same problem,
the reason for this justification might be the amount of water which will lost in the form of
evaporation might be increase due to high projected future temperature in the region
especially in Africa. In general climate change will have a significant effect on hydrological
cycle of the watershed.

2.5.3 Effects on drought

While drought has several causes, climate scientists say global warming is a long-term
contributor that could be exacerbating current conditions, especially in the already-arid areas.
They say it will likely do more damage in the future. Because temperatures cause more
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water to evaporate, and unless there's enough rain to offset it, the ground dries up®. Even
this condition might be worse for areas which are characterized as arid zone.

2.6 Climate change studies in Ethiopia

The nature of Ethiopia’s agriculture, primarily rain-fed, means that production is sensitive to
fluctuations in rainfall. Ethiopia is one of the countries where climate change studies are
rarely taking place because of different problems. One of the problems lacks of awareness
between different societies regarding to climate change. To the contrary most African
countries including Ethiopia are widely held to be highly vulnerable to future climate change
and Ethiopia is often cited as one of the most extreme examples (Conway D. et al., 2011).
Despite the prevalent view of Ethiopia’s high sensitivity, there have only been a few attempts
to quantify the effects of climate change in different sectors like economy, hydropower, water
supply availability of water in a basin and ecosystem. In this part of literature review an
attempt has been carried out on the available literatures and case studies related to climate
change in Ethiopia and the study area (Omo basin).

2.6.1 Rainfall variability and trend

According to Ministry of water and energy of Ethiopia study (UN-WATER/WWAP/2006/7)
trend analysis of annual rainfall show that rainfall remained more or less constant when
averaged over the whole country while a declining trend has been observed over the
northern half of the country and south western Ethiopia. On the other hand an increasing
trend in annual rainfall has been observed in central Ethiopia. The following figures show the
year to year variation of rainfall over the country expressed in terms of normalized rainfall
anomaly averaged for 42 stations. Area averaged rainfall anomalies for northern half of
Ethiopia, central Ethiopia and south western Ethiopia are also shown respectively. As it can
be seen from the figures the country has experienced both dry and wet years over the last 50
years. Years like 1965 and 1984 were extremely dry while 1961, 1964, 1967, 1977 and 1996
were very wet years.

> www.ustody.com
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Figure 2.4 Year to year variability of annual rainfall over the whole country, northern half,
central and south western Ethiopia expressed in normalised deviation.

2.6.2 Temperature variability and trend

Again from the same study document the overall temperature in the whole country show an
increasing trend for the entire country. Based on (UN-WATER/WWAP/2006/7 2006/7)
revealed that there has been a warming trend in temperature over the past 50 years. The
average annual minimum temperature over the country has been increasing by about 0.25
°C every ten years while average annual maximum temperature has been increasing by
about 0.1 °C every decade. It is interesting to note that the average annual minimum

temperature is increasing faster than the average annual maximum temperature.
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Figure 2.5 Year to year annual mean maximum and minimum temperature variability trend
over Ethiopia respectively.

2.6.3 Case studies related to climate change in Ethiopia

According to UNDP climate change study (date of visit 2013) which has been conducted in
university of Oxford for the entire Ethiopia have pointed out that the recent climate trend
showed that mean annual temperature has increased by 1.3°C between 1960 and 2006, an
average rate of 0.28°C per decade. The increase in temperature in Ethiopia has been most
rapid in July, August and September (JAS) at a rate of 0.32°C per decade. Daily temperature
observations show significantly increasing trends in the frequency of hot days®, and much
large increasing trends in the frequency of hot nights. The frequency of cold’ days has

6
‘Hot’ day or ‘hot’ night is defined by the temperature exceeded on 10% of days or nights in current climate of that region and season.

7 ) ] . . . .
‘Cold’ days or ‘cold’ nights are defined as the temperature below which 10% of days or nights are recorded in current climate of that
region or season.
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decreased significantly in all seasons except December, January and February (DJF). The
frequency of cold nights has decreased more rapidly and significantly in all seasons.
Regarding to the precipitation trend for current time there is not a statistically significant trend
in observed mean rainfall in any season in Ethiopia between 1960 and 2006. Decreases in
JAS rainfall observed in the 1980s have shown recovery in the 1990s and 2000s. In addition
to current climate change trend UNDP climate change study investigated the change in
climate for future case; this study investigated GCM projections of future climate in Ethiopia
according to the result the mean annual temperature is projected to increase by 1.1 to 3.1°C
by the 2060s, and 1.5 to 5.1°C by the 2090s. Under a single emissions scenario, the
projected changes from different models span a range of up to 2.1°C. Regarding to the
change in precipitation regime projections from different models in the ensembles are
broadly consistent in indicating increases in annual rainfall in Ethiopia. These increases are
largely a result of increasing rainfall in the ‘short’ rainfall season (OND) in southern Ethiopia.
The full study document of this can be accessed from http://country-profiles.geog.ox.ac.uk.

According to IPCC mid-range emission scenario, the mean annual temperature will increase
in the range of 0.9 -1.1 °C by 2030, in the range of 1.7 - 2.1 °C by 2050 and in the range of
2.7-3.4 °C by 2080 over Ethiopia compared to the 1961-2000 normal. Moreover, a small
increase in annual precipitation is expected over the country (NMAE 2007). At a watershed
scale in Ethiopia, through regressions of seasonal rainfall averages against time, it was
found that a significant decline in June to September rainfall (i.e. winter) for the Baro- Akobo,
Rift-Valley and Southern Blue Nile watersheds located in the south- western and central
parts of Ethiopia (Wing et al., 2008).

The impact of climate change on the water resources of the Lake Tana sub-basin is
significant. If the temperature is increased by 2 °C and there is no change in rainfall, the
mean annual flow will be decreased by 11.3%. But if the rainfall is decreased by 10% and
20% the decrease in runoff will be 29.3% and 44.6% respectively. On the other hand, if the
rainfall is increased by 10% and 20%, the mean annual runoff will increase by 6.6% and
32.5% respectively. The research findings revealed that the water resources of the Lake
Tana area are highly vulnerable to climate change, especially in the distribution of runoff
throughout the year. With climate change, the runoff may become much more seasonal and
as a result small streams may dry up completely for part of the year (Tarekegn and Tadege,
2006).

Research on Awash River Basin indicated that the basin would be significantly affected by
the changed climate; that is, a considerable water deficit is projected for the future by
employing various models. All the models suggested that global warming would result in a
general increase in dryness, which would decrease water availability. Moreover, a 20%
decrease in rainfall in the basin coupled with a 2°C increase in temperature would result in a
41% decrease in the annual runoff. Even a temperature increase of 2°C without precipitation
change would result in a 9% decrease in annual runoff. On the other hand, an increase of
precipitation by 10% would offset a 2 to 4°C increase in temperature and result in a surplus
of runoff ranging from 4 to 12%. In general warming in the Awash River basin simulated by
various models would result in a substantial decrease in annual runoff over the basin (Kinfe.,
1999).

The other case study considered for this part of literature review was (Conway D. et al.,
2011), relatively this study can be considered as a recent study regarding to climate change
in Ethiopia. In this study the researchers have examined the changing nature of climate risks
using analysis of recent climate variability, future climate scenarios and their secondary
impacts. In their study they have assessed the effects of climate variability on agricultural
production and national GDP. Based on the findings of this study rainfall behavior in Ethiopia
shows no marked emergent changes and future climate projections show continued warming
but very mixed patterns of rainfall change. The detail of model projections of future climate is
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described as follow. The following figure shows the area average future change for the whole
of Ethiopia for three 30-year periods (2020s, 2050s and 2080s) with A2 emissions. Change
in rainfall is plotted against change in temperature for each model and the multi-model
average. The multi-model average shows warming in all four seasons in all regions.
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Figure 2.6 Climate model projections of wet season (June—August) temperature and rainfall
for the 2020s, 2050s, and 2080s with 18 climate models for all Ethiopia (Conway D. et al.,
2011).

With annual warming in Ethiopia by the 2020s of 1.2 °C with a range of 0.7-2.3 °C (2050s 2.2
°C, range 1.4-2.9 °C). The regional differences in warming are relatively modest. Warming
will be associated with greater frequency of heat wave events and is likely to lead to higher
rates of evaporation. Moreover their study justified that climate models show different
projections of annual rainfall over Ethiopia, with some models projecting more rain, others
less, but with a tendency for slightly wetter conditions. There are very small changes in multi-
model average annual rainfall for the 2020s (+0.4%) and 2050s (+1%).

2.7 Conclusion

One of the main challenge regarding to climate change in Ethiopia in general and Omo Gibe
in particular, availability of published literature in the region. This shows that very little work
has been done to quantify or model in detail the effects of climate variability or extremes at
different level especially in Omo Gibe basin. (D. Conway et al., 2011) explained that at
present there is no coordinated programme of research on climate and climate change in
Ethiopia, supported by the GoE, or any other body, although there has been very rapid
growth in activities on the issue. Because of this it was not possible to include specifically
any published literature regarding to climate change condition in Omo Gibe basin. However,
based on the reviewed literatures about the whole country they indicated that there will be an
increasing trend of maximum and minimum temperature in Ethiopia more over they noticed,
as there will be small change (increasing sign) in precipitation, but no one of them put any
clear justification regarding to precipitation change for future case. As a result this study will
have a great input in filling of this missed gap in the area of climate change study in Omo
gibe basin.
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Chapter 3 Hydrological Models

3.1 Introduction and definition

Models are constructed to serve as proof of an idealized logical structure and they are an
important element of methodical theories (Adem, 2005). A model is an expression to show a
part of the natural or human created world which can be in the form of a physical, analog or
mathematical model (Dingman, 2002). As a simple definition for models, a physical model is
defined as a scaled-down form of a real system (Brooks et al., 1991; Salarpour et al., 2011).
Mathematical models, on the other hand, include clear chronological set of relation,
numerical and logical steps that change numerical inputs into numerical outputs. Today,
mathematical models are more preferred due to the rapid development of computer
technology.

According to Sharma et al., 2008 hydrological model can be defined as a simplified
representation of a real-world system. Similar definition was introduced by Wainwright and
Mulligan (2004), who defined model as an abstraction of reality in the simplest way that is
adequate for the purpose of the modeling. The best model, according to them, is always that
which achieves the greatest realism with the least parameter and model complexity.

An extensive acceleration of new discoveries in rainfall-runoff modeling emerged with a
digital revolution in 1960’s, when the development of models has gone hand-in-hand with
increase of computing power. Thanks to new technologies, modelers’ focus was shifted from
event-based models (originated in the 1930’s) to the first hydrological models for continuous
simulation of rainfall-runoff processes emerging in the 1960’s with computing power (Sharma
et al., 2008). The digital revolution triggered also two other revolutions, namely, numerical
simulation and statistical simulation (Frevert and Singh, 2006).

3.1.1 Hydrological modeling in the context of climate change

The concept of modeling in hydrology involves the relationships of water, climate, soil and
land use. According to many literatures and researches the climate condition of the world
and the land use characteristics are the most actively changing conditions at present; those
might have a far or near reaching impact on human being and other natural resources. For
instance observational records from different flow stations around the world and climate
projections provide abundant evidences that freshwater resources and river flows are
vulnerable and have the potential to be strongly impacted by climate change. Global warming
is expected to result in an intensification of the hydrological cycle staring from changing
amount of flow to shifting major flow seasons but according to different studies that have
been made so far the projected changes for different part of the world show large spatial and
temporal variability.

Nowadays, hydrological impacts of climate change are the most attractive part of the
research since it quantifies and studies effects of the change in flow regimes under different
climate scenarios at regional to local scales. Studies on the effects of climate change on
hydrology increase our understanding of the sensitivity of the hydrological system to changes
in meteorological variables and help determine a range for the projected changes. It is,
however, not straightforward to predict how and to what extent a hydrological system will be
affected by climate change because this depends on the characteristics of the system, for
example which hydrological processes are dominant. Many research showed that average
temperature projected to increase in so many part of the world. This increment will have an
impact on the evaporation of the watershed components of the hydrological system.
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Climate change scenarios carried out with hydrological models help to assess the future
development of the hydrological cycle in changing climate conditions in Omo Gibe basin. The
assumption which is held in this thesis; SWIM hydrological model is calibrated to recent flow
data at the strategic site like Abelti and Gibe Il dam site to derive daily flows data for un-
gauged part of the basin and to quantify the climate change condition at Gibe Il dam site
respectively. The climate change scenarios projected from REMO and GCM used as an
input to SWIM hydrological model to reproduce the hypothetical hydrological cycle for
changing climate conditions within 2020-2050 time frame.

A major challenge for hydrologic research especially in developing regions and country like
Ethiopia and Omo Gibe basin in the coming years will be the assessment of climate change
impacts on regional water resources, one of the main reasons for their challenge is often
severely limited by the lack of stream flow gauges to calibrate watershed models, but we
believe that the main challenge of Omo Gibe basin partly will be solved with this research by
calibrating SWIM at Gibe Ill dam site using daily flow data for current time frame.

3.1.2 Importance of hydrological modeling

Hydrological models are important for a wide range of applications, including water resources
planning, development and management, flood prediction and design, and coupled systems
modeling including, for example, water quality, hydro-ecology and climate. However, due to
resource constraints and the limited range of available measurement techniques, there are
limitations to the availability of spatial-temporal data; hence a need exists to extrapolate
information from the available measurements in space and time; in addition there is a need
to assess the likely hydrological impact of future system response, for example to climate
and land management change (Pechlivanidis, I.G., 2011).

Hydrological model applications have a variety of objectives, depending on the problem that
needs to be investigated. For example in this Ph.D thesis SWIM hydrological modeling is
used for two basic objectives. The first one is to extrapolate measured flow at Abelti station
to un-gaged part of the basin to derive daily flow data for this catchment, and the second one
is to study climate change effects on inflow discharge at Gibe Ill dam site. Eventhough,
SWIM hydrological modeling has been used only for these specific purposes at this thesis,
there are several published reviews of hydrological modeling that have been used for
different purposes.

Generally, Hydrological models are tools that integrate our knowledge of hydrologic systems
to simulate the real world hydrologic processes. These models comprise a set of
mathematical descriptions of portions of the hydrologic cycle (Singh and Woolhiser 2002)
and they are based on a set of interrelated equations that try to convert the physical laws,
which govern extremely complex natural phenomena, to abstract mathematical forms.
Moreover different varieties of models can be used, depending upon the considered output,
the existing database, input variables and required analysis for the intended purpose.

3.2 Classification of hydrological modeling

There are many hydrological models with different characteristics that are being developed
before and still developing for different purposes. So many researchers classified
hydrological models based on; the basis of their function and objectives, their structure, and
their level of spatial disaggregation. Since there are various ways to classify hydrological
models shortly we will try to cover the major classification based on the important future of
hydrological modeling.

The unique and common characteristics of many models make classifications of hydrological
models an important issue so that the capabilities and limitations of each model can be
identified accurately. Proper classification can be helpful for engineers, experts and

22



researchers to understand the characteristics of models before deciding to employ them for
their works. However, the categorizations of hydrological models can be hammered by
considerable overlapping characteristics among various classes of models. As a result, even
the classification of hydrological models may vary depending on justification (Gosain et al.,
2009). Also different types of classifications for hydrological models actually have the same
meaning in nature but they are categorized differently due to different views and overlapping
characteristics (Milad et. al., 2012). The American Society of Civil Engineers (ASCE, 1982)
introduced the basic terms for various types of mathematical model namely; analytical
models, deterministic models, dynamic models, empirical models, heuristic models,
interactive models, linear and nonlinear models, numerical models, probabilistic (stochastic)
models, semi-empirical models, simulation models and theoretical models (Milad et. al.,
2012).

i Shaw classification
By considering mathematic structures (Shaw., 1983) divided hydrological models broadly in
to two categories, hamely deterministic and stochastic. In deterministic category, conceptual
models prevail and they are used to describe the catchment processes using mathematical
rules, for example by an equation for evaporation. The stochastic models are more
prominent in scientific studies because they consider the occurrence of events in space and
times (Milad et. al., 2012).

ii. Chow classification
Furthermore Chow et al. (1988) stated that hydrological models can be classified into two
major categories, namely physical models and abstract (mathematical) models. Furthermore,
physical models can be divided into two classes again, namely scale models and analog
models. A scale model can be called as a scaled down model of a real system and on the
contrary, an analog model applies physical system having the same characteristic with the

first sample.
Deterministic ]—[ Conceptual }
[ Mathematical

Models Stochastic ]

Figure 3.1 Hydrological models classification by Shaw (1983)

Scale

Physical N
Analog
Deterministic

J
Abstract
<

Stochastic

Hydrological
models

Figure 3.2 Hydrological models classification by Chow et al. (1988)
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iii. Mathematical models
Mathematical model is a symbolic, usually mathematical representation of an idealized
situation that has the important structural properties of the real system. A theoretical model
includes a set of general laws or theoretical principles and a set of statements of empirical
circumstances. An empirical model omits the general laws and is in reality a representation
of the data (Woolhiser et.al 1982).

According to Cunderlik., 2003 he has classified deterministic hydrologic models into three
major categories without going into much detail as lumped models, semi distributed models
and distributed models. Based on his classification parameters of Lumped models do not
vary spatially within the basin and thus, basin response is evaluated only at the outlet,
without explicitly accounting for the response of individual sub basins. Parameters of lumped
models often do not represent physical features of hydrologic processes and usually involve
certain degree of empiricism. In semi-distributed models parameters are partially allowed to
vary in space by dividing the basin into a number of smaller sub-basins. In fully distributed
models parameters are fully allowed to vary in space at a resolution. Distributed modeling
approach attempts to incorporate data concerning the spatial distribution of parameter
variations together with computational algorithms to evaluate the influence of this distribution
on simulated precipitation-runoff behavior. Distributed models generally require large
amounts of (often unavailable) data for parameterization in each grid cell. However, the
governing physical processes are modeled in detail, and if properly applied, they can provide
the highest degree of accuracy. Among the various types of models, semi-distributed
models are the most effective for hydrological simulation as it overcomes the difficulties often
encountered with fully distributed model and lumped model (Jajarmizadeh et al., 2013).

Based on Gosain et al.,, 2009 on their assessment to the models classification, they have
simply defined as a black-box, conceptual or deterministic model. Additionally they have
made sub divisions of these models in to different categories.

Black-box models

Black-box models explain the relation of the input and output data mathematically (Nor et al.,
2007). In this type of model, physical processes are normally not under consideration
(Jajarmizadeh et al., 2013). The basic idea of this model is used mathematical and statistical
concepts to link a certain input for example rainfall can be used as input to calculate runoff as
a result of excess rainfall which can be considered as model output. Commonly used
techniques in black box model are regression, transfer functions and etc.

Deterministic models

If the chance of occurrence of the variables involved in such a process is ignored and the
model is considered to follow a definite law of certainty but not any law of probability, the
process and its model are described as deterministic. Deterministic models are complex and
they require long computational time because of this they are very expensive to develop and
hard to work with (Gosain et al., 2009). These models apply non-linear partial differential
equations which describe the hydrologic processes. It is important to know that solutions
based on analytical operation generally cannot solve the equations. One of the important
advantages of the deterministic models is that they present the inside view of a process
which enables better understanding of the hydrological system (Jajarmizadeh et al., 2013).
They are based on physical knowledge of the watershed and use physically based equations
to describe these processes.

Conceptual models

As a simple definition, conceptual models are a substitution between deterministic and black-
box models. Generally these models are formulated with a number of conceptual elements
which are simple representations of a reference system. Based on the characterization of
conceptual models, there is a classification that divides the models into event and continuous
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models. Event models simulate a system in a single event for a period ranging from an hour
or less to several days (Salarpour et al., 2011). On the other side, continuous models work
over an extended period. One of the advantages of continuous models is that they can be
more successful for un-gauged catchment and the study of a system’s long term
characteristics.

Clearly, proper parameters for conceptual models are very essential and the degree of
accuracy for these models also depends heavily on the proper parameters. Based on this,
conceptual models can be divided in two major groups, namely lumped and distributed
models. Lumped models show the average characteristics of a system and water balance
equation is the basis of a lumped conceptual model in hydrological models (Ghandhari and
Moghaddam, 2011). On the other hand, spatial variability is considered particularly in
distributed conceptual models. One of the advantages of distributed conceptual models is the
discretization of a system into a number of zones that have similar hydrological
characteristics. For example, REA (representative element area), HRU (hydrological
response units) and GRU (grouped response unit) are a few kinds of discretization in
distributed conceptual model (Neitsch et al., 2005).

Semi-distributed conceptual models

To overcome the difficulties of distributed models, researchers developed another semi-
distributed model as a compromise between lumped and fully distributed models. The
algorithms in semi-distributed conceptual models are simple but physically-based (Arnold et
al.,, 1993). In these models, the average of observable physical characteristics in a
catchment is used to represent spatial heterogeneity. Therefore, these models combine the
distributed effects of contributing areas during modeling and the model parameters are
estimated from measurements accessed in the field.

Hydrological
models

Black box Conceptual [ Deterministic 1

|
Semi-Distributed Lumped [ cl?;tcr:f;ttj;jl }
conceptual conceptual

Figure 3.3 Hydrological models classification by Gosain et al. (2009)

3.3 Modeling approaches for climate change assessment

Watershed hydrologic models have been developed for many different reasons; and
therefore have many different forms based on their internal structure how they are designed.
However, they are in general designed to meet one of the two primary objectives. One
objective of watershed modeling is to gain a better understanding of the hydrologic
processes in a watershed and of how changes in the watershed may affect these
phenomena; another objective of watershed modeling is the generation of synthetic
sequences of hydrologic data for facility design or for use in forecasting. They are also
providing valuable information for studying the potential impacts of changes in land use or
climate.
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As it was mentioned in the previous section of this study the evaluation of possible climate
change impact in Omo Gibe water cycle, water resources and determination of daily flow for
un-gauged part of the basin are the major scientific challenges to Omo Gibe hydrology. As a
first step it is necessary to get and select based on the general feature of the model which
can meet or solve the challenges which have been mentioned above. Hydrological models
which simulates the water balance in a basin or which can be calibrated at a point where
observational records available are a suitable and primary candidate for Gibe basin, and the
candidate model should have a tool to accept input climate variables produced by
downscaling procedure or chosen from climate change scenarios to produce corresponding
hydrological variables with corresponding future time frame.

3.4 Selection criteria for hydrological models

Selection of a particular model is a key issue to get satisfactory answers to a given problem;
however selecting an appropriate hydrological model for a particular application is a
complicated process, and needs to take into account a variety of considerations for instance
to select hydrological model which is needed to study climate change impact; the model
should allow possible future hydrological changes caused by climate variation in surface
water system and rive flow.

Currently, there are numerous hydrological models simulating the hydrological process at
different spatial and temporal scales. Although there are no clear rules for making a choice
between models, some simple guidelines can be stated. Starting from the studied physical
system, the first step is to define the problem and determine what information is needed and
what questions need to be answered. This means that it is necessary to evaluate the
required output. One of the most important things that should be considered during
hydrological model selection is availability of input data to model the watershed.
Subsequently the simplest method that can provide the answer to the questions has to be
chosen. In particular it's necessary to identify the simplest model that will yield adequate
accuracy.

There are numerous criteria which can be used for choosing the right hydrologic model.
These criteria are always project-dependent, since every project has its own specific
requirements and needs. Further, some criteria are also user depended (and therefore
subjective), such as the personal preference for graphical user interface, computer operation
system, input-output (I/O) management and structure (Cunderlik., 2003). Because of this
different researches have different opinion for guidelines to select appropriate types of
hydrologic model. For instance Cunderlik has listed the following four common, fundamental
guestions that must be always answered during model selection.

v" Does the model predict the variables required by the project such as peak flow, event
volume and hydrograph, long-term sequences of flows?

v' Is the model capable of simulating snow accumulation and melt, single-event or
continuous processes?

v" Availability of input data (Can all the inputs required by the model be provided within
the time and cost constraints of the project?),

v' Price (Does the investment appear to be worthwhile for the objectives of the
project?).

According to (Surfleet C. et al.,, 2012) they have established some criteria to select
appropriate model, based on their result they have illustrated how selection of a modeling
approach and interpretation of climate change projections required by considering the
following three points.
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v' Appropriate parameterization of the models for climate and hydrologic processes
governing runoff generation in the area under study,

v" Understanding and justifying the assumptions and limitations of the model,

v' Estimates of uncertainty associated with the modeling approach.

Some models are data intensive that often does not exist or are not available in full. The first
step in selecting appropriate model for a particular study is to assess data, time, and
resource constraints. Therefore to select a model to accomplish the objectives of this
research in the Omo Gibe basin as case study, the following selection criteria were
formulated against which models could be assessed for suitability.

v" The model must be able to simulate agricultural/rural areas because nearly 65 to 70
percent of Gibe Ill dam site catchment can be classified as agricultural watershed.

v' It should be able to simulate different components of the stream flow including
surface runoff, lateral flow and base flow that are important components of the flow in
perennial rivers in tropical catchments such as Omo Gibe basin.

v" It should be able to calibrate at a place where observational flows are available for

the sake of determining un-gauged flow from un-gauged part of Gibe basin.

It should have a capacity to simulate low and peak flow to acceptable accuracy.

The minimum input data requirements by the model must be readily available or can

be synthesized with some efforts through application of general formula, for example

to convert sunshine hours to solar radiation.

v Its temporal scale should be long term, continuous and able to simulate on daily
bases for water budget analyses at watershed and sub-watershed levels for current
and future time frame

v" The model must be readily and freely available, both for research and for future use
in Ethiopia to expand the application of the model in different part of Ethiopian basins

v" And the model should be applied in different sizes of the basin starting from small
scale to large scale watershed.

AN

Before selection of hydrological model for this specific study a considerable number of
existing hydrologic models (nearly 8) were reviewed in the preliminary screening process
according to the eight main criteria described above. Among them four of the hydrologic
models, which can be potentially used (applied) in Omo Gibe basin are identified and
compared major characteristic of the models. The 5 selected models are summarized in the
following section. During selection procedure Black-Box and fully distributed hydrological
models were not considered; because Black-Box models are unable to give robust
predictions of future change i.e. when going outside their range of calibration, whereas fully
distributed models due to intensive data requirement. In addition to the above criteria
temporal and special scale, the type of process in the model, the suitability of the model to
transfer modeling methodology to other young hydrological modelers, availability of training
and background knowledge were considered.
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Description of five screened hydrological models

Discription

SWIM

SWAT

HEC-HMS

Wasim-ETH

Model type

Semi-distributed, process based

Semi-distributed, proccess based

Lumped, conceptual

Fully distributed, process based

Model Objective

to provide a comprehensive GIS-based tool
for the coupled hydrological/vegetation/water
quality sediment on different sizes of river
basin

developed to evaluate the effects of alternative
management decisions on water resources and

diffusion sediment on different sizes of river basin

designed to simulate the rainfall-
runoff process of watersheds

Designed to simulate runoff and
water balance

Temporal scale

day

day

day

Free to adjust (from minutes up to
days)

Watershed
represenation

The program defines the basin hydrotope
structure by overlaying the sub-basin map with
land use and soil layers.

Subdivides the watershed into smaller sub-
basins and Hydrological Response Units (HRUs)

Uses sub-basins as primary
hydrological units

Cell by cell calculation (Grid based)

Process

Continuous

Continuous

Continuous & event

Continuous

Surface runoff

Runoff volume is estimated by using a
maodification of the Soil Conservation Service
(SCS) curve number technique and the peak
runoff uses maodified rational formula

Runoff volume using CN and flow peak using
rational formula.

Clark's, Snyder‘s, SCS UHs,
ModClark Kinematic wave

The Richards equation calculates
infiltration based up on soil moisture
conditions and surface runoff occur
when the soil infiltration capacity has
been exceeded. Macropore flow can
be considered, too.

Evapotranspiration

Priestley—Taylor, Penman—Monteith

Hargreaves, Priestley-Taylor & Penman

Monthly average

Penman-Monteith, Wendling, Hamon
and Haude

Subsurface flow

Lateral, subsurface flow (or inter flow) is
calculated using The kinematic storage model
developed by Sloan et al. (1983)

Lateral flow using kinematic storage model and
groundwater flow using empirical relations.

Constant monthly, exponential
recession or linear reservoir

TOPMODEL approach or Rechards
equation is used for describing the
water flow within the soil

Flow routing

The Muskingum flow routing method

Variable storage coefficient method or
Muskingum method

Kinematic wave, Lag, Muskingum,
Muskingum-Cunge

Translation-retention approach using
Kinematic wave approach using
different flow velocities for different
water level in the channel

Managment Irrigation, Water management
paractice Crop managment option Agricultural mang', Tillage, irrigation, etc Account human impact on runoff options

(Krysanova. et al, 2008 & 2000), (Huang et. (Arnold et al 1993) , (Krysanova. et. al 2008 &
References al. 2010) 2000), (Jajarmizadeh et. al. 2013), (Meenu, 2013), (Matthew, 2010) (Schulla J., 2007)

Table 3.1 Description of four screened semi distributed hydrological models
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From the preceding discussion and the model criteria included in SWIM, it has been selected for
this research. The basic reasons to select SWIM for this study are: for regions under developing
like Ethiopia availability of many data are problems and SWIM can be parameterised using
regionally available data and from second sources and some efforts from some work that has
been already done before, for instance some of the input data extracted from master plan study
of the basin especially the soil parameter data. Besides to this the model has not been tried in
Ethiopia so far. After checking the performance of the model in Omo Gibe basin it will have
potentially important advantages for future use in the region since the model is public domain
and freely available.

3.5 Description of selected model

3.5.1 The SWIM model

SWIM is a continuous-time semi distributed ecohydrological model, integrating hydrological
processes, vegetation, nutrients (nitrogen and phosphorus) and sediment transport at the river
basin scale. The model developed by (Krysanova et al.,1998a). Its spatial disaggregation
scheme has three levels: (1) basin, (2) subbasins and (3) hydrotopes within sub-basins
(Krysanova et al., 2005). SWIM subdivides the catchment into relatively homogeneous sub-
catchments to consider HRUs or hydrotopes to simulate hydrological and biogeochemical
processes in soil, but the lateral flows of water and nutrients are first aggregated at the sub-
catchment level and then routed this means that SWIM follows the main characteristics of the
semi-distributed model.

3.5.2 Model history

SWIM is based on two previously developed tools SWAT (Arnold et al., 1993) and MATSALU
(Krysanova et al., 1989). SWAT is semi-distributed physically based simulation model and can
predict the impact of land use change and management practices on hydrological regimes in
watersheds with varying soils, land use and management conditions over long periods and
primarily as a strategic planning tool. MATSALU, was developed in Estonia for the agricultural
basin of the Matsalu bay for smaller area and the Matsalu bay ecosystem in order to evaluate
different management scenarios for the eutrophication control of the bay (Krysanova et al.,
2005). Both SWAT and the catchment sub-model of MATSALU were based on the CREAMS
model (Knisel, 1980), this includes the GLEAMS model (Leonard et al., 1987) developed to
evaluate pesticide and nutrient load to groundwater, the EPIC model (Williams et al., 1984)
developed to simulate the impact of erosion on crop productivity; the AGNPS model (Young et
al., 1989) developed to evaluate the effect of single precipitation events in complex watersheds;
the SWRRB model (Arnold et al., 1990) which is an extension of CREAMS for watersheds with
a maximum of 10 sub-basins; and the OPUS model (Smith, 1992) developed as an updated and
improved field-scale model for estimating the effects of management practices on nonpoint
source pollution (Krysanova et al., 2005).
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Figure 3.4 SWIM model development based on CREAMS model (Krysanova V. et al., 2005).
Differences between SWIM and its predecessors SWAT and MATSALU

According to Krysanova et al., 2005 the main difference between SWAT and SWIM has been
stated as; SWIM was developed mainly for impact studies in mesoscale and large river basins
and at the regional scale, whereas SWAT was predestined mainly for water quality modelling
and assessment of land management practices. Development of SWIM began with the
introduction of a three level disaggregation scheme. At the beginning, SWAT was designed to
have two level disaggregation scheme but now SWAT has a similar three-level disaggregation
scheme; however, the hydrotopes are not included explicitly in the code, but as ‘virtual sub-
basins’.

Climate parameters in SWIM are assumed to be uniform at the sub-basin level. All hydrotopes,
disregarding their proportional area in the sub-basin, have to be considered in SWIM, whereas a
choice of dominant structures is allowed in SWAT. SWIM does not include several sub-models
(e.g. pesticides, lake water quality), which are included in SWAT, as they were not considered
necessary at this stage for SWIM. This also helps to avoid over parameterization of the model
and improves control over the model behavior. In SWIM several options are included in the
estimation of saturated conductivity, one of the most important and sensitive parameters in the
modeling procedure.

Spatial structure of SWIM

A three level scheme of spatial disaggregation, ‘basin—sub-basins—hydrotopes’ or ‘region—
climate zones— hydrotopes’, plus vertical subdivision of the root zone into a maximum of 10 soil
layers is used in SWIM. A hydrotope is a set of elementary units in a sub-basin or climate zone,
which have the same land use and soil type (Krysanova et al.,2000).

During simulation

v' Water, nutrients and plant biomass are initially calculated for every soil layer in a
hydrotope;

v' The outputs from hydrotopes are then integrated to estimate the sub-basin outputs; and

v" The routing procedure is applied to the sub-basin lateral flows of water, nutrients and
sediments, taking into account transmission losses.
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Eventhough the model has not been tried in Ethiopia; however it was successfully applied in
different part of Europe and some part of Africa. The model has been used to predict streamflow
which were compared favorably with measured data for a variety of watershed scales (Huang et
al.,, 2010; Hattermann et al., 2008; Huang et al., 2009). And recently there are ongoing
researches to calibrate SWIM at different part of Africa for instance the project which is
underway in the upper White Nile under the title of “Adaptation of SWIM for the water balance
and vulnerability assessment of Nabajizzi wetland” a case study in Uganda. Currently there are
some ongoing projects to setup SWIM in Blue Nile basin too.

3.6 Hydrological processes in SWIM

The hydrological module is based on the water balance equation, taking into account
precipitation, evapotranspiration, percolation, surface runoff, and subsurface runoff for the soil
column subdivided into several layers. The simulated hydrological system consists of four
control volumes; the soil surface, the root zone of soil, the shallow aquifer and the deep aquifer.
The soil root zone is subdivided into several layers in accordance with the soil database.
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= growth < N N el N
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Figure 3.5 Flow chart of the SWIM model, integrating hydrological processes, nitrogen,
phosphorus and crop/vegetation growth at the river basin scale (after Krysanova et al., 2005).

There are different components related to hydrological processes in SWIM. Each of these
components is described briefly here after. The hydrological sub-model in SWIM is formulated
based on the soil water content, total precipitation, on land flow, evapotranspiration, percolation
and subsurface flow. The following descriptions are based on SWIM user manual.

Generally the water balance equation is expressed as follow:

SW(t+1) =SW(t)+P—Q— PET — PERC — SSF 3.1
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Where SW(t) is the soil water content in the day t, P is precipitation, Q surface runoff, PET
evapotranspiration, PERC percolation, and SSF subsurface flow. All values are in daily amount
in mm. Here the precipitation is an input and it may have different value at different sub-basin,
but it is uniformly distributed throughout a given sub-basin. The equations described in the
above water balance system will be described one by one in the following section.

3.6.1 Overland flow generation

Overland flow (surface runoff) is a flow that occurs along a sloping surface and it occurs
whenever the rate of water application to the ground surface exceeds the rate of infiltration. It is
the major component of the hydrologic cycle. In SWIM runoff volume is estimated using a
modification of the SCS curve number method (Arnold et al, 1990). Surface runoff is predicted
as a nonlinear function of precipitation and a retention coefficient. The latter depends on soil
water content, land use, soil type, and management. The CN method was initially developed for
small agricultural watersheds and the CN varies non-linearly with the moisture content of the
soil. It drops to zero as the soil approaches the wilting point and increases to near 100 as the
soil approaches saturation, with higher CNs associated with higher runoff volume.

_ (P —0.2 % SMX)?

P> 0.2 % SMX 2
P+08+SMX ' >02xS5 3

Q=0, P <0.2+xSMX 3.3

Where Q is the accumulated daily runoff in mm, P is the daily precipitation in mm and SMX is a
retention coefficient. The retention coefficient SMX varies i) spatially, because soils, land use,
management, and slope vary, and ii) temporally, because soil water content is changing. The
retention coefficient SMX is related to the curve number CN by the SCS equation.

SMX = 254 (100 1) 3.4
B CN '

3.6.2 Peak runoff rate

Generally peak runoff can be defined as the part of runoff which enters the stream quickly after
the rainfall or snow melting. The source of peak runoff can also be melting snow, possibly in
combination with high rainfall. The peak runoff rate is estimated in SWIM for sub-basins using
the modified rational formula (Maidment, 1993; Arnold et al. 1994). A stochastic element is
included in the Rational formula to allow a more realistic simulation of peak runoff rates, given
only daily rainfall and monthly rainfall intensity. The Rational formula can be written in the form

C*RI*xA

Qpeak = 360 3.5

Where:
3
Qpeak = Peak runof f rate (mT).

C is runoff coefficient expressing the watershed infiltration characteristics
Rl is the rainfall intensity in mm/hr
A is drainage area (km?)
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3.6.3 Computation of evapotranspiration

Evapotranspiration is a collective term that includes all processes by which water at the earth’s
surface is converted to water vapor. When we search a clear definition of evapotranspiration, it
is possible to find various results; as we see this expression combines two words; evaporation
and transpiration. In a simple way evaporation can be defined as a type of vaporization of a
liquid that occurs from the surface of a liquid surface, open water systems, like natural lakes and
man-made pools and reservoirs, rivers, bare soil with water tables at or close to the land
surface, and impervious surfaces like roofs and roads into a gaseous phase; whereas
evaporation from vegetation surface and stomata like forest, woodland and grass land referred
to as transpiration so that the collective sum of evaporation from natural vegetation and above
mentioned items are called evapotranspiration.

SWIM offers two models for estimating potential evapotranspiration: the Penman-Monteith
model (Monteith, 1965) that requires; solar radiation, air temperature, wind speed and relative
air humidity data and Priestley-Taylor model (Priestley and Taylor, 1972) that requires solar
radiation and air temperature as input. Once potential evapotranspiration is determined, SWIM
calculates the actual evaporation from a given plant canopy using an approach similar to that of
(Richtie 1972) concept, separately for soil and plants. Actual soil evaporation is computed in two
stages. It is equal to the potential soil evaporation predicted by means of an exponential
function of leaf area index (Richardson and Ritchie, 1973) until the accumulated soil evaporation
exceeds the upper limit of 6 mm see the following equation.

ESO=EO*exp (-0.4*LAl) 3.6

Where ESO is potential soil evaporation as a function of leaf area index (LAI) under assumption
that EO = 6 mm/d.

When the accumulated soil evaporation exceeds the first stage threshold (equal to 6 mm), the
second stage begins. Then soil evaporation is estimated with the equation

ES = 3.5+ (WTST —VJTST — 1 3.7

Where ES is the soil evaporation for day t in mm/d and TST is the number of days since stage
two evaporation began.

In the second stage the actual soil evaporation is reduced and estimated as a function of the
number of days since stage two began. Plant transpiration is simulated as a linear function of
potential evapotranspiration and leaf area index. When soil water is limited, plant transpiration is
reduced, taking into account the root depth.

For this particular study (Priestley and Taylor, 1972) is used to estimate potential
evapotranspiration, because the data required by this model are solar radiation, air temperature,
and elevation easily available at Omo Gibe basin and collected before the commencement of
this study.

Priestley-Taylor method estimates potential evapotranspiration with the following equation:

PET = 1.28 (R;]?) * (ﬁ 'f_ }/) 3.8

Where:
PET is potential evaporation mm
RAD is the net radiation in MJm™

33


http://en.wikipedia.org/wiki/Vaporization
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Interface_%28chemistry%29

HV is the latent heat of vaporization in MJ kg™
B is the slope of the saturation vapor pressure curve in kPa C™*
y is a psychrometer constant in kPa C*

One of the most important modules introduced in SWIM is the module representing crops and
natural vegetation which creates an interface between hydrology and nutrients. A simplified
EPIC approach (Williams et al., 1984) is included in SWIM for simulating arable crops (like
sorghum, onion, pepper, rice, wheat, barley, tomato, lettuce, maize and potatoes) and
aggregated vegetation types (like pasture, evergreen forest, mixed forest and forested wetland
ets.), using specific parameter values for each crop/vegetation type. A number of plant-related
parameters are specified for 71 crop/vegetation types in the database attached to the model.
This is a standard file produced by SWIM Grass interface for calculation of different model
parameters. Vegetation in the model affects the hydrological cycle by the cover-specific
retention coefficient, impacting surface runoff and influencing the amount of transpiration, which
is simulated as a function of potential evapotranspiration and leaf area index (LAI).

3.6.4 Water movement in soil

3.6.4.1 Percolation

Water movement in a soil can be in any direction, depending on conditions. Mainly water flows
in a given soil through the open pores between soil particles. For instance water maintained in
the solil profile after infiltration can flow under two conditions either saturated or unsaturated. For
the saturation case; flow through soil particle driven by one of the major forces gravity in to
downward direction. SWIM directly simulates saturated flow if the water content is above to the
field capacity. The model records the water contents of the different soil layers maximum of 10
and assumes that the water is uniformly distributed through the root zone of soil or the upper 1m
of soil. The amount of water that moves from one layer to the underlying layer is calculated
using storage routing technique (Arnold et al., 1990). The percolation from the bottom soil layer
is treated as recharge to the shallow aquifer.

Water that percolates to the next layer is computed as:

SW(t+1) = SW(t) « EXP (_—At> 3.9

TT;
Where:
SW(t+1) and SW(t) are the soil water contents at the beginning and end of the day in mm,
At is the time interval (24 h)
And TT; is the travel time through each layeriin h

Thus percolation for each soil layer i can be calculated as:

—At
PERC; = SW; * [1 — EXP (TT )] 3.10
i
As the travel time for percolation is unique for each layer and is calculated as:
7y, = 2 G 3.11
T HCG '
Where:

PERC; is the amount of water percolating to the underlying soil layer on a given day (mm)
FC; is the water content of the soil layer at field capacity (mm)
HC; is the saturated hydraulic conductivity for the layer (mm/hr).

34



3.6.4.2 Lateral subsurface flow

Subsurface lateral flow refers to soil water processes in which infiltrating water accumulates and
moves laterally downslope along the upper surface of a less permeable layer in the soil.
Subsurface lateral flow is known by a range of terms including throughflow, subsurface storm
flow, subsurface runoff, and interflow (Hardie et al., 2012). Lateral subsurface flow or interflow is
streamflow contribution which originates below the surface but above the zone where rocks are
saturated with water. Interflow in the soil profile is calculated simultaneously with redistribution.
It can have an important influence on storm hydrographs particularly when vertical percolation is
retarded by a shallow, less permeable soil layer (Kassa, 2009).

SWIM incorporates a finite difference form of kinematic storage model developed by (Sloan et
al., 1983) to compute subsurface flow as a function of the drainable volume of water, saturated
conductivity, hill slope length, drainable porosity of the soil, hillslope steepness and the velocity
of water at the outlet.

The equation to compute lateral flow in SWIM is given as:

SUP, — SUP; SSF, + SSF,

— =—WIR*SL ———— 3.12
tz - tl 2

Where

SUP the drainable volume of water stored in the saturated zone (water above field capacity)
tis timein hr

SSF the lateral subsurface flow in m*/hr

WIR is the rate of water input to saturated zone in m?hr

SL is the hill slope length in m

And subscript 1 and 2 refer to the begging and end of the time step respectively.

The equation used to calculate lateral flow at the hillslope outlet is given by:

_Z*SUP*VEL*SLW

SSF = PORD = SL 3.13

Where:

VEL is the velocity of flow at the outlet mm/hr
SLW is the hillslope width in m

And PORD drainable porosity of the soil in m/m

Velocity at the outlet is estimated as:

VEL = SC = sin(y) 3.14
SC is the saturated conductivity in mm/hr
And y is the hillslope steepness in m/m

Combination of the above equation 3.11 and 3.12 gives:

SSF = 0.024 2» SUP »SC = sin(y) 3.15
o PORD * SL '

Where SSF in in mm/day
Lateral flow is significant in areas with soils having high hydraulic conductivities in surface layers
and an impermeable or semi permeable layer at a shallow depth. In such a system, rainfall will
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percolate vertically until it encounters the impermeable layer. The water then ponds above the
impermeable layer forming a saturated zone of water and this saturated zone is then the source
of water for lateral subsurface flow.

3.6.4.3 Ground water Flow

In hydrologic terms, streamflow which results from precipitation that infiltrates into the soil and
eventually moves through the soil in the form of return flow to the stream channel is known as
base flow. This is also referred to as ground water flow, dry-weather flow or return flow. Return
flow or base flow is the volume of stream flow originating from groundwater. The ground water
sub module embedded in SWIM to simulate the ground water flow is designed for general use in
regions where extensive field measurements are not available. Thus, the groundwater
component has to be parameterized using readily available inputs.

Basically the simulated hydrologic system in SWIM consists of four control volume that includes;
the soil surface, the soil profile or root zone, the shallow aquifer and the deep aquifer. Part of
the rainfall which percolates from the soil profile is assumed to recharge the shallow aquifer.
The stream flow as SWIM simulates, is the contribution of flow from surface runoff, the lateral
subsurface flow and the return flow from the shallow aquifer. The contribution of ground water to
stream flow is simulated by creating a shallow aquifer storage which is recharged by percolation
from the unsaturated zone, and discharges to the reach of the watershed. The water balance for
the shallow aquifer is:

SAW (¢t + 1) = SAW(t) + RCH — REVAP — GWQ — SEEP 3.16

Where: SAW(t) is the shallow aquifer storage in the day t, RCH is the recharge, REVAP is the
water flow from the shallow aquifer back to the soil profile, GWQ is the return flow or
groundwater contribution to streamflow, SEEP is the percolation or seepage to the deep aquifer
(@l in mm/d), and t is the day. To calculate the ground water flow (GWQ) SWIM uses the
approach of (Smedema and Rycroft.,, 1983), who derived the non-steady-state response of
groundwater flow to periodic recharge from (Hooghoudt's., 1940)

KD x GWH

Where KD is the hydraulic conductivity of ground water in mm/d, DS the drain space in m, and
GWH is the water table height in m.

3.7 Conclusion

Hydrological models play pronounced role in modeling the hydrological processes of a basin.
Nowadays, they are involving to greater extent in climate change study sector. Scientists and
different societies who are engaged to investigate effects of climate change mainly on water
resources potential are using hydrological models to forecast and model a river basin under
climate change scenarios. The main purpose of their study is to quantify the availability of water
resources (river discharge) for different utilization purposes under the changing climate
condition for future time period. Not only this but also; hydrological models are very powerful
tools to study the sensitivity of the hydrological components in a basin with different climate
change conditions, (like changing of mean surface air temperature and precipitation). The main
purpose of this chapter was to introduce the role of hydrological model, their classification and
the selection criteria of the model for climate change study. Based on these assessments eight
different criteria were identified. Based on these criteria different hydrological models were
compared according to their different characteristics, behavior and their design. Selecting of the
appropriate type of hydrological model leads to achieve the intended purposes of the study. In
consideration of these and other criteria SWIM hydrological model has been selected to model
hydrological processes in Omo Gibe basin.

36



Chapter 4 Description of the Study Area

4.1 Ethiopia

Ethiopia is located between approximately 3°-15°N latitude and 33°-48°E longitude. The country
covers a land area of about 1.1million km?, occupying a significant portion of the Horn of Africa.
It shares boundaries to the east and southeast with Djibouti and Somalia, to the north with
Eritrea, to the south with Kenya, and to the west with Sudan.

Ethiopia is a country of great geographical diversity with high and rugged mountains, flat topped
plateau, deep gorges, river valleys and plains. This diversity in relief makes the country unique
in Africa. Ethiopia is the most elevated part of Northeast Africa. The altitude ranges from the
highest peak at Ras Dashen (4,620 meters above sea level), in Gonder down to the Danakil
depression (120 meters below sea level) with the Afar depression , one of the lowest dry land
points on the earth.

The country has more than 80 million inhabitants (2010); Ethiopia is the most populous nation in
Eastern Africa and the second-most populous in Africa after Nigeria. The average age of the
population is 17 years with an annual population growth of more than 2%. Ethiopia will have
more than 120 million people by 2030. Orthodox Christians (>40%) and Muslims (~35%)
peacefully live side-by-side in this multi-ethnic country. Altogether there are around 80 different
ethnic groups today (FDRE, 2012).
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Figure 4.1 Location map of Ethiopia®.

The climate of Ethiopia is mainly controlled by the seasonal migration of the Intertropical
Convergence Zone and associated atmospheric circulations as well as by the complex
topography of the country. It has a diversified climate ranging from semi-arid desert type in the
lowlands to humid and warm (temperate) type in the southwest. Mean annual rainfall distribution
has maxima (>2000 mm) over the South-western highlands and minima (<300 mm) over the
South-eastern and North-eastern lowlands.

® Wikipedia.org location of Ethiopia, Source of the left side picture
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Figure 4.2 Rainfall distributions in Ethiopia®

Figure 4-2 shows contours of mean annual rainfall distribution using isohaytal method. Mean
annual temperature ranges from < 15°C over the highlands to > 25°C in the lowlands.

4.2 Water resources potential of the country

The country has abundant water resources and hydropower potential, second next to the
Democratic Republic of Congo in all of Africa, yet only few percentage of this potential has been
developed.

The country’s annual renewable fresh water resources amount to some 124 BCM/yr in the
twelve river basins. However, only 3% remains in the country. The rest, 97% is lost as runoff to
the lowlands of neighboring countries. At this stage of water development, where the country
withdraws less than 5% of its fresh water resources for consumptive uses (MoWE, 2007). It is
estimated that up to 3.7 Million hectares and 155,102Gwh/yr of power respectively can be
developed using the available potential and clean water supply to all its people. However, only
less than 300,000 hectares of the irrigation and 3 to 5 % of hydropower potentials respectively
have been developed (MoOWE, 2007).

To gain an insight into the spatial distribution of the fresh water resources one can note that
83% of the surface water potential is generated in the four basins (Tekeze, Abbay, Baro Akobo
and Omo-Gibe) located on the western portion of the country representing only 40% of the total

® Source of map is MoWEE Ethiopia
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land area of the country. This clearly demonstrates the uneven spatial distribution of water
resources in the country (UN-WATER/WWAP/2006/7).
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Figure 4.3 Ethiopian river basin map
Potential Gross hydro-
Runoff irrigable land electric potential Estimated ground
River basin | Area (km?) (Bm?) (ha) GWH/yr water potential (Bm?)
Tekeze 8235*** 8.2 83,368 5,980 0.2
Abbay 199,812 54.8 815,581 78,820 1.8
Baro-Akobo 75,912 23.6 1,019,523 13,765 0.28
Omo-Gibe 79,000 16.6 67,928 36,560 0.42
Rift Valley 52,739 5.6 139,300 * 800 0.1
Mereb 5,900 *** 0.65 67,560 0.05
Afar /Denakil | 74,002 **** 0.86 158,776
Awash 112,696 4.9 134,121 4,470 0.14
Aysha 2,223 *¥rx - - - -
Ogaden 77,121 ***=* - - - -
Wabi-
Shebelle* 202,697 ** 3.16 237,905 5,440 0.07
Genale-
Dawa 171,042 ** 5.88 1,074,720 9,270 0.14
Total 1,135,494 | 124.25 3,798,782 155,102 2.86

Table 4.1 Irrigation and hydropower potential of Ethiopian river basins™

Source: (Awulachew, S. B. et al, 2007)

Integrated river basin master plan studies, carried out during 1997-2007

% some values were collected from different tables in http://www.MoWEE.gov.et as visited on May 2013.
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* Figures need to be updated from recent studies.

o Small-scale irrigation is not included in the database
oxk Indicates the Ethiopian part of the basin area.

ok Reconnaissance study

4.3 Location and description of Omo Gibe basin

The Omo-Gibe basin is one of the major river basins in Ethiopia and is situated in the south
western part of the country covering parts of Southern Nations, Nationalities and Peoples
Region (SNNPR) and Oromia region. The basin covers an area of 79,000 km? with a length of
550 km and an average width of 140 km. The basin lies between 4°00'N & 9°22'N latitude and
between 34°%44’'E & 38°24°E longitude. It is an enclosed river basin that flows in to the Lake
Turkana which forms its southern boundary. The total mean annual flow from the river basin is
estimated about 16.6 BMC.
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Figure 4.4 Location map of Omo Gibe basin!

Omo Gibe watershed is selected as case study for this research because large scale and
medium scale irrigation potential are identified in the basin, with an estimated irrigable area of
57,900 and 10,028 hectares respectively, and a total irrigable area of 67,928 hectares.
However, this figure could be much higher given the vast land area of lower Omo. In terms of
hydropower development potential it is the second largest next to Abbay (Blue Nile), and it is a
basin in which most of the current hydropower development is taking place (See table 2.1). In
addition, it can be considered as representative watershed where there is high landscape and
climatic zone difference within short distances. The population growth and land use systems
together with considerable human interventions in the upper part of Omo watershed makes it
feasible for climate change impact analysis on hydrological regime.

" Omo Ghibe basin boundary is delineated from SRTM data of the basin using ArcMap
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4.3.1 Climate of the study area

The climate of Omo-Gibe River basin varies from a hot arid climate in the southern part of the
floodplain to a tropical humid one in the highlands that include the extreme north and north-
western part of the Basin. Intermediate between these extremes and for the greatest part of the
basin the climate is tropical sub-humid.

4.3.1.1 Rainfall

Rainfall in Omo-Gibe basin varies from over 1900 mm per annum in the north central areas to
less than 300mm per annum in the south. The amount of rainfall decreases throughout the
Omo-Gibe catchments with a decrease in elevation. Moreover, the rainfall regime is unimodal
for the northern and central parts of the basin and bimodal for south.
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Figure 4.5 Mean annual rainfalls (isohyetal map of the basin)'?

2 Isohyetal map of the basin obtained from MoWEE of Ethiopia
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4.3.1.2 Meteorological stations

In Omo-Gibe River basin there are 86 rainfall stations in and near by the basin. However, most
of the stations have established recently. Many of the stations have few years recorded value
(less than fifteen years). Since climate change study needs at least thirty years recorded data,
stations which have relatively long recorded value have been used for further analysis. In
general 21 rainfall and 14 temperature gauging stations have been used for this research.
Besides the distribution of the gauged stations are not well organised. Most of the stations are
concentrated in the northern part of the basin.
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Figure 4.6 All and selected weather stations respectively

To give some insight on the climatological background of Omo-Gibe river basin, a preliminary
analysis was carried out by dividing the basin in to three distinct parts. These are upper basin
middle basin and lower basin. From 25 to 30 years observed weather data mean monthly depth
of precipitation, maximum and minimum temperature roughly computed. For this operation nine
observed precipitation stations were used for upper part similarly nine for middle part. Since the
lower part of the basin is not well represented regarding to weather observation station it is
represented by three gauging stations only.

According to the following results In terms of rainfall, the basin can be split in to two distinct
regions, the northern and middle part of the basin having a unimodal rainfall pattern and the
southern part which has a bimodal rainfall regime. The northern part of the basin, including
Woliso, Welkite, Gedo, and Assendabo has rainfall for about seven months, from March to
September with a range of 1100-1800 mm per annum. The small rains are from March to May
and the main rainfall season from June to September with a marked increase in July and
august.
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Figure 4.7 Mean monthly rainfall, maximum and minimum temperature for three regions

The middle and north-central area, including Bonga, jimma, Shebe, Hossana and Sodo, has a
more even distribution of rainfall over March to September without any peak in July and august.
The region generally receives more than 1200mm, rising to 2000 mm on the western fringes
North West of Bonga. This part of the region is the wettest part as compared to the other two
regions. For more clarification and location of the stations see the above figure 4.6.

The southern part of the basin includes, Jinka, Sawula and Morka. Eventhogh, the magnitude of
the rainfall in this part of the region is small as compared to the other two regions, but it has a
prolonged rainy season of bimodal type. According to the above graph (figure 4.7) indicates that
the rainfall pattern in southern part of this basin is different from the upper one with a major
rains starts in March and end up late April rather than late in the year.

4.3.1.3 Temperature

The mean annual temperature in Omo-Gibe basin varies from 16°C in the highlands of the north
to over 30°C in the lowlands of the south. The maximum temperature is higher at the southern
part of the basin especially at Morka mean annual maximum temperature reaches up to 30.6
°C. There is a little variation in minimum temperature which varies from 9.2°C in northern part of
the basin example in Gedo to 16°C in southern part of the basin at Jinka.

4.3.2 Topography and river systems of the basin

The topography of Omo Gibe basin as a whole is characterized by its physical variation. The
northern two-thirds of the basin has mountainous to hilly terrain cut by deeply incised gorges of
the Omo, Gojeb, and Gilgel-Gibe Rivers, while the southern one-third of the basin is a flat
alluvial plain punctuated by hilly areas. The northern and central half of the basin lies at an
altitude greater than 1500 masl with maximum elevation of 3360 masl (located between Gilgel-
Gibe and Gojeb tributaries), and the plains of the lower Omo lies between 400-500 m asl
(Richard Woodroofe & associates Vol VI, 1996).

The northern part of the catchment has a number of tributaries. Most of the rivers from upper
part of the catchment drain largely cultivated land. The head waters of the Great-Gibe River are
at an elevation of about 2200 masl. Although there are some important tributaries from different
directions, the general direction of flow of the Gibe River is southwards, towards the Omo River
and then to Lake Turkana a fault feature, filled with alluvial and lacustrine sediments of recent
origin associated with the Great Rift Valley. The Gibe River is known as the Omo River in its
lower reaches, south-westwards from the confluence with the Gojeb River. This is the reason
behind the name Omo-Gibe River Basin®.

 Collected from different sources and home page of Ministry of water and energy of Ethiopia
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Figure 4.8 Elevation and river system of Omo Gibe as extracted from SRTM data of the basin

4.3.3 Geology soil and land use

4.3.3.1 Geology

There is limited information available on the geological formation of the study area. But
according to master plan study of the basin the geology can be characterized by tertiary and
guaternary age rhyolite and basalt volcanic in the north and middle part of the basin with
guaternary alluvial overlying pre-cambrian basement gneisses and granite in the south.
Approximately 11% of the Omo-gibe basin is underlain by pre-cambrian metamorphic gneisses
and 80% of the Basin is underlain by Tertiary volcanic rocks.

4.3.3.2 Saoil

More specific soil studies in the basin have concentrated on the irrigation potential of the lower
Omo valley with some work on erosion and conservation measures. During the study of Omo
Gibe integrated development master plan detailed soil survey especially on the upper part of the
basin were carried out. On this study soil morphology of the basin also included. Soil
morphology relates to the appearance of the soil in the field in terms of; depth, color, texture,
structure, consistence, drainage and presence or absence of stone and carbonates. These
together with soil chemistry, are the criteria used to categorize the soils in to units. The result of
this detailed soil survey is used for hydrological analysis as an input to SWIM modeling.

According to Omo-Gibe integrated development master plan study Volume VIl land resources
survey 1996 the soil depths in the basin categorized as below.

e Very shallow if the depth of the soil is < 30 cm
o Shallow if the depth of the soil is 30-50 cm
e Moderately deep 50-100cm
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e Deep 100-150cm
e Very deep > 150cm

According to study of soil survey on the basin 25 soil units were identified in terms of
morphology, location in the landscape, land use, fertility (a general indication taking ph, OC%,
N% and Ppm into account) current erosion and erosivity (a function of slope, texture, structure,
land cover and AWC. All the result of this study is employed for hydrological analysis of the
basin using SWIM.

The majority of the soils in the basin are deep to very deep, red and reddish brown clay looms
over clays (Soil unit 1 and 5). These soils are well drained. They are wide spread over the whole
of the northern basin. Soils developed from volcanic parent materials, often with an ash or
pumice layer tend to occur on high ground with in the basin. They are moderately deep to deep,
well drained, dark brown to dark reddish brown sandy clay loams to clays. These soils occur on
the northern boundary. The other soils in this general category include soils developed on acidic
igneous parent materials characterized by brown color (Soil unit 6 to unit 6a). In the south of the
basin in the areas of lower rainfall the soils developed are characterized by the presence of a
course sand fraction. They are moderately deep to very deep, well drained yellowish brown
course grained sandy loams to sandy clays.

Vertisols'* are poorly drained heavy clays soils with a characteristics dominated clay fraction
which causes them to shrink and swell (soil unit 8 and 9). They are characterizes by presence of
Gilgai a surface micro relief feature caused by shrinking and swelling and slicken sides in the
soil profile. They are generally deep to very deep, black to very dark grey clays. The better
drained vertisols (soil unit 8) are dominant to the northern west of Wolkite.

Poorly drained vertisols (soil unit 9) are the dominant feature of the land scope in many areas of
the upper basin, and common in the plains of lower Omo where they occur in association with
poorly drained sodic clays (soil unit 25).

Alluvial and colluvial soils of lower Omo, these soils are characterized by their highly
heterogeneous nature in terms of texture both laterally and vertically (soil unit 19, 21, 22, 23)

Figure 4-9 shows the soil map of Omo-Gibe river basin, which was collected from Ministry of
water and energy of Ethiopian. The classifications of the soils were based on the revised FAO-
UNESCO-ISRIC legend to the Soil Map of the World 1988.

YVertisols are clay-rich soils characterized by vertical cracking during the dry season.
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Figure 4.9 Soil map of Omo Gibe basin™

4.3.3.3 Land use

Land use pattern of northern catchment is characterized by extensive cultivation with increased
land pressure. According to the field visit that has been made in 2011 and mid of 2012 forest
areas are now confined to areas too steep and inaccessible to farm.

Figure 4.10 Omo Gibe River and part of the catchment; smoke is seen as people clearing the
forest for preparation of charcoal*®

> Source Ministry of water and energy of Ethiopia
'8 Ppictures photographed during field visit in April 2012
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Generally central western part of the basin boundary area has extensive tracts of high forest.
The Gibe, Gojeb and Omo gorges are relatively unpopulated and support a cover of open
woodland and bush land through inaccessible area, such as where the Addis Ababa to Jimma
road crosses the Gibe Gorge, woodlands are being cleared for charcoal. Eastern catchment
boundary has some of the most densely populated and intensively farmed areas in the basin.
The south of the basin is more sparsely populated with a greater population of natural
vegetation. Figure 4-11 present land use distribution of the Omo river basin. Large proportion of
the basin’s land use dominated by four land use categories namely Woodland, Agricultural,

forest and bush land.
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77 7] MARSH
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Figure 4.11 Land use map of Omo Gibe basin'’

7 Land use map of Omo Gibe basin collected from MoWEE
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Table 4-2 shows the relative percentage distribution of these dominant land use categories in
the basin, which were computed using ARC-GIS according to the available information on the
land use map of the entire Omo Gibe basin.

S no. Land use type Area km? Percentage of land use type
1 Woodland 23794 30.02
2 Intensive cultivation 23637 29.82
3 Bushland 7978 10.06
4 Forest 6722 8.48
5 Grassland 5906 7.45
6 Moderate cultivation 5609 7.08
7 Marsh 2103 2.65
8 Shrubland 1111 1.4
9 Bare soil 1037 1.31
10 Plantation and fallow 1001 1.26
11 Open water 321 0.41
12 Afro-Alpine 38 0.05
13 Urban 18 0.02

Total 100

Table 4.2 Percentage of land use type in Gibe basin

4.4 Hydropower development in the basin

Ethiopian water resources and its geographical land scape provide a good opportunity for
hydropower production. The Ethiopian government has doing a lot in order to meet the rising
demand for electricity and exerts its effort through Ethiopian electric power corporation (EEPCo)
for taping its abundant water resources for the production of electric power. The government
has a long plan in the construction of several hydroelectric power plants on the main river
basins including Omo Gibe basin. Hence the Omo-Gibe basin is a very significant potential
hydropower and irrigation resource within Ethiopia, and a logical target for development.

Several other projects are either under preparation to enter into implementation or under various
stages of study and tender processes stage. One of those projects is Gibe Il hydroelectric
projects that shall have an installed capacity of 1,870 MW (Binquet and Asnak, 2013).

The country has a hydropower potential of 45,000 MW, until now it is able to produce 2060 MW.
In the GTP-1 (growth and transformation plan-1) which lasts for a period of 2010/11-2014/15 the
activities are under going to arrive at 10,000 MW hydropower production capacity. In the GTP-2
is planned to increase the hydropower production up to 15,000 MW from the hydropower
potential (Getaneh A., 2013).

The following picture depicts the locations of Gilgel Gibe I, Gibe Il and Gibe Ill cascaded
hydropower plants in the basin.

48



; ,/j L

(i
f /
Lot
prea i ]

{ Y {

(Gilgel \Gibe_I}_ .

¢ 5Gibe_|
7

e Hydropower_stations

} Main_River

t [ ——rivers

A * [ ]omo-gibe basin boundary

0 20 40 80 120 Miles
L 1

Figure 4.12 Location of main hydropower stations in omo Gibe basin

4.5 Description of the three hydropower stations

Construction of a cascade hydropower schemes commenced in the Omo River with Gibe |
hydropower scheme commissioned in 2004. The Gibe Il hydropower project followed, and was
commissioned in 2010, with Gibe 11l construction having commenced in 2006 (S. Avery, 2012).

Gilgel Gibe |

The single plant adopted scheme is a purely hydroelectric project, aimed to increase energy and
power supply to the National Grid. It is located on the Gilgel Gibe River, some 260 km South-
West of Addis Ababa and 70 km North East of Jimma in the Oromiya Region. The general
feature of this project is explained in the following table.

Hydrology Unit
Catchments area 4225 km*
Average annual flow 50.4 m°/s
Annual runoff 1578 Mm®
Reservoir
Maximum normal water level 1672 m a.s.l.
Normal operating level 1671 m a.s.l.
Minimum operating level 1653 m a.s.l.
Total storage 839 Mm®
Live Storage 657 Mm?®
Dam
Rockfill with bituminous upstream facing
Crest elevation 1675 m a.s.l.
Maximum height 40 m
Installed capacity 184 MW

Table 4.3 Basic features of Gilgel Gibe | hydropower plant (EEPCo, 2004).
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Gibe Il

The Gilgel Gibe 1l Power station is the second hydroelectric power station on the Omo River.
The power station receives water from a tunnel entrance 7°55'27"N 37°23'16"E on the Gilgel
Gibe River. It has an installed capacity of 420 MW and was inaugurated on January 14, 2010.
Almost two weeks after inauguration, a portion of the head race tunnel collapsed causing the
station to shut down; repairs were complete on December 26, 2010.

The Gilgel Gibe Il consists of a power station on the Omo River that is fed with water from a
headrace tunnel and sluice gate on the Gilgel Gibe River. The headrace tunnel runs 25.8 km
(16 mi) under the Fofa Mountain and converts into a penstock with a 500 m (1,600 ft) drop.
When the water reaches the power station, it powers four Pelton turbines that operate four 107
MW generators®®. The Gibe Il plant uses the waters discharged by Gilgel Gibe | and has a gross
head of 505 m used by an open air power station of 420 MW installed capacity. This new head
is created by a waterway that bypasses about 10 Km of the two rivers (Gilgel Gibe and Omo).
The intake is located on the Gilgel Gibe river about 200 m downstream of the Gilgle Gibe |
outlet. The waterway crosses the ridge between the Gilgel Gibe valley and the Omo valley by
means of 25.8 km of tunnel and 1.2 km of penstocks. The flow discharged by the turbines of
Gibe | plant and diverted into the Gibe Il intake (EEPCo, 2004). The following table shows the
basic features of this hydropower station.

Hydrology Unit
Catchment area 4304 km?
Average flow (recieves a regulated flow from Gilgel Gibe | dam) 101.5 m?/s
Reservoir
Max probable flood level(Q= 2325 m3/s),corresponding to Max operating level 1437.6 | m.a.s.l.
Normal operating level (max retained level) 14315 | m.as.l.
Minimum operating level 1424 | m.a.s.l.
Total storage 1.9 Mm?®
Reservoir area at normal operating level 216 m?
WEIR
Crest Elevation 1439 | m.as.l.
Max Height (u/s) 49 m
Crest Length 140 m

Table 4.4 Basic features of Gibe Il hydropower plant
Gibe lll

The Gibe IIl hydroelectric is located within the Omo Gibe River basin in the middle reach of the
Omo River around 450km by road South of Addis Ababa. The dam for Gibe Il is on the Omo
River and the reservoir stretches to its tributaries the Gibe and Gojeb Rivers. The scheme, from
the end of the reservoir to its tailrace out fall, extends over a corridor 150 km long (EEPCo,
20009).

It is under construction which has 243 m high roller-compacted concrete dam with an
associated hydroelectric power plant on the Omo River . Once completed it would be the largest
hydroelectric plant in Africa with a power output of about 1870MW. The Gibe Il dam would be
part of the Gibe cascade, a series of dams including the existing Gibe | dam (184 MW) and Gibe

¥ Source from wikipedia as visited on May 2013
http://en.wikipedia.org/wiki/Gilgel_Gibe_Il_Power_Station#cite_note-italy-1
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Il power station (420 MW) as well as the planned Gibe IV (1472 MW) and Gibe V (560 MW)
dams™.

Hydrology Unit
Catchment area 34,150 km?
Average annual runoff 438.2 m?®/s
Average annual volume 13,820 Mm?
Reservoir
Minimum operating level 800 m.a.s.s
Normal operating level 889 m.a.s.s
Maximum water level in the reservoir 892 m.a.s.s
Live storage volume 11,750 Mm?
Surface area at normal operating level 200 km?
Dam
Dam Type (RCC) dam
Foundation elevation 665 m.a.s.s
Height above river bed elevation 231 m
Crest elevation 896 m.a.s.s
Crest length 580 m

Table 4.5 Basic features of Gibe Il hydropower plant (EEPco, 2009).

Figure 4.13 Gilgel Gibe | and Il hydropower plant respectively

Y http://en.wikipedia.org/wiki/Gibe Ill_dam as visited on Jun 2013
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Figure 4.14 Bird eye view of Gibe Il reservoir (EEPCo, 2009)
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Chapter 5 Data, Methodology & Downscaling of Climate
Model outputs

5.1 Climate data

The most important time series data necessary for any climate change research is long time
weather data. Baseline climate information is important to characterize the prevailing conditions.
It can also be used as a reference with which the results of any climate change studies can be
compared. The choice of baseline period has often been governed by availability of the required
climate data. According to World Meteorological Organization (WMO), the baseline period also
called reference period generally corresponds to the current 30 years normal period. A 30-year
period is used by WMO to define the average climate of a site or region, and scenarios of
climate change are also generally based on 30-year means. Most impact assessments seek to
determine the effect of climate change with respect to 30 years present time frame, Therefore,
one crucial step is to set the time reference of analysis in response to the data availability;
based on this consideration recent baseline periods for Omo Gibe basin has been set from 1970
to 2000 which accounts the recent 31 years.

5.1.1 Observed climate data

In order to account the climate change study in the basin, precipitation, maximum and minimum
temperature data collected from national meteorological agency of Ethiopia for the following
weather observation stations. Additionally sunshine hours from six climate stations collected.

S.No St Name latitude | Longitude Data type collected
Prec. Max T Min T
1 Assendabo 7.77 37.23 yes yes yes
2 Bele 7.08 37.58 yes no no
3 Bonga 7.22 36.23 yes yes yes
4 Chekorsa 7.62 36.73 yes no no
5 Woliso 9 37 yes yes yes
6 Dedo 7.52 36.87 yes yes yes
7 Durame 7.24 37.89 yes no no
8 Gedo 9.05 37.43 yes yes yes
9 Gibe Farm 8.23 37.58 yes no no
10 Hossana 7.57 38.85 yes yes yes
11 Jimma 7.67 36.83 yes yes yes
12 Jinka 5.8 36.55 yes yes yes
13 Kumbi 8.12 37.47 yes no no
14 Limu genet 8.1 36.95 yes no no
15 Meteso 7.43 36.88 yes no no
16 Morka 6.43 37.27 yes yes yes
17 Sawula 6.32 36.88 yes yes yes
18 Shebe 7.52 36.52 yes yes yes
19 Wolita S. 6.83 37.75 yes yes yes
20 Wolkite 8.27 37.75 yes yes yes
21 Yaya 8.37 37.53 yes yes yes

Table 5.1 List of selected weather stations in Omo Gibe basin
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Most of the above listed weather observations have recorded precipitation value starting from
1971 even before; except Morka precipitation station which has a recorded length starting from
1985. Regarding to temperature data long year's data have been collected except Morka,
Shebe, Wolkite and Gedo. These four stations have relatively smaller recorded data,
accordingly from Gedo 24 years daily data (1977-2000), from Shebe 21 years (1980-2000) and
from Wolkite 16 years (1985-2000) have been collected. Many of the above listed stations are
found at the upper part of the basin above Gibe Ill dam site as a result this part of the basin is
well represented by 18 weather observation stations. However, Southern part of the basin
represented by three weather observation stations these are; Morka, Sawula and Jinka.

5.1.2 REMO and GCM data

The regional climate model data consist of results from RCM named REMO. It is one of the
selected climate model outputs for this study. This model has been developed at Max-Planck-
Institute of Meteorology. The model domain covers all part of Omo-Gibe basin. The spatial
resolution of the analyzed models is approximately 50km (0.5 degree by 0.5 degree) with
temporal resolution of 1 day. This climate model output contains basic climatological data like;
precipitation, maximum and minimum temperature, solar radiation, wind speed and relative
humidity for reference time period (1960 to 2000) and future time period (2000 -2050) as well.
The future time period has two scenarios results of A1B and B1 for three conditions each.

REMO is based on the Europa Model (EM), the former numerical weather prediction model of
the German Weather Service (DWD) and is described in Jacob D. 2001. The physical
parameterization package of the general circulation model ECHAM4 has been implemented.
Physical parameterizations are taken from ECHAM4 and adjusted to the scale of REMO (Paeth
H. 2005).

Large scale predictors from GCM which cover the entire Omo Gibe basin can be accessed
from:http://www.cics.uvic.ca/scenarios/index.cgi?Scenarios. And HadCM3 A2 scenario of GCM
output has been selected for further processing. HadCM3 is a coupled atmosphere-ocean GCM
developed at the Hadley Centre. The atmospheric component of the model has 19 levels with a
horizontal resolution of 2.5 degrees of latitude by 3.75 degrees of longitude, which produces a
global grid of 96 x 73 grids cells. This is equivalent to a surface resolution of about 417km x
278km (http://cerawww.dkrz.de/IPCC DDC/IS92a/HadleyCM3/Readme.hadcm3). The predictor
variables are supplied on a grid box by grid box basis. On entering the location of Omo-Gibe
basin the following predictor variables were downloaded;
o NCEP 1961-2001 this directory contains 41 years of daily observed predictor data,
derived from the NCEP reanalysis. This used for calibration of SDSM model.
e H3A2 1961-2099 this directory contains 139 years of daily GCM predictor data, derived
from the HadCM3 A2 experiment and
o H3B2 1961-2099 this directory contains 139 years of daily GCM predictor data, derived
from the HadCM3 B2 experiment. Figure 5.2 illustrates the grid points of REMO and
GCM for the whole Gibe basin.

5.1.3 Filling of observed precipitation and temperature missed data

Some of weather observation stations have incomplete records; because of this they should be
filled in sequence. To fill the missed precipitation data a well known methodology inverse
distance weighing method has been applied this method relies on the data from a number
adjacent stations. The locations of these adjacent stations are such that they should be close to
and approximately evenly spaced around the site with the missing data. To account this
condition stations which have not been selected for climate change study also considered,
based on the availability of the data they have.

To check the quality of the data cross correlation between the accumulated totals of the gauge
in question are compared with the corresponding totals for a representative group of nearby
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gauge. In order to check the consistency of all the rainfall stations the double mass curve was
used. According to the result all the selected stations were consistent as a result all the stations
have been used for climate change study and simulation purpose.
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Figure 5.1 locations of representative meteorological stations mean monthly rainfall histogram
(1970-2000) from east and western part of the basin.

The missed gaps for maximum and minimum temperature data have been filled using SDSM
weather generator methodology. SDSM includes the WGEN (weather generator) section to
generate climatic data to fill in gaps in measured records. The weather generator operation
produces ensembles of synthetic daily weather series by providing observed large scale
predictor (or NCEP re—analysis) atmospheric predictor variables and regression model weights
produced by the model during calibration operation for available data sets. During calibration
time the observed missed value designates as -999. The weather generator enables the
synthesis of artificial time series representative of present climate conditions to reasonable
accuracy. Afterwards the missed maximum and minimum temperature filled from this generated
value. This procedure is the same as downscaling of current climate condition from NCEP
reanalysis data, and detail procedure of this methodology is described on the GCM downscaling
section of this thesis.

5.1.4 Hydrological data

River discharge is an important property to know the timing of flow within and between seasons.
Moreover, this data is the right hand of this research, because water resource potential of the
basin can be determined from this data set for reference time period, additionally the future
water condition of the basin due to climate change will be quantified by comparing with the
current water potential of the basin. Runoff unfortunately not as many gauging stations as
rainfall ones are present in the basin under investigation, but few of them are located at key
sites, like Abelti which has particular importance for this research. Daily discharge data of Omo
River, for the period of 1970-2000, was acquired from Ministry of water resources and energy of
Ethiopia that monitors the Rivers discharges in the country. Table 5.2 and figure 5.2 presents
list of flow measuring stations and stream network of Omo River. Most of the flow measuring
stations except Shebe, Megecha and Wolkite are found upstream of Abelti flow measuring
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stations and they record flow relatively from small catchment areas. Abelti station is the only

flow measuring station which measures flow from 15,690km? area.

S No. Station Name Location Catchment Observation
2 available .
Long. Lat. Area km data n. Year coverage period
1 Gibe@Abelti 37°35' 8’14 15690 31 1970-2000
2 GG@Assendabo 37°11' 745 2966 31 1970-2000
3 Wabe@Wolkite 37%e6' 8’15 1866 31 1970-2000
4 Gojeb@Shebe 26°23' 7°25' 3577 31 1970-2000
5 G@limugenet 36%56' 8°06' 533 17 1984-2000
6 G@Seka 36%45' 7°36' 280 20 1980-2000
7 Bidru Awana 37%24' 75! 41 20 1981-2000
8 Bulbul nr. Serbo 37°02' 7°34' 301 15 1986-2000
9 Megecha@Gubre 37°28' 8’11’ 286 31 1970-2000
11 Gecha nr. Bonga 36°13' 7°17' 175 19 1982-2000
12 Shete nr. Bonga 3614 7°17' 191 21 1980-2000
h
13 S:jib?:’er nr 37°54' 806' 190 31 1970-2000
Table 5.2 List of flow measuring stations
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Figure 5.2 Flow measuring stations in the upper part of the basin and observed, REMO and
GCM grind node in the entire Omo Gibe basin

In addition to the above mentioned data, spatial data of the basin like soil map and land use
map have been collated form MoWEE. The detail preparation of these data for modeling
purpose will be discussed in detail during calibration of SWIM at Abelti and Gibe Il dam site in
chapter six.
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5.2 Distribution mapping method to downscale Remo output

This part of the study focused on statistical downscaling of daily climate variables from REMO
and GCM output for climate change and impact assessment in Omo Gibe basin. Detalil
methodology and discussions given in the following section.

5.2.1 Cumulative distribution mapping method (CDM) for precipitation

One of the main objectives of this part of the research is providing of reasonable and consistent
meteorological input data from regional climate model REMO and GCM outputs for modeling of
future river runoff at the Omo Gibe basin. The set of 4 model runs were analyzed for future
scenario generation; two set of model run from A1B wet and optimum condition and two sets of
B1 model run wet and dry conditions. Here; wet, optimum and dry condition are given to the
scenarios run outputs based on the amount of precipitation simulated. Accordingly, A1B_911
wet, A1B 912 optimum, B1 921 wet and B1 923 dry condition will be used throughout this
study. At the beginning of downscaling procedure, Instead of choosing the nearest REMO grid
data to observation stations, precipitation and temperature scenarios from 1970—2050 with daily
temporal resolution have been interpolated with bilinear interpolation from the four nearest
REMO grid points, as this method helps in conserving properties of robustness and eliminating
unrealistic jumps.

The method is as follow,
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Figure 5.3 Representations of Remo grind nodes and one weather observation station

In the above figure 5.3 let us consider point p is one of observation point, Q11, Q12, Q21 and
Q22 are REMO grid data. By considering the x and y distance of these four stations relative to
the observation stations daily climate projections from regional climate model (REMO) are first
downscaled to specific weather observation sites using bilinear interpolation method. The
equation used for interpolation procedure is as follow.

(X=x)y-V,) 5.1

(Xz - X)(yz - Y) Q11 + (X_ Xl)(yz B Y) Q21 + (Xz - X)(y_ Y1) le + sz

(Xz - X1)(Y2 - Y1) (Xz - X1)(Y2 - Y1) (Xz - Xl)(yz - y1) (Xz - X1)(Y2 - Y1)

pP(x,y) =

After interpolation of climate data to observation stations a comparison were carried out for
control period, because this comparison would help us how REMO output represents the
current climate conditions. The result showed that there is a marked disagreement between
observed mean annual values and standard deviation in observed and simulated climate within
the control period 1970-2000. These results are depicted in the following table clearly.
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S.No | Stations Observed Interpolated REMO | Error (Remo | %age of
Precipitation (mm) | precipitation (mm) | prec.-Obs error
(1970-2000) prec) (mm)
1 Assendabo 1214.3 1389.6 175.4 14%
2 Bele 1240.9 1234.3 -6.6 -1%
3 Bonga 1726.5 1234.3 -492.1 -29%
4 Chekkorsa 1698.3 1542.2 -156.2 -9%
5 Dedo 1959.3 1514.3 -445.0 -23%
6 Durame 1153.1 1214.9 61.8 5%
7 Gedo 1141.4 1429.7 288.3 25%
8 Gibe 976.5 1291.1 314.6 32%
9 Hossana 1193.6 1235.8 42.2 4%
10 Jimma 1493.3 1515.9 22.6 2%
11 Jinka 1307.9 927.8 -380.1 -29%
12 Kumbi 1283.4 1298.8 154 1%
13 Limu 1753.5 1452.9 -300.6 17%
14 Meteso 1925.5 1486.9 -438.6 -23%
15 Morka 1367.0 1236.5 -130.4 -10%
16 Sawula 1547.4 1191.0 -356.4 -23%
17 Shebe 1634.2 1443.5 -190.7 -12%
18 Woliso 1239.0 1310.4 714 6%
19 Sodo 1402.1 1232.1 -170.0 -12%
20 Wolkite 1339.5 1283.7 -55.9 -4%
21 yaya 1095.7 1302.9 207.2 19%

Table 5.3 Mean annual precipitation observed and interpolated from REMO simulations for
current time period (1970-2000).
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Figure 5.4 Comparisons of mean annual precipitation, spatially interpolated using inverse
distance weighing for observed and historical REMO simulations (1970-2000) respectively

As it is possible to see from the above table 5.3 and figure 5.4 there are marked disagreements
between observed mean annual values in observed and simulated climate within the control
period 1970-2000. Simulated precipitation statistics from REMO are generally affected by a

58



positive and negative bias in the number of stations. This proved that ,although, REMO
simulates the precipitation on a sub-daily time step, its coarse spatial resolution and resulting
distortion of day-to-day variability limits the use of its daily output as a direct input data to SWIM
hydrological modeling for simulation of future flow in Omo Gibe basin without downscaling and
bias correction procedure.

Direct comparison of results from REMO simulation and observations from Omo Gibe stations
during the same period showed that temperature and precipitation fields produced by REMO is
too coarse to give detailed estimates of point values. The interpolated precipitation from REMO
has shown great divergence especially to western part of the catchment. REMO simulation
highly underestimated the mean annual rainfall for wettest part and higher altitude of the basin,
for instance mean annual rainfall at Bonga, Chakorsa, Dedo, Limu, Meteso and shebe
underestimated by 492mm, 156mm, 445mm, 300mm, 438mm and 190mm respectively. Some
low-lying sites like Yaya and Gibe and stations which have relatively lower mean annual rainfall,
the precipitation value interpolated from the regional climate model REMO is estimated higher
value.

According to rough observation made on the output of REMO, precipitation for Omo Gibe basin
simulated by this model has a low number of dry days, which is partly compensated by an
excessive number of occurrences of drizzle which leads to a bias in the mean and standard
deviation (variability), and the inability to reproduce extreme events like the observed high
precipitation events. For future flow forecast in Omo Gibe basin a realistic representation of
precipitation and temperature fields in future climate projections from climate models is crucial
for assessment of flow potential, because of this bias correction method is very important.

To overcome the biases in Interpolated (primarily downscaled) REMO; a methodology applied
for correcting climate model output to produce internally consistent fields that have the same
statistical intensity distribution as the observations. A frequency distribution mapping
methodology is used which corrects the frequency and the intensity distribution of daily REMO
rainfall relative to a target stations.

Distribution mapping is a statistical downscaling method developed to correct the bias in a
manner that better captures the potential variability of future climate changes. The method is
based on a bias correction scheme for downscaling climate model output described by (Wood et
al., 2002; Ines and Hansen, 2006; Elshamy et al., 2009).

According to (Ines and Hansen, 2006) If REMO rainfall frequency is greater than observed
frequency for a given month, averaged across years, REMO rainfall frequency is corrected by
discarding rainfall events below a calibrated threshold. Fortunately there were no such events in
many of the stations in Omo gibe basin, however, rainfall values which has very small
magnitudes less than 0.3mm ignored from simulations. To correct the intensity distribution, each
REMO rainfall amount above the calibrated threshold is mapped from the REMO intensity
distribution onto the observed distribution.

Based on this, the methodology involves two stapes bias correction procedures:

v’ correction of frequency
v’ correction of intensity

59



(a)

Observed
F(Xobs:o) e
REMO

F(Xremo=0)

0 Xo
(Xo Calibrated threshold)

N

¥ > A 4 > >

X X'

REMO prec. distribution Observed Prec. distribution Corrected Prec. distribution

Figure 5.5 Schematic representation bias correction methodology: (a) frequency, (b) intensity
(Ines & Hansen 2006). Where x;and X’; refer to REMO and observed rainfall on day i,
respectively

5.2.1.1 Distribution mapping of gamma equation to Omo Gibe precipitation

It is widely recognized that the distribution of daily precipitation can be well approximated by
gamma function. Therefore, an assumption has been carried out that observed, historical and
scenario simulated intensity distributions are well approximated by the gamma distribution. The
effect of this distribution on Gibe basin observed and REMO simulated precipitation can be
observed from (Figure 5.6). As a result, all observed and interpolated REMO precipitation
scenarios were disaggregated it to monthly basis at each observation station from January to
December. Basically three datasets were used in connection with this analysis; observed
rainfall from 1970 to 2000, baseline REMO from 1970 to 2000 and projected rainfall from REMO
and four scenarios from 2020 to 2050.

Gamma distribution can be expressed by the following probability density function (PDF).

PDF = f(x) = Xt exp(—é) 5.2
o

Lt
p°T(a)

The mean rainfall x (mm/day) in the above equation 5.2 is defined as product of the mean
intensity on wet days when precipitation exceeds 0.3mm. Since REMO simulates low number of
dry days, which are compensated by too much drizzle, small rainfall magnitudes less than
0.3mm were excluded from simulation.

First, a two-parameter gamma distribution was fitted separately to the observed and REMO

rainfall on wet days to model the intensity distributions on monthly basis starting from January to
December with the following equation 5.3.
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1
BT (a)
The shape and scale parameters (a and ) for each gamma distribution (for each station on
monthly basis) were determined using maximum likelihood estimation. For example for one
observation station twelve times were fitted out of 31 years available data sets from January to
December using equation 5.3. After having the shape and scale parameters, the intensity of the
rainfall were corrected for historical REMO simulated output by mapping the distribution of
REMO on to observed one for each month and each station using equation 5.4.

X _t
Fi(X;a, ) = CDF = jt“’le /dt 5.3
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Figure 5.6 The effect of gamma fitting on June precipitation at Limu observation station

Then the cumulative distribution of the daily REMO rainfall F;,,4¢:(X;) is mapped onto the
cumulative distribution of the observations F; ,,s(X;). The bias corrected modeled rainfall X; .o,
on day i can then be calculated as:

Xi’,corr = o_bls (Fi,model(Xi)) 5.4
Where F; . is the inverse of observed rainfall distribution function

This whole procedure applied separately for each month of 21 rainfall stations in order to correct
errors in monthly and seasonal cycle. As a result, bias free rainfall values from REMO obtained
by this procedure from all weather observation stations for current climate condition. The detail
results and validation of the methodology will be discussed in the following section.

5.2.1.2 Results and discussion on precipitation downscaling

An evaluation procedure is set up to ensure that the accuracy of downscaled daily sequences
are consistent with monthly observed values in terms of a number of performance criteria, such
as cumulative distributions, differences of the mean, sum and variance between observed and
bias corrected data, and also the RMSEs (root mean square errors) of the downscaled values
relative to the observed one. The main objective of bias correction method was to reproduce
daily and monthly time series of modified precipitation at weather measuring point throughout
Omo Gibe basin from REMO. The bias correction method relies on changing of cumulative
distribution function (CDF) of modeled data. Additionally the performance of the bias correction
methodology is checked by root mean square error (RMSE); because this helps to understand
how the magnitude of uncorrected and corrected REMO varying with respect to observed value,
since this method compares the pair wise differences of the two data sets that can serve as a
measure how far on average the error is from zero. Therefore, the RMSE of the differences is a
meaningful measure of the error. The RMSE for each stations were calculate as
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" 210.5
RMSEy = | == Zm(Xs2% — X57)’|

Where X2P* mean monthly observed precipitation in control period
X5 Mean monthly corrected precipitation in control period
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Table 5.7 summarizes annual sum of precipitation, inter annual variance and RMSE of
observed, REMO simulations and corrected precipitation in control period.

Annual sum of precipitation

RMSE monthly

S No | Stations (mm) Varriance inter annual averaged
observed | Uncorr. | corrected | observed | Uncor. | Correct. | Uncorr. | correcte
1 |Assendabo | 1214.2 | 1389.6 | 1206.6 51.6 26.9 54.0 0.76 0.39
2 |Bele 1240.9 | 1234.3 | 1240.6 55.2 19.8 68.2 0.42 0.08
3 |Bonga 1726.5 | 1513.3 | 1727.1 60.2 29.7 73.4 0.82 0.04
4 | Chekorsa 1698.3 | 1542.2 | 17545 61.2 317 71.6 0.63 0.52
5 |Dedo 1959.3 | 1514.3 | 1949.6 81.2 35.4 96.5 1.48 0.09
6 Durame 1153.1 12149 | 1154.1 46.8 25.0 57.1 0.54 0.08
7 | Gedo 1141.4 | 1429.7 | 11427 41.7 41.3 48.4 1.32 0.06
8 |Gibe 976.5 1291.1 | 994.0 41.0 23.6 48.3 1.15 0.08
9 |Hossana 1193.6 | 1235.8 | 11754 44.1 30.3 51.3 0.57 0.02
10 |Jimma 1493.3 | 1515.9 | 1499.6 59.8 64.9 70.1 0.28 0.07
11 |Jinka 1307.9 927.8 1270.5 61.2 20.8 69.8 1.16 0.06
12 | Kumbi 1283.4 | 1298.8 | 1300.2 68.4 23.4 814 0.76 0.08
13 |Limu 1753.5 14529 | 1751.0 75.7 33.7 85.7 1.16 0.11
14 | Meteso 19255 | 1486.9 | 1924.6 90.4 33.3 104.6 1.50 0.09
15 |Morka 1367.1 | 1236.5 | 1407.8 45.5 24.6 58.1 0.50 0.09
16 |Sawula 1547.4 1191.0 | 1537.5 74.5 19.5 92.3 1.21 0.12
17 | Shebe 1634.2 | 14435 | 1632.1 56.8 48.4 88.5 1.05 0.09
18 |Woliso 1239.0 | 13104 | 1244.8 47.9 26.0 52.8 0.51 0.04
19 |Wolita 1402.1 | 1232.1 | 1438.5 72.7 20.7 98.1 0.93 0.14
20 | Wolkite 1339.5 | 1283.7 | 1352.9 67.9 24.5 76.1 0.70 0.08
21 |Yaya 1095.7 | 1302.9 | 1108.6 50.7 25.1 59.3 0.84 0.00

Table 5.4 Performance parameters for bias correction methodology between observed,

corrected and current time Remo simulation (1970-2000)

As we see from table 5.4 and figure 5.7 RMSE of monthly average parameters were
significantly reduced by the bias correction procedure. Except Assendabo and chakorsa the
average errors for most of weather observation stations near to zero which indicates that the
applied methodology in removing of bias performs very well in producing of current climate data
sets. The uncorrected simulation has strong biases which are removed by the correction
procedure. In addition to RMSE, sum of mean monthly precipitation and mean monthly variance
and cumulative distribution values show great improvement.
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Figure 5.7 RMSE for corrected and uncorrected REMO in historical period 1970-2000
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Figure 5.8 Comparison of monthly sum of daily precipitation (mm/month) and variance at
Assendabo and Limu from 1970-2000 for observed, corrected and Remo simulation.

Eventhough, this correction procedure has been carried out for all climate stations, at this part of
discussion only representative stations considered for elaboration purpose. In figure 5.8 the
legends described as follow. The first letter designated the name of the station example (A)
Assendabo and (L) Limu, the second three or four letter obs, corr, and remo means observed,
corrected and Remo value respectively and the last letter P and V stands for precipitation and
variance.

In figure 5.8 uncorrected REMO simulation (yellow green) bar are shown sum of monthly rainfall
value overestimated at Assendabo from August to November and the variance under estimated
in all months of the year, whereas at Limu the sum of uncorrected REMO rainfall
underestimated from March to July. The variance in all observation stations were
underestimated to considerable limit. Generally the uncorrected simulation of REMO results has
strong monthly negative biases in the overall precipitation and variance especially at Limu
precipitation station. Regarding to bias corrected results (dark brown) bar captures the observed
(dark blue) bar very well even in monthly basis this means that the corrected model very much
closer to observed value. Note that the bias correction was computed using 1970-2000
observations. Hence, the improvements seen in above two figures showed that the corrections
method improves the variability, negative and positive biases of the simulated precipitation from
REMO significantly. Similar comparisons for the rest of the stations are found at the appendix.
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Figure 5.9 Comparison of mean annual rainfall observed and corrected Remo (1970-2000)
respectively for upper part of the basin.

Figure 5.9 shows the comparison of spatially interpolated by using inverse distance weighing
method for observed and corrected rainfall from Remo simulation. This has been done only for
upper part of the basin since most weather observation stations are found in this region.
Unfortunately the southern part of Gibe basin below Gibe Il dam site is represented only by
three weather observation stations because of this interpolation for the entire basin was not
carried out. According to the above result the methodology is also robust in simulation mean
annual rainfall in all observation stations.
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Figure 5.10 Cumulative distributions of observed, corrected and uncorrected Remo precipitation
at Bonga and Bele weather stations for reference time period.

The above cumulative distribution graphs show the effects of statistical correction (distribution
mapping) methodology in the distribution of corrected Remo simulations. This graph can be
used as a check how the bias correction method simulates high precipitation events, in other
way this method removes the poorer ability of Remo in simulating higher precipitation spectrum.
Because in Remo the simulated daily precipitation has a low number of dry days, which are
compensated by too much drizzle, which is the source of a bias in the mean, and the inability to
reproduce the extreme events.

Graphs of cumulative distribution functions, comparison of monthly sum of precipitation and

seasonal comparison of simulated and observed values for all other stations are found at the
end of this thesis in the form of Appendix.
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5.2.2 Cumulative distribution mapping (CDM) for temperature data

Before any downscaling procedure like that of precipitation, maximum and minimum
temperature for historical and scenario period were interpolated to weather observation stations
in Omo Gibe basin using bilinear interpolation method as discussed in the above section. As we
know the statistical characteristics of temperature values are different from that of precipitation,
because of this we proposed a different set of problems for downscaling and correcting biases
from maximum and minim temperature outputs of Remo.

Prior to any bias correction procedure comparison of observed and Remo simulated maximum
and minimum temperature carried out. According to the results Remo agrees in general
increments of temperature in most of the stations for future time except yaya. However, it over
estimates the mean annual maximum and minimum temperature in most of weather observation
stations for historical period. The mean annual minimum and maximum temperature shows a
strong positive bias in higher altitude for instance in Gedo, because of this downscaling and
error correction procedure is unquestionable. Downscaling of maximum and minimum
temperature carried out for 14 weather observation stations, these stations are mentioned in the
following table 5.5.

Remo simulations of minimum temperature show strong positive bias for most of the stations
and maximum temperature show strong positive bias for northern tip of the basin. Not only this
but also it show a strong bias on the variance term which is not shown here but it is possible to
get these values at the appendix part of this thesis. Like daily precipitation, histograms of mean
daily temperature for a given month are not comparably well with observed value. To overcome
this problem a new downscaling and error correction method based on the best cumulative
distribution fitting equations were selected for each climate observation station on monthly
basis.

Mean Mean ann | Difference Mean Mean ann | Difference
Station ann Obs REMO Obs-REMO | ann Obs | REMO T in Obs-

SNo| Name Tmax °C | Tmax °C °C Tomin °C °C REMO °C
1 |Assandabo 27.0 27.0 0.0 11.9 13.4 -1.5
2 Bonga 26.5 25.0 1.5 11.5 13.7 -2.2
3 |Dedo 22.8 27.1 -4.3 10.8 14.9 -4.1
4 |Hossana 23.6 25.6 -2.0 11.0 12.7 -1.7
5 |Jimma 26.8 26.9 -0.1 11.3 14.8 -3.5
6 |Jinka 27.0 29.8 -2.8 15.8 18.1 -2.3
7 |Gedo 21.4 27.6 -6.2 9.2 14.0 -4.8
8 | Morka 30.6 28.1 2.5 16.0 16.4 -04
9 |Sawula 29.1 28.9 0.2 17.1 16.8 0.3
10 |Wolita 24.4 26.3 -1.9 13.2 14.4 -1.2
11 |Wolkite 26.9 25.0 1.9 12.2 11.5 0.7
12 |Yaya 29.0 24.7 4.2 12.4 11.3 1.1
13 |Shebe 25.6 25.8 -0.2 13.5 13.7 -0.2
14 |Woliso 24.9 25.9 -1.0 12.0 13.1 -1.1

Table 5.5 Mean annual maximum and minimum surface temperature of observed and
interpolated REMO simulations for current time.
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Figure 5.11 Spatially interpolated maximum temperature for upper part of the basin observed
and Remo before correction for historical time frame respectively.

The bias correction method has been applied like that of precipitation for historical period, with
distinguishing between seasons, and then validation of the methodology was carried out. It is
clearly shown in the above section, methods for mapping one distribution onto another are well
established in precipitation bias correction for Omo Gibe and it has been used to correct bias of
both monthly and daily REMO precipitation. But for precipitation only Gamma distribution was
selected to fit the distribution of observed, REMO and future scenario data. For the case of
maximum and minimum temperature different distributions were used to fit the data to get the
best distribution equation which fits for each months of maximum and minimum temperature.

It is possible to explain that, this method is a data analysis and simulation application allowing
fitting probability distributions to observed and REMO data, select the best distribution model,
and apply the analysis results to make better decisions. Observed, Remo and scenario data
were divided in to monthly basis from January to December for each observation stations and
were fitted in to different distribution fitting equation listed in table 5.6. There are so many
distributions fitting equations, among these distribution equations the fitting process for Omo
Gibe maximum and minimum temperature took place by using the following selected distribution
equations based on their relative performance in fitting temperature data in Gibe basin.

Bounded Unbounded | Non-Negative Advanced
Kumaraswamy | Gumbel max Burr Gen. Extreme value
Gumbel min Dagume Gen. Pareto
Logistic Exponential Log Pearson 3
Normal Fatique life
Frechet
Gamma

Gen. Gamma

Log. Gamma

Log-Logistic

Log normal

Weibull

Table 5.6 Different distribution equations used to fit distributions of maximum and minimum
temperature in Omo Gibe basin.
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The bounded distribution is simply a standard distribution that has additional upper and lower
limits set. Bounded domain distributions naturally come up when random variables should only
vary in a finite interval. A distribution that is confined to lie between two determined values is
said to be bounded. A distribution that is unbounded theoretically extends from minus infinity to
plus infinity. There are a number of well-known methods which can be used to estimate
distribution parameters based on available sample data. Among this well known, the estimation
of the parameters for Omo Gibe basin was carried out with the method of maximum likelihood
estimates (MLM). The fithess of each probability distribution was evaluated by the Kolmogorov-
Smirnov, Anderson-Darlingn and Chi-Squared tests. The selection of best distribution equation
has been done based on the performance of the distribution equation in fitting the temperature
values.

5.2.2.1 Selection of best cumulative distribution equation

Selection of best distribution equation that fitted maximum and minimum observed and
uncorrected Remo simulations has been done by using goodness of fit test (GOF) and visual
inspection of different graphs. The goodness of fit (GOF) tests measures the compatibility of a
random sample with a theoretical probability distribution function. In other words, these tests
show how well the distribution which is selected fits to our data. This GOF test helps to decide
which model describes the data in the best way.

Three GOF tests have been used mainly KS test:

v Kolmogorov-Smirnov (KS)

v" Anderson-Darling

v' Chi-Squared

a. Kolmogorov-Smirnov
This test is used to decide if a sample comes from a hypothesized continuous distribution. It is
based on the empirical cumulative distribution function (ECDF). Assume that we have a random

sample Xi,...X, from some distribution with CDF F(x).

The Kolmogorov-Smirnov (K-S) test is based on the empirical distribution function (ECDF).

Given N ordered data points Yy, Y, ....... Yn, the ECDF is defined as,
n(i)
En = T 56

Where n(i) the number of points is less than Y; and the Y; are ordered from smallest to largest
value. This is a step function that increases by 1/N at the value of each ordered data point. The
Kolmogorov-Smirnov statistic (D) is based on the largest vertical difference between the
theoretical and the empirical cumulative distribution function

The graph below is a plot of the empirical distribution function with a normal cumulative
distribution function.
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Figure 5.12 lllustration of the two-sample Kolmogorov-Smirnoff statistic. Red and blue lines
each correspond to an empirical and teoretical distribution function, and the black arrow is the
K-S statistic.

Definition
The Kolmogorov-Smirnov test is defined by:

e Hy: the data follow the specified distribution
o H,: the data do not follow the specified distribution

i i
D= max (F(J/i) NN F()’i)) >7

The hypothesis regarding the distributional form is rejected at the chosen significance level
(alpha) if the test statistic (D) is greater than the critical value obtained from a standard table for
the given signicance level value. This table is a standard table can be found in any statistcs
books for different values of significance level.

b. Anderson-Darling Test
The Anderson-Darling procedure is a general test to compare the fit of an observed cumulative
distribution function to an expected cumulative distribution function. This test gives more weight
to the tails than the Kolmogorov-Smirnov test.

Definition

The Anderson-Darling statistic (A%) is defined as

P 5.8
1 n

S = NZ(Zi — 1) * [inF(Y)) + In(1 = F(Xp—i+1))] >
i=1

The null and the alternative hypotheses are:

¢ Hy: the data follow the specified distribution;
¢ H,: the data do not follow the specified distribution.

The hypothesis regarding the distributional form is rejected at the chosen significance level
(alpha) if the test statistic, A% is greater than the critical value obtained from a table.
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Cc. Chi-Squared test

This test is applied to binned data, so the value of the test statistic depends on how the data is
binned. Although there is no optimal choice for the number of bins (k), there are several
formulas which can be used to calculate this number based on the sample size (N). For this test
the following empirical formula employed:

K=1+logy 5.10
Definition
The Chi-Squared statistic is defined as
k
0; — E)?
X2 = Z (O = B 5.11
. E;
i=1

Where O; is the observed frequency for bin i, and E; is the expected frequency for bin i
calculated by

E; =F(Xy) — F(Xy) 5.12

Where F is the CDF of the probability distribution being tested, and x;, x, are the limits for bin i
Hypothesis testing the null and the alternative hypotheses are:

¢ Hy: the data follow the specified distribution;
¢ H,: the data do not follow the specified distribution.

The hypothesis regarding the distributional form is rejected at the chosen significance level
(alpha) if the test statistic is greater than the critical value defined as,

Xt a1 5.13
Meaning the Chi-Squared inverse CDF with k-1 degrees of freedom and a significance level of
alpha, though the number of degrees of freedom can be calculated as k-c-1 (where c is the
number of estimated parameters).

In addition to this goodness of fit test visual inspections of the fitted data were carried out.

Visual inspection of the histograms (PDF) cumulative frequency curves and quantile-quantile
(Q-Q) plot, helps to judge which of the distribution functions were appropriately fitted the data.
Therefore the selection of the best cumulative distribution function for each of the stations on
each month were selected based on goodness of fit test with the help of visual inspection
method.

According to the following figure 5.13 the empirical PDF (probability density function) for
January minimum temperature at Bonga is displayed as a histograms consisting of equal-width
vertical bars (bins). The theoretical PDF is displayed as a continuous curve properly scaled
depending on the number of intervals. As per the above figure based on the order of best
cumulative distribution function the first rank is given to Kumaraswamy the second rank is Burr
and etc. Accordingly Kumaraswamy distribution has been selected for January minimum
temperature at Bonga for further processing. Moreover, another visual inspection was carried
out using the probability-probability (P-P) plot for each selected distribution functions. This is a
graph of the empirical CDF values plotted against the theoretical CDF values. It is used to
determine how well a specific distribution fits to the observed data. This plot will be
approximately linear if the specified theoretical distribution is the correct model.
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Figure 5.13 PDF of January minimum temperature at Bonga reference time.
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Figure 5.14 Probability-Probability plot of January minimum temperature at Bonga for
Kumaraswagmy distribution

This graph can also be used to determine where the data do and don't follow the theoretical
distribution. Based on all the above goodness of fit test and visual inspection, among the above
listed distribution type in Table 5.6 Kumaraswamy, Burr three and four parameters, the
generalized extreme value (GEV), and weibull performs very well in fitting Omo Gibe maximum
and minimum temperature data for observed, historical and scenario period. Because of this
from now on all simulations of maximum and minimum temperature analysis will be done on the
above mentioned distribution type. Detail descriptions of the distribution type are given below.

l. Kumaraswamy distribution

One of the cumulative distribution equation used in this part of the study is Kumaraswamy
distribution. In probability and statistics, the Kumaraswamy's double bounded distribution is a
family of continuous probability distributions defined on the interval [0,1] differing in the values of
their two non-negative shape parameters, a and b. It is similar to the Beta distribution, but much
simpler to use especially in simulation studies due to the simple closed form of both its
probability density function and cumulative distribution function. This distribution was originally
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proposed by Poondi Kumaraswamy for variables that are lower and upper bounded®.
Ponnambalam Kumaraswamy (often referred to as Poondi Kumaraswamy) was a leading
hydrologist from India.

The beta distribution is very flexible to model data restricted to any finite interval since it can
take an amazingly great variety of forms depending on the values of the index parameters (Artur
J., 2011). In hydrology and related areas, for example, the Kumaraswamy distribution has
received considerable interest (Ganji et al., 2006). According to Nadarajah (Nadarajah S., 2008)
many papers in the hydrological literature have used this distribution because it is deemed as a
‘better alternative’ to the beta distribution.

Kumaraswamy’s distribution has its genesis in terms of uniform order statistics, and has
particularly straightforward distribution and quantile functions which do not depend on special
functions (and hence afford very easy random variate generation). The distribution might,
therefore, have a particular role when a quantile-based approach to statistical modeling is taken,
and its tractability has appeal for pedagogical uses (Jones M.C., 2009).

The probability density function (PDF) and cumulative distribution function (CDF) of the
Kumaraswamy distribution are given as:

Probability density function

_ alazzal—l(l_zal)az—l
(b-a)

PDF 5.14

CDF =1— (1 —Z%)% 5.15

Where Z = g

a, Is continuous shape parameter

a, Is continuous shape parameter

a and b are boundary parameter (a<b)
Domaina< X <b

According to the goodness of fit test (Kolmogorov-Smirnov, Anderson-Darling and Chi-
Squared) the rank of Kumaraswamy distribution in fitting minimum temperature shows very
good result for many of the weather observing stations in Omo Gibe basin. Based on its
performance this distribution was selected to fit mainly minimum temperature.

Il. Burr distribution

The Burr distribution which yields a wide range of values of skewness and kurtosis can be used
to fit almost any given set of unimodal data. Burr (1942) has suggested a number of forms of
cumulative distribution functions which might be useful for fitting data (Tadikamalla P. R., 1980).
Burr introduced a system of twelve cumulative distribution functions (cdfs) for the primary
purpose of fitting data (Todd C. et al. 2010). Burr in 1973 and Tadikamalla in 1980 gave
additional attention to the Type Il and Type XII distributions because they include a variety of
distributions with varying degrees of skew and kurtosis. For example, the Type XII distributions
include characteristics of the normal lognormal, gamma, logistic, and exponential distributions
as well as other characteristics associated with the Pearson family of distributions (P. R. Tadik.,
1980).

*® http://en.wikipedia.org/wiki/Kumaraswamy_distribution
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According to the study that has been made by (Todd C. et al. 2010) the Type Ill or Type Xl
distributions have been used in a variety of different studies for the purpose of statistical
modeling. Some examples include such topics as forestry (Gove et al., 2008), fracture
roughness (Nadarajah et al., 2006), operational risk (Chernobai et al., 2007), meteorology
(Mielke et al., 1973), modeling crop prices (Tejeda et al., 2008), Flood frequency analysis
(Quanxi et.al., 2004) and hydrology (Shao Q., 2005). At this part of the study this distribution
has been applied to fit maximum and minimum temperature of Omo Gibe basin.

According to the property of Burr distribution, it is a right-skewed distribution, because of this
property, for maximum and minimum observed and Remo simulated temperatures in Omo Gibe
basin which has right skewed shape, this cumulative distribution function were approximated
very well for some of the months. Based on the above mentioned goodness of fit test and from a
modeling perspective the extended three and four parameter Burr distribution is therefore a
meaningful candidate distribution in the frequency distribution analysis for some of the weather
observing stations and for some months of the year in Omo gibe basin.

Three parameter Burr distribution probability density function (PDF) is give by:

x5

sl (5]
Where

K is shape parameter (K>0)

a Is shape parameter (a>0)

B Is scale parameter ($>0)

v Is location parameter (y = 0) yields the three parameter distribution
Domainy < X < 4+

PDF = 5.16

K+1

Cumulative distribution function (CDF)

CDF=1- [1 + (X%)“]_K 5.17

1. Generalized extreme value distribution

The generalized extreme value (GEV) distribution is a family of continuous probability
distributions developed within extreme value theory to combine the Gumbel, Fréchet and
Weibull families also known as type I, Il and Il extreme value distributions®. This distribution
performs very well only for few of weather observing stations and for few months of the year.
Stations which don’t perform well using Kumaraswamy and Burr distributions they showed
better results using generalized extreme value and weibull distributions. In consideration of this
and using the advantage of GEV and Weibull these two distributions also used for fitting
maximum and minimum temperature for some of the months and stations in Omo Gibe basin.
Probability density function of this distribution is given by

(1 -1 _1_1
gEXP[—(1+KZ)K](1+KZ) K, K+#0

PDF = ! 1 5.18
L SEXP[~Z — EXP(-7)] K=0

! https://en.wikipedia.org/wiki/Generalized_extreme_value_distribution
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_ X-u

8
Where K is Shape parameter

§ Is scale parameter
u Is location parameter
Domain

1+ 558 > 0 fork #0.0

- <X <+ forK =0.
Cumulative distribution function

CDF =
-1

EXP [—(1 + KZ)?], K#0

EXP[—EXP(-Z)], K =0

5.19

V. Weibull distribution
Eventhouh weibull distribution does not perform like that of Kumaraswamy and Burr for many of
the stations; it shows good results in some of the stations. For this specific purpose of the study
two parameter weibull distribution shows better result than the three parameter distributions.

Probability density functions of two parameter weibull distribution given by:

PDF = %(g) « EXP [— @a] 5.20

CDF =1 — EXP [— (g)“] 5.21

oa—1

Where o shape parameter (a > 0)
B Is scale parameter (f > 0)

5.2.2.2 Distribution mapping from selected equations to temperature data

The basic idea followed at this part of the research is the same as that of precipitation, but
different methodology. The primary objective of fitting maximum and minimum temperature in
different cumulative distribution function is to select and construct the best cumulative
distribution for observed and Remo simulated temperature. After the selection of the best
cumulative distribution function for each stations and each month, distribution mapping
procedure performed.

For illustration purpose let's take one of weather observation station in Omo Gibe basin
Assendabo. The observed maximum and minimum temperature at Assendabo were
disaggregated in to monthly bases from January to December similar procedures followed for
historical and scenario runs of Remo data. Now we have three data sets observed, historical
and scenario run of Remo data. All these three data sets were fitted independently on monthly
basis using the above selected cumulative distribution equations. Based on the performance of
distribution, the same distribution type selected for the same months of the year. And then the
cumulative distribution of the daily Remo maximum and minimum temperature was mapped
onto the cumulative distribution of the observed maximum and minimum temperature on
monthly basis.
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For the case of clarity the following equation can be referred. The subscript ‘c,M,j’ to equation
5.22, refers the letter (c) represents error corrected, (M) maximum temperature and (j) months
of the year January, February...December. Based on this, bias corrected Remo maximum
temperature for the month of January T,y ; on a given weather observation station can then be
calculated as:

Tc.M.j = Fo_.l%/l.j [FT.MJ (XT.M.f)] 5.22

Here X,y ; represents a given value of maximum temperature in January to be corrected at the

point of interest. This value obtained from interpolated Remo grid points from each weather
observation station.

F. u,; represents the cumulative distribution functions of Remo maximum temperature before
correction for the month of January. This distribution function is obtained by fitting interpolated
Remo maximum temperature for that specified month in to a number of cumulative distribution
fitting equations mentioned above and selecting of the best one using previously discussed
selection criteria.

Fom; represents the inverse of observed distribution function for maximum temperature on
January using best cumulative distribution equation.

Accordingly Remo simulated maximum and minimum temperature from each station and on
each month were mapped on to observed cumulative distribution function.

5.2.2.3 Results and discussion on temperature downscaling

According to the results, the methodology has been showed a realistic representation of
maximum and minimum temperature fields in historical period. This bias correction method with
daily cumulative distribution functions on monthly basis can remove biases, modifying the
control period data obtained by the Remo, therefore, this new technique corrects all ranges of
the errors which were inherited in raw Remo simulation. Similarly validation of this methodology
has been carried out using daily maximum and minimum temperature data in a number of ways.
The performance of the bias correction procedure were analysed by comparing monthly
average statistical parameters for observed and corrected maximum and minimum temperature
for all stations.

Evaluation methods

Evaluating downscaling methods that are designed for assessment of future climate change
presents a unigue challenge, because comparison to future climate states is clearly not
possible, so instead in order to evaluate the methodology efficiency it is possible to compare
observed and corrected data sets for current time period, as a result the downscaled daily
weather sequences are examined to assess the ability of the downscaling methods to
reproduce certain statistical measures of the daily weather patterns.

The evaluation methodologies carried out for this procedure are listed below:

e Comparison between observed and corrected mean monthly and mean annual
maximum and minimum temperature

Comparison of monthly variances of daily temperatures

Direct comparison of day to day temperatures

Comparison of spatially interpolated maximum and minimum temperature and

Root mean square errors (RMSE) between observed and corrected values
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The daily weather sequences are examined from observation stations using the statistics
derived from the years 1970-2000 for most of the stations. These values are then compared to
the downscaled sequence intended to represent the present climate.
Assendabo
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Figure 5.15 Mean monthly observed, corrected and Remo simulated maximum and minimum
temperature at Assendabo for historical period.

Figure 5.15 shows examples of results from the downscaling scheme, at Assendabo weather
station. The legends in the above figure are described as follow. OTmax represents observed
maximum temperature, CTmax corrected maximum temperature, RTmax Remo simulated
maximum temperature, OTmin observed minimum temperature, CTmin corrected minimum
temperature and RTmin Remo simulated minimum temperature. Comparison of mean monthly
values from all part of the data helps in assessing the overall applicability and performance of
the proposed methodology at reproducing the 1970-2000 maximum and minimum temperature.

According to the above result the methodology performed very well and reliably estimated the
present day mean monthly maximum and minimum temperature in all Omo Gibe weather
observation stations. Similar figures for the rest of the station are provided at the appendix in the
form of tables and figures. This new bias correction method is a stable and reliable in removing
the mismatch between Remo and observed temperature values.

In order to confirm the reliability of the methodology extra validation methodology were
employed with other statistical properties between observed and corrected data sets. The root
means square error for Remo before and after correction was calculated for all stations in
monthly basis and the results are depicted in the following table and figure.

RMSE of maximum and minimu temperature

RIMSE

B RMSE Tmax Uncorrected B RMSE Tmax corrected B RMSE Tmin Uncorrected M RMSE Tmin corrected

Figure 5.16 Graphical presentation of RMSE for temperature data.
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Root mean square error for maximum and minimum temperature
RMSE maximum temperature RMSE minimum temperature
Sno Station RMSE RMSE
uncorrected corrected uncorrected corrected
1 Assendabo 1.46 0.04 2.72 0.02
2 Bonga 2.57 0.10 2.27 0.04
3 Dedo 5.16 0.04 4.60 0.08
4 Gedo 6.24 0.05 4.75 0.14
5 Hissana 3.40 0.24 291 0.08
6 jimma 1.39 0.05 4.49 0.21
7 Jinka 3.50 0.04 2.68 0.13
8 Morka 4.01 0.06 1.82 0.09
9 Sawula 1.73 0.04 0.86 0.12
10 |Shebe 1.60 0.07 2.04 0.02
11 Wolita 3.56 0.19 2.92 0.17
12 | Wolkite 2.53 0.16 1.13 0.02
13 Yaya 5.02 0.12 1.71 0.01

Table 5.7 Root mean square error for maximum and minimum temperature before and after
correction

If a perfect match achieved between observed and corrected temperature it would have an error
of zero. Eventhough, it was not possible to achieve error of zero between observed and
corrected value, but it was possible to achieve errors which approaches to zero. Based on the
above graphical representation of RMSE, the errors which were inherited in Remo data sets
were reduced (removed) significantly in all of the stations. This is the indication of the best
performance of the method, because the closer the average error is to zero the better the
method’s performance at reproducing the 1970-2000 data. The first impression upon inspecting
Figure 5.16 is that the absolute values of the errors are significantly diminished in the corrected
simulation.

Additionally the methodology was validated based on the produced variance value before and
after correction. In this experiment the overall applicability of the proposed scheme was
assessed based on the variance how it approaches the observed variance for current climate
condition of maximum and minimum temperature. Variance analysis involves assessing the
difference between observed and corrected figures. This part of validation methodology will help
us to measure how far bias corrected Remo value is spread out from observed variance.
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Figure 5.17 Effects of CDM on the variance of maximum and minimum temperature over the
entire historical time period 1970-2000.
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In figure 5.17 the improvements seen in Assendabo also seen in Jimma and other stations as
well. Similar figures for the rest of the stations can be found at the appendix. The analysis based
on the variance, raw Remo simulation overestimates the variance for maximum temperature in
all of the stations, however by applying the new bias correction method the corrected variance
are in fact rather close to the observed variance values. Even in most of the stations a perfect
match can be found between observed and corrected variance value especially for minimum
temperature. For instance in Assendabo OTminV (black color) and CTminV (blue) color are in a
perfect match, this property also observed in Jimma and other stations.

Variations regard to none exceedence probability of observed and corrected maximum and
minimum temperatures have been checked. Because probability of non-exceedance graph
provides the most detailed outlook information how the bias correction methods performs in
producing similar distribution and extreme values for present climate condition.
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Figure 5.18 None exceedence probability of observed, corrected and Remo simulated minimum
and maximum temperature at Bonga and Assendabo.

None exceedence probability curves of maximum and minimum temperature at Bonga and
Assendabo revealed that, the corrected curve matches very well with observed value. The
uncorrected curve shifts significantly to observed one by far. The chances that any particular
average temperature will be exceeded in corrected graph are roughly the same as the chances
of 1970-2000 reference periods with observed graph. This new bias correction method is very
robust in producing not only the general statistical moments of the corrected data set which are
more similar to the observed statistics, but also day to day values of corrected Remo for present
climate simulation. As a final validation technique daily maximum and minimum temperature
values were compared at one of the station. Results showed that this method is by far better
even in producing of daily values.
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Figure 5.19 Daily maximum observed and Remo temperatures before and after correction at
Assendabo.
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Figure 5.19 shows the daily maximum temperature at one of downscaling stations. As expected
for corrected model (blue line) is closer to the observations (solid brown line) than the non-
corrected value (black line). This property is maintained in all stations. The difference between
the range of the simulated daily temperature cycle (uncorrected simulations) and the observed
one was higher; however it is possible to make the range of this difference very small or
negligible by applying the proposed bias correction methodology.
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Figure 5.20 Left panel shows spatially interpolated mean annual observed maximum
temperature and right panel is spatially interpolated mean annual corrected Remo maximum
temperature in the upper part of omo Gibe basin.

Figure 5.20 shows the effects of the methodology on the difference between the corrected and
observed mean annual maximum temperature from reference time period for upper part of the
catchment (above Omo Gibe IlIl dam site). As per the result the corrected value approaches the
observed one excellently.

5.3 Downscaling of GCM output using SDSM model

Generally in the previous section, separate downscaling schemes were employed to downscale
REMO precipitation and temperature output from two basic scenarios A1B and B1 dry, optimum
and wet conditions. To downscale large scale GCM outputs to Omo Gibe weather observation
stations SDSM, a decision support tool for the assessment of regional climate change impacts
was selected. This downscaling model is a multiple regression based method and is referred to
as statistical down-scaling model (SDSM) (Wilby, et al., 2002).

One of the big advantages of SDSM, it enables the downscaling of climate change scenarios for
individual sites at daily time scales and directly employs GCM output in the scenario
construction processes. According to Mohammad S., 2006 SDSM is the most capable of
reproducing various statistical characteristics of observed data in its downscaled results with
95% confidence level, the ANN (artificial neural network) is the least capable in this respect, and
the LARS-WG (long ashton research station weather generator) is in between SDSM and ANN.
This means that the uncertainty associated with SDSM is small as compared to ANN and
LARS-WG, because of this SDSM selected to downscaled large scale GCM output to Omo Gibe
basin.

GCM output is important as a raw data set for downscaling procedure using SDSM. SDSM
should be supplied with a prepared set of daily predictor variables for selected grid boxes
covering Omo Gibe basin. The general characteristics of this downloaded data set described at
the beginning of this chapter. According to the information which is obtained from downloaded
folder all the predictors, with the exception of wind direction, have been normalized with respect
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to the 1961-1990 mean and standard deviation. This means that in each file of large scale
predictor the value varies between +5 and -5.

After preparing and obtaining the observed and large scale predictors for downscaling
procedure the nearest GCM grid point were selected to each observation station. Prior to
downscaling identifying of the empirical relationships between gridded predictors such as temp,
mslp, p500 and other large scale variable and single site observed predictands such as
observed precipitation, maximum and minimum temperature has been done.

The purpose of establishing empirical relationship between those observed and GCM output
helps to choose appropriate downscaling predictor variables for model calibration. In order to
elaborate this procedure a relationship has been established between observed maximum and
large scale predictor variable and the results depicted by table 5.8. According to table 5.8 the
strongest correlation in each month is shown in red, indicating that the relationship between
maximum temperature and r500 and rhum are most important. The result in the following table
suggests that r500 is a potentially useful predictor for April and from June up to August and
rhum from January to March. Blanks represent insignificant relationships at the chosen
significance level. Based on this selection criteria identification of strong correlation between
observed and GCM output were established for each weather observation stations in Omo Gibe
basin. Based on this selection criteria large scale predictors which are listed on table 5.9 have
been selected for all climate data set and all weather observation stations from GCM for further
processing.

RESULTS: EXPLAINED YARIANCE

Apalysiz Perod: 1/1/1970 - 124312000
Significance level: 0.05

Tatal mizzing values: 0

Predictand: OTmax. dat

Predictars: JasM  FEB MAR  APR Ma&Y  JUW  JUL  AUG  SEF OCT  WOY  DEC
noeph_ulag.dat 0120 0127 0071 0084 0046 0076 0008 0010 0014 0010 005 0033
nceppS_f.dat 003 0033 0062 0071 005 0063 0021 0Mms8 0Mm5 0012 0023 0033
niceppS_u.dat 05 0My 005 0033 0051 0077 0027 0026 0M5 0007 0020 0033
niceppS00.dat 0.014 0010 0042 0044 07113 0034 0063 0050 007 0023 0026
noeppSzh.dat 0054 003 000 0003 0010 0021 0014 0057 0023 0034 0010 0033
niceprod. dat 0037 0044 0032 0134 0116 0153 0103 0031 0040 0033 0017
nceprodlag. dat 0106 0033 0035 0113 0110 0153 0085 0043 0028 0033 0013 0006
rizeprhurn. dat 0214 0178 0177 0112 0103 0081 0040 0050 007 0012 0033 0015
nizeprhurilag. dat 0134 0174 0172 0107 0034 0083 0025 0025 0074 0013 0043 0018
niceptemp.dat 0140 0145 0168 0123 0116 0133 0013 0007 007 0007 0033 0040

Table 5.8 Example of correlation results between GCM and observed maximum temperature at
Jimma.

In general for Omo Gibe basin some large scale predictor variables such as p_zh (divergence
near surface), p500 (500hPa geopotential height), r850(relative humidity at 850 hPa height),
rhum(near surface relative humidity), temp (mean surface temperature) and shum (near surface
specific humidity), r500(relative humidity at 500hPa height) showed that strong correlation with
many of observed precipitation, maximum and minimum temperature in Omo Gibe basin. Based
on the strong correlation between large scale GCM and observed precipitation, maximum and
minimum temperature the following listed (table 5.9) large scale GCM predictors were selected
for Gibe basin downscaling procedure.
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S. No Variable Discription
1 Temp Mean Temperature at 2 meter
2 mslp Mean sea level pressure
3 P500 Pressure at 500 hPa geopotential height
4 P850 Pressure at 850 hPa geopotential height
5 rhum Near surface relative humidity
6 R500 Relative humidity at 500 hPa height
7 R850 Relative humidity at 850 hPa height
8 shum Near surface specific humidity
9 S500 Specific humidity at 500 hPa height
10 S850 Specific humidity at 850 hPa height
11 p_f Geostrophic air flow velocity
12 p_z Vorticity
13 p_u Zonal velocity component near surface
14 p_v Meridional velocity component near surface
15 p_zh Divergence near surface
16 p_th Wind direction
17 p5_u Zonal velocity component at 500hpa height
18 p8_v Meridional velocity component at 850 hPa height
19 p8zh Divergence at 850 hPa height
20 p8_u zonal velocity component at 850 hPa height

Table 5.9 Large-scale predictor variables selected for downscaling precipitation and
temperature in Omo Gibe basin

5.3.1 Calibration of SDSM model

The next step is downscaling of those selected large scale GCM output to point scale result.
During downscaling using SDSM, a multiple linear regression model is developed between
observed large-scale predictor (NCEP) variables and local scale predictands (observed data)
such as temperature and precipitation. According to SDSM software the parameters of the
regression equation are estimated using the dual simplex algorithm. The selected large-scale
relevant predictors for each station are selected using correlation analysis, partial correlation
analysis and scatter plots.

Precipitation has been modeled as a conditional process, because for this case there is an
intermediate process between regional forcing and local weather, for example observed
precipitation amounts depend on wet /dry day occurrence, which in turn depend on regional
scale predictors such as humidity and atmospheric pressure. During precipitation downscaling a
wet day has been defined as a day with nonzero precipitation amount of greater than or equal to
0.3 mm. As the distribution of daily precipitation is skewed, a fourth root transformation is
applied to the original data sets to convert it to normal distribution, and then used it in regression
analysis. Maximum and minimum temperatures are modeled as unconditional process to
assume that a direct link between large scale predictors and observed pridictands. And no
transformation was applied, because the distribution of temperature is not skewed like that of
precipitations. Auto-regression option has been selected in order to include an auto-regressive
term in the regression equations for downscaling temperatures. To determine the temporal
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resolution of the downscaling model from the available options monthly model were selected for
both daily precipitation and temperature downscaling, there by different model parameters
(regression equations) were derived for each month using different regression parameters.

The model was calibrated and validated separately for daily precipitation, daily maximum and
minimum temperatures. Especially for precipitation downscaling for most of the stations twenty
one years (1980-2000) predictors and predictand for calibration and ten years (1970-1979)
predictors and predictand for validation have been used except Morka and wolkite as these
stations have recorded precipitation and temperature data since 1985 respectively . During
calibration, mean and variance of downscaled daily precipitation and temperature are adjusted
by bias correction and variance inflation factor key interfaced with the model until the model
reproduces reasonable results which approaches or resembles the observed data in terms of
mean monthly, sum of mean monthly and variance values for all weather observation stations.
Bias correction compensates for any tendency to over or underestimates the mean of
downscaled variables. Variance inflation changes the variance of downscaled daily weather
variables by adding or reducing the amount of noise applied to regression model. Similar
procedure were followed for calibration of maximum and minimum temperature for most of the
stations except Morka and Wolkite, these two stations have been calibrated by using 10 years
data according to the availability of the observed precipitation and temperature data sets. And
the rest of the years used for validation.

Once the downscaling model have been calibrated and validated regarding to current climate
condition with observed large scale predictors (NCEP) and observed precipitation, maximum
and minimum temperature at each station, the next step is to use these calibrated model to
downscale the current climate simulated by GCM (HadCM3). In this case, large-scale predictor
variables which are simulated by GCM (HadCM3) for A2 scenarios have been taken for current
climate conditions (1970 to 2000).

5.3.2 Results and discussion on GCM downscaling

The results of downscaled daily precipitation and daily temperature data were compared with
observed values to investigate the performance of the model in producing the current climate
series. This has been done by direct comparison of simulated mean monthly maximum and
minimum temperature, while precipitation is compared as sum of mean monthly value for
historical period. For illustration purpose only one station results will be discussed in the
following section. Because all of the stations produced similar performance in SDSM
downscaling, and later on error evaluation analysis based on important statistics will be carried
out by calculating some statistics of precipitation and temperature data sets produced by
cumulative distribution mapping (CDM) and SDSM downscaling methodology.
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Figure 5.21 Comparison of mean monthly precipitation, maximum and minimum temperature
after downscaling from GCM scenario, current time
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In order to interpret the downscaling results from SDSM, it is necessary to compare simulated
and observed climates for historical period 1970-2000. The plot in the above figure 5.21 shows
that there is good agreement between the observed and GCM simulated precipitation,
maximum and minimum temperatures throughout the year during control period. The accuracy
regarding to producing of minimum and maximum temperature is better than precipitation. This
performance also checked by comparing the variances of observed and downscaled maximum
and minimum temperature during control period. This result shows that more or less SDSM
produced comparable variance with observed value.

Regarding to precipitation, different parameters of each model are adjusted during calibration to
get the best statistical agreement between the observed and simulated meteorological
variables. During calibration for precipitation downscaling models, in addition to the mean daily
precipitation and daily precipitation variance for each month, monthly average dry and wet spell
lengths considered. For the cases of Tmax and Tmin, the mean and variances of these
variables corresponding to each month were considered as performance criteria.

The results of precipitation downscaling using SDSM are found to be in good agreement with
the observed value. However; in some of the months model yielded higher estimates of monthly
mean precipitation as compared with the observed values to certain level. For instance in the
above example mean monthly precipitation values overestimated in November and December
whereas it was underestimated in June and September to certain level. Additionally monthly
variance in precipitation can be used as performance criteria and it is well modeled by SDSM.
The black line in the above plot represents the variance modeled from GCM and it is well
approached the observed variance at Assendabo so that it is possible to say that, the variability
in modeled precipitation is well developed. In the case of daily precipitation, Tmax and Tmin
downscaling, the graphical comparison of daily variances in each month in figure 5.21 showed
that in all months GCM variability is close enough to the observed variability. This comparison
tells us SDSM produces the most important statistical parameters from downscaling results
fairly.

5.4 Error evaluation of downscaling methods

So far two different downscaling models namely; cumulative distribution mapping (CDM) and
statistical down-scaling model (SDSM) have been used to downscale fine scale REMO output
and large scale GCM results to Omo Gibe weather observation stations respectively. In order to
assess the errors associated with these two methods certain basic error assessment have been
carried out based on one representative precipitation and temperature station. This part of the
study has been carried out using 30 years of Jimma observed and downscaled daily
precipitation, daily maximum and minimum temperatures from the two methodologies.

In case of daily temperature data, because of their nearly normal distribution, the error has been
assessed with absolute downscaling model errors (absolute values of the observed minus
downscaled data) comparison of errors between two downscaling methodology has been
carried out for the case of identifying which methodology performs very well in simulating
current climate condition. In this comparison, deviations (referred to as model errors) between
downscaled and observed monthly means of Tmax and Tmin have been evaluated.

In error evaluation assessment of downscaled daily precipitation data, comparison of means
and variances should not be enough because of non-normality of the distribution of daily
precipitation amount and also because of mixed distribution of wet and dry days in a daily
precipitation series (Mohammad 2006). Therefore, in assessment of errors in downscaled daily
precipitation, in addition to comparing means and variances, monthly mean dry-spell and wet-
spell statistics have been compared. All error evaluation method has been carried out based on
one representative stations i.e Jimma.
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a. Error evaluation in estimates of mean

Since the variability of the model have been compared in the previous section for both SDSM
and CDM downscaling methodology this part of error evaluation section focused on the absolute
downscaling model errors (absolute values of the observed minus downscaled data) in the
estimates of mean monthly maximum and minimum. The absolute mean error which have been
produced by both methods for T and Tn, at the station Jimma have been shown in figure
5.22
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Figure 5.22 Model errors (absolute value) in monthly T, and T, downscaling with SDSM and
CDM at Jimma station

In Thax @and T, downscaling at the station Jimma, the CDM model errors are the least in most
of the months (figure 5.22) except the month of march which produces the largest model error
for maximum temperature which is 0.06 °C. But for most of the cases the model error is below
0.02 °C which is nearly zero value. Whereas for minimum temperature the maximum model
error observed in April which is 0.045 °C but for most of the months the model error is below
0.02 °C. In the case of model error associated with SDSM it produces a bit higher model error
as compared to CDM (cumulative distribution mapping). For instance the heights model error
produced for maximum temperature in April which was 0.08 °C. Eventhouhg, it produces a bit
higher model error in some of the months as compared to CDM it remains to produce smaller
model error in most of the months, for example the model error for minimum temperature from
February through November remains below 0.02°C. When we compare the two downscaling
methodology cumulative distribution mapping (CDM) model produced the least error in most
months. Basically the above result tells us the associated model error in both of the downscaling
model is very small, in other word the errors are approached well enough to zero so that all the
downscaled maximum and minimum temperature are approached to the observed value. The
errors in the estimates of means of the observed and downscaled daily precipitation, has been
quantified by estimating the absolute error between the mean of monthly precipitation value for
each months of the year. Additionally percentages of wet day which is percentage of days that
exceed the threshold value have been evaluated.
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Figure 5.23 Model errors (absolute value) in monthly precipitation and % of wet days
respectively at Jimma station

In the case of precipitation downscaling, the graphical comparison of errors in the estimates of
means of the observed and downscaled monthly precipitation indicates that at the station
Jimma, the CDM model exhibited the least model error below 0.2 mm in all months except
November which is 0.6mm. Though SDSM exhibited higher model error in estimating mean
monthly precipitation as compared to CDM, but the errors are not significant. In most of the
cases the model error is in between 0.4 and 0.8 mm. The percentage of days that exceed the
threshold value produced by CDM perfectly matched the observed value and %age of wet days
produced by SDSM approaches to observed value to greater extent.

b. Dry and wet spell length statistics

Mean dry and mean wet spell lengths for a particular month can be defined as average length of
spells with amounts less than the wet-day threshold and average length of spells with amounts
greater than or equal to the wet-day threshold respectively (Mohammad 2006). For instance, if
in a particular month of a given year, maximum seven consecutive days are found dry or days
which has a rainfall below threshold value and three consecutive days are found wet, days
which have rainfall more than threshold value then we consider that the dry-spell and wet spell
lengths for that particular month are 7 and 3, respectively. Dry and wet spell lengths are of
particular interest for hydrologic modeling, and are thus considered as additional criteria for
assessing the downscaling model performance. Accordingly the dry and wet spell lengths have
been calculated for observed and downscaled precipitation data by both methods. And the
following results obtained from 30 years daily rainfall data at Jimma station.

10

. /

o

5 A\
4 / L\

Mean dry -spell length {days)
I
Mean wet spell length {days)

D T T T T T T T T T T 1 1 |
T T T T T T T T T T T 1
1 2 3 4 5 6 7 ] 9 140 11 12 1 2 3 a 5 6 7 8 s 10 11 12
Month
Ol sr —CO SOSM
s Obser COM SO5M

Figure 5.24 Mean dry-spell and mean wet-spell length at Jimma station respectively
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The arithmetic average of the 31 years data of dry and wet spells in monthly basis provides
mean statistics of dry and wet-spell lengths for each month. Relative plots of that statistics
between observed and downscaled daily precipitation are shown in Figure 5.24 for both models
CDM and SDSM.

Based on the above comparison plot both downscaling methods approach the observed value.
However CDM (cumulative distribution mapping method) found that it overestimates the mean
dry spell length for few months like January, February, March and April to certain level and it
estimates very well the dry spell length in May, Jun, July, August and November. While SDSM
estimated dry-spell length closer to the observed data from January through September it
shows a poor performance only in October, November and December. Similar trend is found in
wet-spell length comparison, at the station Jimma, for all the months CDM (cumulative
distribution mapping method) results are found closer to the observed data, while SDSM model
underestimates wet-spell lengths to visible range.

This analysis showed that both downscaling model performs very well in producing historical
climate values, but when we compare in producing of important statistical parameters like,
variance, mean dry spell and wet spell length and absolute error in their downscaled results
CDM (cumulative distribution mapping method) was able to reproduce observed statistical
parameter in its downscaled results in almost all months of the year and performs better than
SDSM.

5.5 Future climate scenarios from Remo and GCM

All the above downscaling and bias correction procedures were carried out to facilitate a
conducive environment to produce future climate projections from REMO and GCM outputs,
free of any biases. Once the downscaling methodology validated by current climate condition, it
is possible to say that, the procedures are reliable to forecast future climate scenarios free from
any errors by applying the above methodology and by calculating the climate change factors
and using the results for projecting future climate conditions in the studying basin.

5.5.1 REMO scenarios

To downscale scenarios data from REMO a correction factor that takes in to account changes in
variability between the scenario and base line simulation have been applied. The basic idea of
this principle was applied successfully by (Elshamy et al., ). For this particular study a
correction factor f; for each scenario value X; sen is found by finding the ratio between the
scenario and control values of Remo simulations at the climate station where the cumulative
distribution functions for current climate conditions applied. Accordingly the correction factor for
each of the day in a given month calculated based on the following formula.

-1
Fi,scen,] (Fi,scen,] (xi,scen,]))

-1
Fi,ctrl,] (Fi,scen,] (xi,scen,]))

fi(xi,scen,]) = 5.23
Where

fi(xi,scen,]) Is the correction facto in day i in scenario period for the months of January, February
etc.

As one of the tiresome process which was noticed in this part of the research is finding out of
this correction factor for each days of the months for 21 rainfall stations, 14 maximum
temperature and 14 minimum temperature stations and for each scenario data used for this
study. After getting out this correction factor it has been used as multiplicative factor for
precipitation and additive factor for temperature. For example the final corrected value for the

scenario precipitation x£orrected s then found as follow:

i,scenario,j
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corrected,prec _ -1
xi,scenario,] - Fi,observed,] (Fi.scen.] (xi,scen,])) * fi(xi,scen,]) 5.24

To get the scenario period maximum and minimum temperature we used the same formula
but the climate change factor added instead of multiplying.

corrected,temp _ p—
xi,scenario,] - i,olbserved,] (Fi,scen,] (xi,scen,])) + fi(xi,scen,]) 5.25
5.5.2 GCM scenarios

To get more scenarios for comparisons of future climate change in Omo Gibe basin, projections
of precipitation, maximum and minimum temperature based on GCM output have been done.
The same time horizon followed with Remo simulations. Previously we were calibrated SDSM to
downscaled current climate conditions like precipitation maximum and minimum temperature.
Once the downscaling model have been calibrated and validated regarding to current climate
condition, the next step is to use these calibrated model to downscale the future climate change
scenarios simulated by GCM (HadCM3). In this case, instead of using the national center for
environmental prediction (NCEP) reanalysis data as the input to each of the downscaling model
earlier used for calibration and validation purpose, the large-scale predictor variables which are
simulated by GCM, Hadley center for climate prediction and research coupled model (Hadcm3)
for A2 scenarios have taken which covers the period of 2020 to 2050.

Finally the change in maximum and minimum daily temperature and the change in precipitation
in future period (2020 to 2050) under the two scenarios from REMO A1B and B1 under wet,
optimum and dry conditions and A2 scenario from HadcM3 have been analyzed.

5.5.3 Climate trend analysis from downscaled scenarios

The change in temperature in future time period 2020-2050 have been done in two different
approaches. At the beginning the change in maximum and minimum temperature has been
assessed for each individual station. The increase in maximum and minimum daily temperature
in future period under the five scenarios in all-weather observation stations is shown in table
5.10. Generally the downscaled maximum and minimum temperature from all stations show
consistently increasing trend in the downscaled values of 2020 to 2050. Table 5.10 summarizes
the downscaling results by presenting the simulated increased in annual values of average daily
maximum and minimum temperatures between the current and the (2020-2050) time periods
from each of the downscaling scenario. All the downscaling scenarios including GCM agreed in
increasing of maximum and minimum temperature in all stations except Sawula for GCM
simulation which shows no significant trend or change observed between current and future
time periods.

Both downscaling models showed a comparable and consistently increasing trend for both
Tmax and Tmin. Eventhough the entire scenarios agreed in increasing maximum and minimum
temperature in the entire basin they have simulated a bit different change in maximum and
minimum temperature. For instance the basin average highest change in maximum temperature
is predicted by REMO as 1.37°C change at the end of 2050 by A1B_911 scenario and the
minimum simulated maximum temperature obtained as 0.86 °C by GCM. Accordingly the output
of all the scenarios A1B_911, A1B 912, B1_921, B1_923 and GCM for A2 scenario revealed
that the average maximum temperature in Omo Gibe basin will be increased by 1.37 °C, 1.32
°C, 1.17 °C 1.1 °C and 0.86 °C respectively. Based on the average results projected by REMO
from four scenarios mean annual Omo Gibe maximum temperature is expected to rise by about
from 0.9 °C to 1.8 °C at the end of 2050 for upper part of the basin (figure 5.20).

86



A1B 911°C | A1B_912°% | B1.921°C | B1.923°% Gem °c
Sno | Stations [Tmax|Tmin|Tmax|Tmin [Tmax|Tmin| Tmax | Tmin [ Tmax| Tmin
1 |[Assendabo| 1.4 | 2.1 | 11 2.3 1.1 14 ] 115 | 1.7 | 09 0.6
2 Bonga 1.3 | 1.8 | 11 2 1.1 117 09 [ 15| 09| 04
3 Dedo 11| 1.8 (095 1.8 | 0.95 1 0.7 15 | 05 0.5
4 Gedo 15112 | 16 1.3 13 | 1.2 13 1 0.8 1
5 Hossana | 1.8 | 23 [ 21 | 24 | 16 | 1.7 [ 15 2 0.5 1
6 Jimma 12 | 22 | 1.2 | 2.2 1 1451 095 | 1.6 | 0.8 0.8
7 Jinka 12 | 1.3 | 09 13 | 0.8 1 0.6 1 0.6 0.5
8 Morka 13 113 09| 25| 0.8 2 0.7 2 0.5 0.6
9 Sawula 11 | 1.3 1 1.7 | 0.95 1 0.9 1 0 0
10 Shebe 11 | 1.2 1 16 | 095 | 0.9 0.9 1.1 | 0.6 0.5
11 Woliso 11 | 1.8 | 1.7 2 145 11.05( 135 | 1.2 * *
12 Wolita 13 | 18 | 1.2 2 1.2 | 13 1.2 14 | 13 13
13 Wolkite 1.8 2 2 2.2 16 | 14 1.6 16 | 1.3 0.7
14 Yaya 2 23 | 1.7 | 23 16 | 1.8 1.6 23| 25 11
Basin Average°C | 1.37| 1.7 {13219 | 1.2 (14| 1.1 [1.5|0.86| 0.7

Table 5.10 Change in maximum and minimum temperature in Omo Gibe basin 2020-2050

* indicates that downscaling at this station was not performed
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Figure 5.25 Change in mean annual maximum and minimum temperature in 2020 to 2050
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Figure 5.26 Spatial changes in mean annual maximum and minimum temperatures from Remo
average result of all scenarios for upper part of the basin

The statistical downscaling results for minimum temperature in Omo Gibe basin showed that
minimum temperature will rise in a faster rate than that of maximum temperature. This has been
guantified by comparing the change in basin average mean annual maximum and minimum
temperature in 2020 to 2050 with reference to present temperature data sets. Based on the
results of all scenarios A1B 911, Al1B 912, B1 921, B1 923 and GCM_A2 minimum
temperature is expected to rise by 1.7 °C, 1.9 °C, 1.4 °C, 1.5 °C and 0.7 °C respectively. If we
observe the change in mean annual minimum temperature in all cases it is higher than the
change in maximum temperature except GCM result. According to the average results projected
by REMO from four scenarios mean annual Omo Gibe minimum temperature is expected to rise
by about 1.2 °C to 2.2 °C at the end of 2050 (figure 5.26).

Analyzing of downscaled precipitation results has been carried out based on individual and
areal values of each station. The areal rainfall change quantified only for upper part of the basin
above Gibe Ill dam site which constitutes 33,901 km? watershed area. This part of the
catchment represented by 18 precipitation observation stations, the southern part of the basin
represented by three precipitation stations Jinka, Sawula and Morka. The change in mean
annual precipitation for this part of the basin has been performed by analyzing the changes from
these three climate stations.

Table 5.9 shows the change in mean annual precipitation results in all downscaling stations.
The change in mean annual value is calculated by subtracting the aggregated mean annual
precipitation output from future downscaling results (2020 to 2050) to observed precipitation.
This is the delta value between future and control period. The result from all Remo simulation
reveals that there is no significant major change in mean annual precipitation in most of the
stations. However; three scenarios from Remo downscaling showed that there will be small
increment of mean annual precipitation value at the end of 2050, except Sawula for A1B_ 911,
Hossana and Jinka A1B_912 which showed a reduced mean annual precipitation by -73.1mm, -
114mm and -65.4mm respectively. But one of Remo simulation B1_923 showed that there will
be small reduction in mean annual precipitation in most of the stations.

GCM output simulated a bit different value than Remo. GCM for A2 scenario projected a bit
higher increment in mean annual precipitation in some of the stations. For instance stations
which are found south of Gibe Il dam site, Sawula, Morka and Jinka showed visible increment
in mean annual precipitation by 531.5 mm, 409 mm, and 250mm which are equivalent with an
increment of 31% at Sawula, 30% at Morka and Jinka. But for the rest of the stations mainly
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found at the upper part of the basin doesn’'t show significant increment as that of Sawula and
Morka except Wolita.

Change in mean annual precipitation ( mm) from 2020 to 2050 all scenarios
statons | QosAm | Change | I | eo | Remo | ChangeRemo
Al1B 911 Al1B 912 B1 921 —

Assendabo 1214.2 99.5 49 -11.3 43.9 -34.3
Bele 1240.9 -284.7 42 84.8 29.1 -7.1

Bonga 1726.5 102.8 79.1 89.3 34.8 -45.5
Chekorsa 1698.3 -60.8 39.8 49.8 85.6 -1

Dedo 1959.3 211.5 211.6 -42.7 12.4 -94.8
Durame 1153.1 -102.2 63.8 -32.7 99.6 -107.7
Gedo 1141.4 102.3 109 23 -36.2 -32.3
Gibe 976.5 -21.8 39.9 -29.1 -2 -22.9
Hossana 1193.6 176.1 58.6 -114.4 12.2 -95.2
Jimma 1493.3 135.4 30.4 -5.7 32.7 -38.8
Jinka 1307.9 250.1 21.7 -65.4 -22.1 -29.7
Kumbi 1283.4 -74.5 52.3 -22.4 -35 -68.1
Limu 1753.5 291.9 146.5 -15.2 36.1 11.7
Meteso 19255 202.2 -44.7 -43.8 100.7 37.6
Morka 1367.1 409 90 -4.1 -18 -38.6
Sawula 1547.4 531.5 -73.1 21.4 -4.7 11.4
Shebe 1634.2 110.1 61.6 10.1 106.1 40.9
Wolita 1402.1 459.1 123 12.6 9.9 -44.8
Wolkite 1339.5 425 190.5 -4 -4.9 -33.3
Yaya 1095.7 -103.5 49.8 61 2.7 -17.1
Woliso 1239 0 0 55.9 12.7 27.1

Table 5.11 Change in mean annual precipitation (2020-2050) in reference to control period
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Figure 5.27 Projected change in mean annual precipitation from all scenarios at the end of 2050

89



In order to investigate the changes in seasonal and mean annual areal rainfall especially for
upper part of the basin the following attempt has been done. The areal rainfall for upper part of
the basin calculated by developing thiessen polygon using 18 precipitation stations; accordingly
the areal precipitation from observed and all projected precipitation in 2020 to 2050 averaged
and compared with observed results. The following table depicts the results obtained from this
procedure.

Months | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summr | Autum | Annual

Observed | 30 | 44 | 85 | 114 | 157 | 192 | 234 | 226 | 154 | 89 36 | 24 96 356 652 279 1386
A1B_911
(wet)
A1B_912
(optimum)
B1_921
(wet)
B1_923
(dry)

GCM_A2 50 | 8 | 117 | 128 | 143 | 151 | 207 | 207 | 124 | 147 | 56 32 163 388 565 326 1447

32 | 58 | 91 | 126 | 186 | 249 | 250 | 203 | 137 | 91 34 18 105 404 702 262 1477

37 | 43 89 | 128 | 194 | 201 | 244 | 224 | 136 | 71 30 26 103 411 668 237 1422

33 | 44 | 8 | 131 | 191 | 202 | 220 | 220 | 155 | 80 30 22 96 406 643 264 1413

26 | 46 92 | 111 | 187 | 212 | 211 | 214 | 140 | 75 34 19 88 390 637 248 1366

Table 5.12 Comparison of areal precipitation between current and projected scenario 2020 to
2050 for upper part of the basin above Gibe Ill dam site in mm

Based on rainfall events; seasons in Ethiopian can be defined as:

v' Summer: which has the months of June, July and August this season is characterized
by main rainy season

Autumn; September, October and November

Winter: December, January and February

And Spring small rainy season of March April and May.

ANENEN

Small changes have been observed from all scenarios during spring season, all of them
projected increased precipitation during this season. This might be a good opportunity for the
farmers to have a bit prolonged precipitation during this short rainy time for agriculture. On the
other hand Al1B 911 and GCM projected increased summer and winter precipitation
respectively, whereas B1_923 projected decreased summer rainfall. Moreover a small change
in mean annual precipitation values has been observed in four of the scenarios. According to
the results four of the scenario A1B_911, A1B 912, B1 921 and GCM_A2 show an increasing
trend in areal mean annual precipitation by 6.5%, 2.4%, 1.9% and 4.5% at the end of 2050. One
scenario B1_923 shows a decreasing trend of areal mean annual precipitation by 1.4%. It is
possible to say that there is no any significant change in areal precipitation except A1B 911 in
the upper part of the basin above Gibe Il dam site under all scenarios. Because the percentage
change in precipitation of all scenarios is less than 10%. Generally from these results it is
possible to say that the mean annual precipitation in Omo Gibe basin doesn’t show significant
change under all scenarios except GCM_ for A2 scenario which showed visible change for
southern part of the basin in Sawula, Morka and Jinka.
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Areal precipitation downscaled under all scenarios
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Figure 5.28 Monthly sum of observed (1970-2000) and projected (2020-2050) areal precipitation
upper part of the basin.
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Figure 5.29 Mean monthly observed and projected (2020-2050) areal maximum and minimum
temperature for upper part of the basin.

5.6 Conclusion

The primary goal of downscaling procedure is to provide error free simulations of future climate
and climate change data. Due to the coarse spatial resolution and simulations of Remo and
GCM model outputs, their precipitation and temperature cannot be directly used as an input to
hydrological model to study effects of climate change. To overcome this problem a robust and
practical downscaling and bias correction method applied in relation to Remo outputs. It is
possible to mention the methodology as cumulative distribution mapping technique.
Precipitations were downscaled by fitting with Gamma distribution. Validation of this procedure
carried out using daily precipitation fields in a number of ways. Results show that the method
performs surprisingly very well. Not only the monthly mean, monthly sum and other moments of
the intensity distribution improved as expected; but also in simulation of heavy precipitation
index as well. In general the proposed statistical bias correction methodology with daily
cumulative distribution functions removes significantly and consistently positive and negative
biases from Remo simulations.

Different approach has been employed to downscale temperature data. Maximum and minimum
temperatures are two of important data that should be used as an input to SWIM. Therefore,
reliable estimation of future temperature data in Omo Gibe basin is unquestionable. In support
of this objective a new temperature bias correction methodology developed based on
distribution fitting procedure. Observed and Remo simulated maximum and minimum
temperatures were disaggregated in to monthly basis in all-weather observation stations, and
then using different cumulative distribution and goodness of fit test the best distribution was
selected for each months of the year at all stations. According to the result Kumaraswamy,
Generalized extreme value and Burr VI distributions are the best choice for fitting minimum
temperature in Omo Gibe basin, additionally Burr Il and Burr VI distributions are good choice
for fitting maximum temperature.
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Instead of applying the methodology directly for simulating future temperature data, it was
validated in a number of ways by using control climate data from both observed and corrected
Remo data sets, the validation result showed that the bias correction method performs very well
in maintaining the statistical moments of corrected value which resembles the observed one. In
other way the results show the best match between corrected and observed data sets.
Eventhough, the bias correction process is time consuming and exhausting work to apply for
many stations, but the methodology was more flexible and it gives an opportunity to create
reliable and stable model in downscaling maximum and minimum temperature at point scale.

As we have seen the present methodology (new bias correction method for maximum and
minimum temperature) may constitute a step forward and can have a paramount importance in
research as a tool to estimate and forecast future point maximum and minimum temperature in
different regions.

Moreover, downscaling of climate data sets from GCM has been carried out. The principle
behind GCM downscaling is based on multiple linear regression approach between observed
weather data and large scale GCM predictors. The performance of this model was checked
based on simulated current climate conditions by comparing with observed climate data. During
the performance criteria for precipitation data in addition to mean monthly and mean annual
values comparisons of average dry spell length and average wet spell length considered, since
these components of the climate statistics are very important for hydrological simulation. The
results from GCM downscaling showed that it also produces the most statistical parameters that
have been involved in observed climate data.

The efficiency of the above downscaling methodologies (CDM and SDSM) was compared. This
analysis showed that both downscaling model performs very well in producing historical climate
values, but when we compare in producing of important statistical parameters like, variance,
mean dry spell and wet spell length and absolute error in their downscaled results CDM
(cumulative distribution mapping method) was able to reproduce observed statistical parameter
in its downscaled results in almost all months of the year and performs better than SDSM.

After checking the reliability of the downscaling methodology future climate scenarios were
projected at the studied basin. All the scenarios projected increased maximum and minimum
temperature throughout the basin. However, the statistical downscaling results for minimum
temperature in the basin showed that minimum temperature will rise in a faster rate than that of
maximum temperature. Accordingly, areal average maximum temperature from REMO is
expected to increase in the range of 0.9°C to 1.8°C and minimum temperature is expected to
increase in the range of 1.2°C to 2.2°C in the upper part of the basin. On the other hand
average mean annual areal precipitation in expected to increase in small amount from four
scenarios while one scenario shows mean annual areal precipitation decreased by 1.4%.
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Chapter 6 Application of SWIM for Abelti and Un-Gauged
Basins

6.1 Introduction

Freshwater is basic, finite and fundamental resource which has close relation to human life. In
other way life wouldn’t exist without fresh water. But this valuable resource is extremely scarce
and the current challenge, effects of climate change may have adverse impact on this precious
resource to human being. Estimation of water resources potential for reference period is very
important, because this helps to know how much amount of surface water resources generated
from any basin in reference to the current time period. Without knowing water resource potential
in a basin it is not possible to carry out any development projects like developing of hydropower,
water supply and irrigation projects, additionally it will not be possible to carry out any climate
change study. In order to carry out effects of climate change on water resources potential of a
give basin knowing of reference water resources potential is the main concern as the change is
guantified in reference to the current water resources potential.

In order to calculate the water resources potential of any basin measurements of flow
(discharge data) especially at the main river courses are very important, because from these
measurements it is possible to draw the water resources potential of the basin. However, such
flow measuring stations in Gibe basin are very limited, even some of the watershed areas have
not been measured directly due to lack of inaccessibility of the area because of rugged
mountainous topography and remoteness of the main river course from major city. Nearly more
than 30 % of the watershed which contributes flow to Gibe Ill dam site is not measured, or it
doesn’t have any historical dignified flow data. This is the main scientific puzzle any one can
face during conducting of research in the basin. By considering this great problem, this chapter
focused on estimation of water resources potential for un-gauged part of the basin and Gibe llI
watershed as well. To accomplish this objective this part of the study uses different approaches
to quantitatively determine the current status of water resources potential in the basin so as to
provide a basis for current utilization and to study effects of climate change in the basin. This
part of the study has one primary goal to establish daily and spatially aggregated picture of Omo
Gibe current water situation.

6.2 Application of SWIM at Abelti

Detail information regarding to SWIM hydrological modeling and mathematical equations
describing the physical processes involved in the model can be found in chapter three of this
thesis. Here we are dealing with the main application of this model at Gibe basin for two
important purposes. Initially this model will be used to generate daily flows data for reference
time from un-gauged part of the basin by calibrating the model at Abelti flow station, thereby
preparation of first hand input data for the same model for the purpose of climate change study
at Gibe Ill dam site. Secondly the model will be calibrated at Gibe 1ll dam site to study the effect
of climate change on the inflow to Gibe Ill reservoir from 2020 to 2050. Since these two sets of
problem have different objectives we will see the application of the model separately.

As watershed models become increasingly sophisticated and useful, there is a need to extend
their applicability to locations where they cannot be calibrated or validated, in other way we
should use these watershed models to (un-gauged catchments) systematically. At this particular
part of the work transferring of hydrologic characteristics of watersheds from available observed
data (Abelti) catchment to Un-gauged part of the basin will be used to derive daily flows from
un-gauged part of the study area.

Semi distributed, physically-based hydrologic models represent a catchment in great detail;
including topography, soil, slope and land uses. One of the main objective of this thesis is to set
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up such process based hydrological model at Omo Gibe Il dam site for studying climate change
on water resources potential of Omo Gibe basin. However, most of process based hydrological
model like SWIM requires daily flows data at the site of interest. Unfortunately lack of adequate
hydrological information observed in most part of the study area. In order to fulfill this gap this
model provides a reliable solution by generating daily flows for the site in question.

The following section will discuss broadly how to calculate daily flows from un-gauged part of

the basin by using Gibe Ill dam site as outlet point of this basin. The following picture revealed
main flow measuring stations and un-gauged part of the basin.
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Figure 6.1The three main flow measuring stations and their watershed area

There are a number of stream gauges located above Abelti flow measuring station (Figure 5.2)
the source of this stream flows data is Ministry of water and energy of Ethiopia. According to this
study the overall catchment size of Gibe Ill dam site is 33,901km? Based on this calculation
Abelti flow measuring station on the Gibe River measures flow from 15,690km?. This station is
the only station which measures flow from large area and on the major river course as well.
Since Abelti measures flow on larger area than the others it has particular importance as it
represents alone a considerable percentage of the entire area under investigation (more than
46%). Moreover, Wolkite station on Wabi River located downstream Abelti and it has great
importance as it covers an area downstream Abelti, which constitutes 5.5% of the total area.
The same consideration can be made for the Shebe gauging station on the Gojeb River (10% of
the total area), but to enlarge the area covered by this station the runoff time series at the
proposed dam site OM19 location was considered this constitute 15.3% of the total area. The
area which is found downstream of Gibe River at Abelti, Wabe River at Wolkite, and Gojeb
River at the dam site OM19 is considered as un-gauged catchment this is illustrated by figure
6.1. Unfortunately no hydrometric station is located in this part of the basin. This part of the
study area represents almost 32.8% of the total area above Gibe Ill dam site table 6.1. This part
of the watershed is mentioned as un-gauged catchment throughout this study.

According to (IAHS, 2003) an un-gauged basin (catchment) can be defined as one with
insufficient records or no record at all (in terms of both data quantity and quality) of hydrological
observations to enable computations of hydrological variables of interest (both water quality and
guantity) at the appropriate spatial and temporal scales and to acceptable accuracy level for
practical applications. In seeking to address the challenges of water resources and water-
environmental degradation issues across a basin, a major difficulty is encountered with those
basins for which little or no hydrometric data is available. These basins are predominantly in
developing country in regions where basin developments are undertaken with limited data. This

94



frequently led to the depletion of water resources, ecosystem degradation and poor quality of
life (IAHS, 2003). Predicting water runoff in the mostly Un-Gauged water catchment areas of the
world is vital to practical applications such as the design of drainage infrastructures and flooding
defenses, for runoff forecasting and for catchment management tasks such as water allocation
and climate impact analysis (Bloschl et. al, 2013). To alleviate some of these problems the
following different approaches have been employed to calculate daily and mean annual flow at
Omo Gibe basin.

6.2.1 Methodology

Several studies have already attempted to address the problem of estimating daily flow data
worldwide, but most of the methods are not easily transferable to Omo Gibe basin. However,
there are some common approaches used to estimate mean annual flow like area ratio method
and rational formula. But these methodologies attempt to calculate only aggregated mean flow,
because the approach mostly concentrated on a conceptual background without much
reference to the real data or complete hydrological and physiographical background of the
basin. Consequently, the problem of daily flow data remains largely unresolved. It is also one of
the big challenging issues for those young researchers who want to carry out useful and
beneficiary research in Omo Gibe basin. Apart from the fact that this daily flow data has large
potential for practical applications, such as climate change study, sustainable water resources
planning and management.

In considering all the above problems this part of the study developed a pragmatic approach by
which daily flow data from un-gauged part of the catchment can be derived by considering
physiographic, evaporation and climatological data of this basin using the art of SWIM modeling
technique. The method is designed to be low cost, straightforward and can be used for similar
application. The basic idea of this method is based on calibration of SWIM at Abelti catchment
which has a watershed area of 15,690 km? and daily measured flows. After calibrating the
model at Ableti station those calibrated parameters were used as an input to un-gauged
catchment to derive daily time series. But before using this procedure a reasonable assumption
has been made between Abelti and un-gauged part of the basin.

Assumptions that has been made during the above methodology:

e One of the reason Abelti catchment is selected for prior calibration, the size of the
catchment, because this area is ideally comparable with un-gauged part (11,150 km?) as
compared to OM19 (5,188 km?) and Wolkite (1,873 km?) figure 6.1.

e The other reason is the meteorological characteristics of the two watersheds. As it is
possible to see from table 6.7 the areal depth of precipitation at Abelti is 1,328 mm/year
similarly for un-gauged part of the basin is 1,316 mm/year. Although there is a minor
disagreement between these two values it is not significant as compared to OM19
catchment which has areal precipitation of 1725.6 mm/year.

e According to the land use data which was collected from Ministry of water and energy of
Ethiopia, some attempts have been made to investigate the possible relationships of the
land use characteristics of the two basins, because this characteristic has a great
influence in evapotranspiration. Based on the analysis made, nearly 77% of the land in
Abelti catchment is used for agriculture whereas in Un-gauged part of the basin
agricultural land covers nearly 65% this means that in both cases major land use is
agriculture and the percentage land cover by agricultural crop is comparable.

e The overall soil data base of the basin above Gibe Il dam site has been developed by
considering different soil texture classes, chemical and physical properties of the sail,
according to this soil data base Abelti and Un gauged part of the basin has similarity in
their soil texture class. The percentage of clay content in both catchments is dominant
soil texture class. The depth of the soil in both catchments varies from deep to very deep
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6.2.2 Preparation of Model input data

Modelling is now a common tool in many fields of engineering especially in climate change
however, to model the impacts of climate change on hydrology or flow regime would be
impossible without spatial data. Spatial data are the raw materials for SWIM hydrological
modeling. Application of SWIM to the Omo Gibe Rivers requires the development of important
input spatial data describing the basin and the development of a meteorological and
hydrological record to drive the rainfall-runoff process. The model runs with daily time scale.
Useful spatial data necessary to run the model are:

Digital elevation model (DEM),

land use map,

soil map,

map of basin and sub-basins boundaries,
map of river network,

map of river gage stations,

map of climate stations,

AN RN NN NN

The first four maps; DEM, land use, soil and sub-basins are absolutely necessary to run the
model. For this particular study all these spatial data were prepared and saved in SCII format for
further processing. Detail preparation of the above listed spatial data described below.

Digital elevation model (DEM)

The digital elevation model (DEM) used as the basis for Gibe basin with 90 and 200 meter
resolution have been downloaded and collected from freely available high resolution SRTM
(Shuttle Radar Topographic Mission) data from http://srtm.csi.cgiar.org in the form of tile up on
entering the two extreme coordinates of the basin and the later one collected from ministry of
water and energy of Ethiopia. To get the combined raster map of Gibe basin combinations of
SRTM tile have been carried out using ArcMap. Delineation of the whole watersheds from digital
elevation model (DEM) data has become standardized on the eight-direction pour point model.
Each cell is connected to one of its eight neighbouring cells according to the direction of
steepest descent, all of these procedures performed using ArcMap to get sink free and
processed digital elevation model of the basin. The derived DEM was used to delineate the
topographic characterisation of the watershed and determine the hydrological parameters of the
watershed such as slope, flow accumulation and direction, stream network and subbabsin using
Mapwindow. Additionally, sink free and processed digital elevation model map is very important
in SWIM to produce routing structure to route flow from each sub-basins along the river channel
to outlet points.

Soil parameter data

Soil data is one of the most important inputs for sound modeling procedure, especially for SWIM
hydrological model. The importance of soil properties stems from the important role they play in
hydrological modeling (Kassa T. 2009). The use of models for the prediction of runoff and
impacts of climate change depends heavily on detailed data on soil physical properties.
However, such organised data is unavailable in most part of Ethiopia including Gibe basin, but
we have collected the available information at the study area as much as possible and efforts
have been carried out to produce reasonable soil data base from available information in the
basin.

The soil map of the entire basin collected from Ministry of water and energy of Ethiopia.
Additionally the SWIM model requires some details on physical and chemical properties of the
soils for watershed being modeled. In order to acquire relevant physical and chemical properties
required by the model throughout the watershed additional information has been collected to
extract important soil properties from the available study document. Detail investigation on Gibe
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basin master plan study document has been carried out, as a result vital information like depths
of the soil at different part of the study area, clay, silt, sand content, bulk density, available water
capacity, field capacity, organic carbon content, organic N content have been extracted from
this document for each type of the soil in the basin. Finally the required soil data base
developed for upper part of the basin above Gibe Il dam site. This procedure has been carried
out only for upper part of the basin above Gibe Il dam site because hydrological modeling
carried out for this basin only which constitutes an area of (33,901 km?). The soil database was
established through an intensive data investigation from each of the sample sites that has been
carried out during Omo Gibe master plan study.

For consistency purpose, all prepared soil data base were described using the guidelines for
soil description based on SWIM data format. And then the soil data base which was already
found in SWIM model has been substituted by Omo Gibe soil data base for modeling purpose in
Gibe basin. According to the model requirements, the depth of the first soil layer should be
10mm. Based on this requirement 30 soil data base which contains different soil parameters
derived from 8 main soil types, and stored in standard soil file of SWIM model. Finally the soil
map connected to soil parameters based on the requirement of SWIM using soil number
(reclassification) system. The format of soil parameters described in the soil database is

Shown in figure 7.2
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Figure 6.2 Part of soil survey site locations during master plan study and developed soil data
base respectively

Since there is no nay information regarding to saturated conductivity and porosity in master plan
study document, these soil parameters have been determined separately for each soil layer and
type. Saturated conductivity was estimated using Cosby (1984) as a function of clay and sand
content.

6.1
6.2

SC =60.96 * 10¢
a=-06+0.0126 * SN — 0.0064 = CL

SC is saturated conductivity
SN is sand content in %
CL is clay content in %

The porosity of each soil has been determined based on texture classes described on mean
physical properties of soils (from Svetlosanov and Knisel, 1982).
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6.2.3 Preparation of additional input data by SWIM/MapWindow interface

For this study user friendly SWIM/MapWindow interface used to run SWIM at Abelti and Gibe 111
dam site. MapWindow is open GIS software it can be freely downloaded under the website
http://mwww.mapwindow.org. MapWindow is an extensible geographic information system and it
allows the users to write plug-ins to add additional functionality (models, special viewers, hot-
link handlers, data editors, etc.) and pass them to any number of end users. This characteristic
helps the windows users to easily install and use the SWIM/MapWindow interface (Tobias et al.,
2009).

The first step during SWIM setup and pre-processing procedure at Abelti station was,
delineating of the sub-basins based on the recommended sub-catchment area. Accordingly, by
using map of river gage stations at Abelti flow measuring point, basin boundaries of this
catchment was defined. The map of sub-basins is important as a mask to extract other
information, so this map created in MapWindow based on the DEM map developed before from
SRTM data sets, as a result Abelti watershed was divided into 78 sub-basins and saved in
ASCII format. Together with sub-basins, the virtual river network calculated which is useful for
checking the routing structure.

Before running the main programmer of SWIM it is a mandatory to run the model three times for
additional preprocessing purpose, this helps in producing the preliminary input data like climate
data with SWIM format, hydrotope structures and routing structures. The main steps that have
been carried out during this procedure are listed as follow:

Preparation of relational data, mainly climatological data

Calculation of hydrotope structure

Calculation of routing structures

And finally running of SWIM/MapWindow interface, the combined processes of the first
three steps are known as pre-processing.

D NANINN

Preparation of relational data

For the delineated sub-basins in Abelti or Gibe Il basin, daily climate data (average, maximum
and minimum temperature, precipitation and solar radiation) were interpolated to the centroids
of every sub-basin by inverse distance method using data from 21 climate and precipitation
stations in and around Abelti and Gibe Il catchments. The input climate data for this part of
preprocess has been described in chapter five. One of the most important input data for SWIM
is the map of climate and precipitation stations, because this map helps during interpolation to
select the stations within or close to the target sub-catchment area. Based on this consideration
21 climate stations were prepared according to SWIM format for Abelti and Gibe IIl basin as
well.
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Figure 6.3 Format of one climate station input data for interpolation purpose
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Preparation of hydrotope and routing structures

To derive hydrotope and the routing structure of the 78 sub-basins, four spatial maps; the
preprocessed (sink free) digital elevation model (DEM), soil map, land use map and sub-basins
map were stored in a grid format with 200 m resolution. This resolution is recommended for
catchment area which has an area of more than 10,000 km?. Hydrotope structures were
delineated by overlaying the sub-basin, soil and land use map of Abelti and 412 hydrotope
structures (figure 6.4 a) that are determined by unique intersections (overlaying) of the land use,
sub-basin and soils within the watershed developed.

Figure 6.4 (a) Hydrotope structures, (b) routing structures developed during preprocessing of
SWIM at Abelti catchment respectively.

The land use map of the whole basin was obtained from ministry of water and energy of
Ethiopia based on the available information on this map 8 land cover types agricultural land
close grow, agricultural land raw-crops, forest deciduous, forest mixed, heathers, urban, wetland
and wetland mixed were considered to setup SWIM at Abelti. The land use map has been
reclassified according to SWIM data format. The following figure shows these three maps
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Figure 6.5 Overplayed sub-basins, land use and soil map of Abelti catchment respectively

The numbers in the soil map is used to link the soil map with the soil data base that has been
prepared by considering soil texture, chemical and physical properties of the soil figure 6.2.
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The main purpose of providing this routing structure is to link all sub-basins to one outlet points
which can represent the whole basin; as a result all water generated by each sub-basin will be
routed based on this routing structure to get aggregated flow at the outlet point of the whole
basin. To check the accuracy of this routing structure a cross check against the real river
network which was developed during sub-basins delineation procedure carried out. Now the
remaining step is running of the whole model for calibration and validation procedure.

6.3 Model calibration and validation procedure at Abelti station

Model calibration needs the modification of model parameters value and comparison of
predicted output of interest to measured data until a defined objective function is achieved. The
objective function for model calibration generally consists of a statistical test, such as
minimization of relative error, minimization of average error, or optimization of the Nash-Sutcliffe
Coefficient (Santhi et al., 2001; Grizzetti et al., 2003). After achieving the objective function for
calibration, validation of the model follows. Validation procedures are similar to calibration
procedures in that predicted and measured values are compared to determine if the objective
function is met. However, a dataset of measured watershed response selected for validation
preferably must be different than the one used for model calibration, and the model parameters
are not adjusted during validation (Kassa T. 2009). Prior to calibration of the model sensitivity
analysis has been conducted. The results of sensitivity analysis will discuss during calibration of
SWIM at Gibe Ill dam site for the time being this topic is skipped in order to avoid redundancy.

For model calibration, daily measurements of water discharge at Abelti station used in the
period from 1985 to 2000 (16 years). One of the main reason selecting recent time period for
model calibration was quality of flow and meteorological data sets. In general the collected
hydrological and meteorological data sets from 1980 up to 2000 do not have any significant
missed gaps, so this part of the data will be very convenient to use for model calibration
procedure. The parameter estimation, routine PEST (Doherty, 2002) was applied to calibrate
the simulated discharge. However, some manual tune up carried out to adjust some of the
calibrated parameters. During parameter estimation using PEST different files like control,
instruction and template files were developed. The full lists of all these files can be found at the
appendix. The validation period has been taken from 1970 to 1981 (12 years). One of the big
advantages of using long year’s more than 10 years data for model calibration and validation
procedure is to confirm the model stability in modeling of the physical processes in the basin.

6.3.1 Performance evaluation of the model

The model performance efficiency criteria such as Nash—Sutcliffe model efficiency E (Nash and
Sutcliffe, 1970) and the relative deviation in water balance (B) were used to evaluate the quality
of simulated daily water discharge. The E value indicates the correlation between the observed
and simulated values. If the E value is less than or close to zero, the model simulation is
unacceptable or the simulation result doesn’t represent or approach the observed values. The
best value is 1, or the value of E should approach to 1. E is a measure to describe the squared
differences between the observed and simulated values. And it can be related using the
following equation.

E = Z(Qobs _ Qsim)2

= - 6.3
2(Qobs — Qobs )?

Whereas B shows the long-term differences of the observed values against the simulated ones
in percent for the whole modelling period, The percent deviation of stream flows (B) over a
specified period with total days calculated from measured and simulated values of the quantity
in each model time step is determined using the following equation:
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g = %sm = Qos 00 6.4

obs

Where: Q.5 is the observed discharge, Qg IS the corresponding simulated values, whereas
the variables Q,,; and Qy;, are the mean values of these parameter for the whole simulation
period. A value close to 0% is best for B, this means that the overall difference between
simulated and observed discharge is zero which is best result. A negative value indicates the
model underestimates the result, and a positive value indicates the model produces (estimates
more discharge than the observed value) which leads to overestimation.

6.3.2 Results and discussion on model calibration and validation

The calibration of SWIM model for Abelti flow station was carried out by comparing the
simulated daily stream flows with the observed flow at the outlet of the flow measuring station.
As a large number of parameters are involved for calibration purpose, the main calibration
parameters were selected based on the sensitivity analysis. However, these sensitivity results
have not shown for Abelti station in order to avoid redundancy, because we will discuss in detail
regarding to this issue during SWIM setup at Gibe Ill dam site page 123. The selected
parameters and calibrated values are depicted in the following table.

S No Para Description of calibration parameter Calibrated | Range
values
1 Thc Evaporation correction factor 0.4 0-1
2 roc2 Routing coefficient to calculate storage time 3 1-20
constant for the reach of surface flow
3 Roc4 Routing coefficient to calculate storage time 13 1-60
constant for the reach of sub surface flow
sccor Correction factor for saturated conductivity 1 0.1-5
bff Base flow factor 0.6 0.2-1
gwqO Initial ground water contribution to stream flow in 0.5 0.01-1
mm/day
7 abf0 Alfa factor for ground water this parameter 0.5 0.01-1

characterises the rate at which ground water flow
is returned to the stream

Table 6.2 Calibrated parameters and their range for Abelti flow station

The statistics of the observed and SWIM simulated daily flows during calibration and validation
results in terms of criteria of fit are presented in table 6.3. In the calibration period (1985 to
2000) 16 years, the Nash—Sutcliffe efficiency varies from 0.66 in the year 1995 to 0.91 in the
year 1992, but the overall Nash—-Sutcliffe efficiency was 0.83 and the deviation in overall water
balance is not more than -1% during calibration period. In the validation (verification) period
(1970 to 1981) 12 years, the Nash—Suitcliffe efficiency and the deviation of water balance gives
0.82 and 8% respectively.
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Calibration period 1985 to 2000 total 16 years
Year 8518687 |88[89[90]|91]92|93|94(95]|96|97 (98|99 |00 | Total
E (%) 781718482 |76|87|85]91|73[88|66|90|81/83[90[82| 83
Total water difference -1%

Verification period 1970 to 1981 total 12 years
Year 70711727374 |75|76 |77 |78 79|80 |81| Total
E (%) 9082|8966 |88|90|56 85|91 |77 |54 |77 82

Total water difference 8%
Table 6.3 Calibration and verification results at Abelti flow station

According to the result depicted above the model efficiency during calibration show very good
result throughout calibration period. For the period from January 1985 to December 2000 the
best model efficiency obtained. In all years the model efficiency was greater than 0.75 except
the year 1995, however the overall efficiency obtained during calibration period is 83% with -1%
deviation of water balance which is a very good and satisfactory result for Abelti station. Similar
model efficiency also obtained during validation period, however the model overestimates the
simulated discharge in validation period a bit higher. The overall model efficiency during
validation period was 0.82 and the total water deviation was 8%. The overestimation of the river
discharge during validation period might be because of the temperature effect. This means that
the model was calibrated for recent time period, a period which has slightly higher mean annual
surface temperature than the validation or early period. This effect might lead less
evapotranspiration during validation period and results higher runoff value. Generally these
results indicate that SWIM can reproduce water discharge in Omo Gibe river basin quite well.
The following figures show the comparison between daily and monthly simulated and observed
river discharge at Abelti gauge station in the calibration period 1985-2000.
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Figure 6.6 Graphical comparison of daily simulated and observed discharge upper panel, and
monthly simulated and observed discharge lower panel during calibration period at Abelti
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Figure 6.7 Yearly values of precipitation and evapotranspiration left panel and yearly
hydrograph separation during calibration period at Abelti station right panel.
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Figure 6.8 Graphical comparison of daily simulated and observed discharge upper panel, and
monthly simulated and observed discharge lower panel during validation period at Abelti station.
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Figure 6.9 Yearly values of precipitation and evapotranspiration left panel and yearly
hydrograph separation during validation period at Abelti station.
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The plots of observed and simulated daily and monthly flows show that the results are well
simulated in most of calibration years, except 1995 which underestimates the overall flow in this
year. According to the model underprediction of 1995 year flow was mainly during high flow
season; however, the performance of the model in producing the observed flow for most of
calibration and validation period was remarkable and awesome. The various performances
evaluation measures computed for the daily and monthly stream flows including with graphical
comparison of observed and simulated flow in the calibration and validation periods are a
means to confirm the behavior of the model to represent the physical processes in Omo Gibe
basin. Moreover as one can see, from the above graphical comparisons in both cases the
simulated river discharge is in a satisfactory agreement with the observed one, and the
seasonal dynamics also well reproduced, high and low flows captured very well by the model
which shows that the capability of the model in simulating the extreme events like high flow.
This uniformity has already been observed by modeling of flow at Gibe Ill dam site (next
chapter), this addresses the uncertainty involved in the simulations of the model is very low for
Gibe basin.

The hydrograph pattern at the gauge Abelti is very typical for most of Ethiopian rivers, as
precipitation concentrated in the northern part of the basin starting from June to September as a
result there is higher water flow at this season, this dynamics or the seasonal flow pattern
simulated by the model very well. This is one of the good conformations about SWIM model
performance in Gibe basin.

6.4 Application of SWIM for un-gauged basin

This part of the study aimed to create a hydrological model for the catchment area of Omo basin
at Un-gauged watershed, lying upstream Gibe Il dam site, for the purpose of generating daily
flow data by transferring the calibrated parameters from Abelti site to un-gauged part of the
basin by keeping the assumptions that has been made before. The hydrology of Abelti basin
was modelled quite well with satisfactory results and negligible overall water difference (-1%) by
SWIM model during calibration. After calibration and validation of SWIM at Abelti flow station,
the next step is estimation of daily flow by applying the art of SWIM modeling technique for un-
gauged basin. Daily flows are generated at the outlet point of Gibe Il dam site for this part of the
basin, by transferring the calibrated parameter from Abelti to this basin. In addition to these,
climatological data of 29 years, land use map, soil map and digital elevation model of un-
gauged basin prepared separately to utilize as an input to the model. The procedure is the same
like that of Abelti except the input data are different. Before running the model on un-gauged
basin the following input data were prepared.

v Digital elevation model (DEM) of un-gauged basin which covers an area of 11,150 km?
from SRTM data

v Land use and soil map. Soil data for this basin also prepared according to SWIM soil
data base requirement.

v' Preparation of climate data on the basin from 1970 to 1998 as an input to SWIM

After preparing the above raw data as an input to the model, using Mapwindow subdivision of
un-gauged part of the basin in to reasonable sub-basins to get reasonable result carried out.
And preprocess of SWIM carried out to interpolate the relational data (climate data sets) in to all
sub-basin area, to calculate hydrotopes and routing structures independently. The outputs of the
results displayed in the following figure.
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Figure 6.10 Calculated sub-basin, hydrotopes and routing structures of un-gauged basin

After preparing all the necessary input data for SWIM and using calibrated parameter at Abelti
as calibrated input parameter for Un-gauged basin, daily flow at Gibe Ill dam site only for this
basin was developed by running SWIM from 1970 to 1998. Consequently, 29 years daily flow
data that represents the flow contributed from un-gauged part of the basin to Gibe Il dam site

estimated. The following figures show the plots of daily flows generated by SWIM for 29 years
from this basin.
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Figure 6.11 Generated daily and mean monthly flows from 1970 to 1998 from un-gauged basin

Month Jan | Feb | Mar| Apr | May | Jun | Jul Aug | Sep Oct [ Nov | Dec |Annual
Un-gauged 349 32.0 (32.8| 48.0| 79.6 (111.4]190.2 | 347.6 | 300.4 [ 199.0]114.8| 58.9 | 129.1

Table 6.4 Mean monthly flows contributed to Gibe 11l dam site from un-gauged part of the basin

The daily flow for this part of the basin has been determined using SWIM hydrological modeling.
According to the result the mean annual flow contributed from this part of the catchment to Gibe
Il dam site is 129.1m%s and it attains its peak discharge at 347.6m>'s in the month of August.
This daily flow data set from this watershed is one of the most important data needed in
combination with the other flow data to setup SWIM at Gibe Ill dam site to study effects of
climate change. This flow generated by assuming some basic assumptions between Abelti and
un-gauged basin. To strengthen our assumptions, the total mean annual runoff volume from
these two catchments were compared to investigate how the flow pattern in both basins react
with respect to some moving average results. The following figure depicts this idea.
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Figure 6.12 Mean annual runoff volume at Abelti and Un-gauged basin

The above figure revealed that these two basins has similarities in the results of five year
moving average, the trend of five years moving averages for both basins show reducing of flow
up to the year 1986 for both cases and then increasing trend staring from 1987 to 1998 This
might be one testimony to strengthen the assumptions made before.

After getting the mean annual flows from daily estimated discharge from un-gauged basin, the
total flow at Gibe Ill dam site has been calculated by considering and summing-up Abelti, Wabe,
and OM19 mean annual flows at the dam site and the final result obtained as 431.4m?s.

6.5 Validation of SWIM result for un-gauged basin

The approach employed above, based on a complete rainfall-runoff analysis which considers
the hydrological cycle of studying basin at daily time scale. Generating a time series of daily
flows by considering full hydrological behavior of the catchment is expensive and time
consuming approach. It is clear that the outcome of such method is continuous daily stream
flows for un-gauged catchment, but there should me a means to confirm the outcome of such
results reliability. One of the validation procedure followed in this part of the study is comparison
of mean annual discharge obtained in this method with the results obtained by employing other
methodologies, which will be discussed in the following section. Therefore, it is logical in this
context to investigate the possibilities of deriving daily time series representing daily flows
regime of un-gauged part of the study area by considering complete physiographic
characteristics of the catchment like slope, vegetation cover, drainage area and soil.

6.5.1 Estimation of mean annual flow in the study area

Mean annual flow or mean annual discharge, is defined as the automatic mean of all of the
individual daily mean flows for a given water year at a specific site on a river. Direct calculation
of mean annual flow in Omo Gibe basin especially at Gibe Ill dam site is not possible, because
flow values are only recorded at Abelti and other small catchments above Abelti stream gauges,
so that there is a need to estimate mean annual average flow on streams without gages. Mean
annual average flow is more difficult to estimate on un-gauged streams without having sufficient
input data to local based generated empirical equations like drainage area relationship and
rational formula. Regarding to Omo Gibe basin most part of watershed which contributes flow to
Gibe 1ll dam site have gauges (measured flow data) using this gauged flow data an easy and
reliable methods to estimate mean annual average flow on un-gauged basin was developed.
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The following procedures are similar method that had been used during Gibe Il dam design,
however, for this particular study data pertaining to (1970-2000) employed. Mainly this mean
annual flow computed for comparison and validation purpose with SWIM result.

6.5.2 Approaches used for estimation of mean annual flow

As we know the approach for estimation mean annual flow for a point of interest or project reach
along a river is dependent on the availability of streamflow data within the river reach. If a
streamflow gage is available, then determination of mean annual flow is relatively easy. For
reaches where no streamflow gage exists, the establishment of mean annual flow will be a bit
complicated and require some effort to develop relationships with other hydrologic parameters
such as drainage area. So far there are different methods to estimate average annual stream
flow for sites where no stream flow data were collected, some of the well-known methods
include:

v the drainage-area relationship,
v regional statistics using regression,
v/ and precipitation-runoff modeling.

This section presents methodologies for estimation the mean annual flow to be used in the
analysis of surface water hydrology of Omo Gibe for comparison purpose. For this specific study
drainage-area relationship and precipitation-runoff methods will be employed. The procedure of
each method is described in the following section in detail.

6.5.2.1 Derivation of empirical relationship between flow and catchment size

For the sake of comparison and validation purpose mean flow at Gibe Il dam site (figure 6.1)
were determined by assessing three basic methods that are capable of estimating mean annual
flow at this site. Estimation of mean annual flow by using empirical relationship between flow
and catchment size characteristics of un-gauged part of the study area is based on transferring
or extrapolating information from gauged (upper part of the basin) to un-gauged sites. This is
the most common method and it involves derivation of empirical relationships between flow and
catchment characteristics.

Table 6.1 show that nearly 32.89 percent of Gibe IIl watershed is not gauged, this part of the
watershed is mentioned as un-gauged. To determine mean annual flow at this un-gauged site, it
will be necessary to collect direct streamflow measurements and establish relationships with
other hydrologic parameters. To accomplish this objective streamflow data are collected as
mean daily values from 67.11 percent of the catchment area upstream of Gibe Ill dam site.
Eventhough it is possible to get daily flow data from more than 67 percent of the watershed area
most of them measured flow from small catchments except Abelti. Moreover there is no any flow
measuring stations near to gibe Ill dam site or nearby, because of this it is not possible to
estimate the mean runoff at Gibe Ill dam site directly. In addition to main flow measuring
stations, measured flow from small catchments especially upstream of Abelti were collected.
The description of these catchments depicted in table 6.5 and their location can be accessed
from figure 5.2.

A reasonable estimate of mean annual flow can be developed by establishing mathematical
relationships of these measured flows with other hydrologic parameters such as drainage basin
area, most often in different literatures these mathematical relationship using basin
characteristics are referred to as “regional curves”. To develop this regional curve for Omo Gibe
basin the following flow measuring stations were used.
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' Area , calqglated
S No Station Name Kkm? Q (m?/s) specific g (I/s
m km?)
1 Gibe river nr. Abelti 15690 190.4 11.495
2 Gojeb river at Dam site 5188 84.8 16.549
3 Gojeb river nr Shebe 3577 59.0 16.494
4 Gilgel gibe nr. Asendabo 2966 36.9 12.717
5 Wabi nr. Wolkite 1873 27.1 14.523
6 Gibe river nr. Limu Genet 533 10.8 20.300
7 Rebu river nr. Wolkite 480 3.2 6.645
8 Megecha nr. Gubrie 286 3.5 12.413
9 Gibe river nr. Seka 280 3.7 13.214
10 | Gohgeber river nr. Endibir 109 1.6 8.684
11 | Bidru awana nr. Sekoru 41 0.5 12.683

Table 6.5 Flow measuring stations used to establish area discharge relationship

The mean annual discharges for above stations have been calculated from 31 years (1970-
2000) observed daily flows, except Limu Genet, Seka and Sekoru. As noted in table 6.5, mean
annual flow in Omo Gibe basin varies proportionally with drainage area. As such, a regional
regression curve for mean annual flow as a function of drainage area is the good option and an
easy approach to establish this relationship at the studying area. This can be accomplished by
defining a regression equation for measured mean annual flows versus drainage areas from
data at streamflow gages in the basin. Two Inputs are necessary to develop the regression
equation mean annual streamflow and drainage area. One of the data that should be readily
available to develop this regression equation is the area of the watershed where flow
measurement is taking place. Therefore, the drainage basin of smaller catchment size less than
5,000km? delineated from the SRTM data set of 90m resolution using Arcmap. For larger area
200m resolution SRTM data employed.

As it was mentioned in the previous discussion direct estimation of mean annual flow at Gibe llI
dam site impossible, but it is possible to determine the mean annual runoff indirectly by creating
a relationship between the above listed discharge and their drainage area by defining
regression relationship (empirical equation). The regression relationship for hydrologic data was
assumed to be logarithmic and the selected gauged sites assumed to be located within the
same hydrophysiographic region as the un-gauged site under consideration. Initially an
empirical equation has been derived by relating observed mean annual discharge listed in table
6.5 and catchment size, and then this equation being used to estimate mean annual flow
generated from un-gauged part of the basin. It should be pointed out that mean annual runoff
determined using this method gives to this procedure certain robustness as cautions has been
taken during estimation of drainage area and associated input data sets.

The ultimate aim of this section was to develop area discharge relationship in the form of
equation 6.5 for estimation of mean annual streamflow generated from un-gauged part of the
basin, as a result a unique regression equation developed (equation 6.6) for this region.
Additionally the performance of this equation was checked against independent data in the
basin.

A relationship between mean annual flows and catchment area size can be expressed as

Q = jA° 6.5

Where Q is in this case the mean annual runoff, j and ¢ are constants derived by fitting a
regression line to the available data between mean runoff and area. The constant c represents
the rate at which discharge (Q) increases downstream when compared to drainage area (A) It is
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often assumed that the scaling between discharge and drainage area is linear (¢ ~1) (Joschua
C., 2009). According to (Chow V.T., 1964, Handbook of Applied Hydrology, McGraw-Hill) the
exponent c falls between 0.5 and 1.1. Accordingly observed discharge and catchment area at
the study area were related to derive the values of coefficients in equation 6.5. Based on this
procedure the following equation was obtained by assuming linear relationship between
discharge and catchment area.
Q =0.0119 = A? 6.6

Where Q is mean annual runoff in m%s and A is drainage area in km?
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Figure 6.13 Curve of mean annual runoff vs. drainage area for studying basin

The above general law as illustrated with R? fits very well and the result is acceptable with the
available data. And some experiments (checkup) carried out to check the efficiency of the above
empirical equation in estimating of mean annual discharge in the study basin for known value.
The experiment carried out as a validation of the above equation for catchment area which was
not involved during the derivation of the equation. To examine this procedure calculation of the
design discharge at Gilgel gibe | hydropower project using this equation carried out, this
catchment is found inside Abelti watershed. There by it showed good agreement with a design
discharge of Gilgel Gibe | hydropower project. According to the design document of Gilgel Gibe
| hydropower project (ENEL 1998) the design discharge at Deneba (dam site) was 50.4 m?/s.
And according to the above derived empirical equation is as follow. To calculate Gilgel Gibe |
design discharge using the above equation the area for Gibe | hydropower site used
(A=4225km?) as an input to the equation. There by:

Qdesign at Give1 = 0.0119 * Ayt penepa

3
m
Qaesign at Give 1 = 0.0119 * 4225km? = 50.3T

Which is a reliable result; because this value approaches the design discharge during design of
Gibe | hydropower project 50.4 m%s. Based on the above Q and A relation it is possible to
calculate the mean discharge contributed to Gibe Il dam site from un-gauged catchment and
then this mean discharge value will be added with the rest of the mean discharge contributed
form Abelti, Wabe and OM19 to get total discharge at Gibe Il dam site from all flow contributing
area.

Mean annual flow from un-gauged part of the basin using equation 6.6 calculated as follow. The

watershed area for un-gauged catchment is 11,150 km? and mean discharge contributed from
this catchment to Gibe Il dam site:
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- = U * m- = .6 m/s.
Qun-gauged = 0.0119 * 11150 k 2=132.6m%

Now it is possible to add all mean discharge contributed from upper catchment to Gibe Il dam
site.

3
S No Stations name Areg Q (m'/s)
km calculated

1 | Gibe river at. Abelti 15690 190.4

2 | Goj. river at Dam site OM19 5188 84.8

3 | Wabi nr. Wolkite 1873 27.1

4 | Un-gaged area 11150 132.6

Total mean annual flow at Gibe Il 33,901 434.9

Table 6.6 Mean discharge contribution from four catchments to Gibe 11l dam site

Based on A and Q relationship the total mean annual flow at Gibe Ill dam site found as
434.9m%s. And the amount of mean annual discharge contributed from un-gauged part of the
basin calculated as 132.6m®/s. This mean flow cannot be used as an input to SWIM model, but
it can be used as a guide line or a means of validation and comparison for daily flow data which
has been estimated using SWIM rainfall runoff methodology.

6.5.2.2 Rational method

This method is based on the rational formula. It is a widely used technique in engineering
hydrology to determine mean flow. For this specific study the mean flow determined using this
method can be used as a comparison purpose which was calculated previously by discharge
area relationship and SWIM modeling technique.

In order to employ this method three watershed areas, Gibe River at Abelti, Wabe River at
Wolkite and Gojeb River at OM19 (figure 6.1) have been used, because in one way or other
these three basins have common characteristics with un-gauged part of the basin, for example
they have common boundary or watershed divide. This procedure is based on determination of
runoff coefficient for flow measuring stations at Abelti, Wabe and OM19 using the ratio of
discharge to areal rainfall amount; and decentralizing these runoff coefficients to un-gauged part
of the basin. Runoff coefficients of three of these sub-basins have been determined from
hydrologic and climatologic (areal rainfall of each sub-basins) investigations by dividing of the
flow generated in a sub-basin to the sub-basin areal rainfall. The runoff coefficient (C) is a
dimensionless coefficient relating the amount of runoff to the amount of precipitation received. It
is a larger value for areas with low infiltration and high runoff (pavement, steep gradient), and
lower for permeable, well vegetated areas like forest and flat land. As a good advantage of the
available rainfall gauging stations see figure 6.14 though out the basin above Gibe Ill dam site it
is possible to calculate runoff coefficients at a place where measured flows obtained. Therefore
using this method runoff coefficients at Abelti, Wabe and OM19 flow measuring stations have
been calculated; and comparisons of these runoff coefficients has been carried out and the least
runoff coefficient was selected based on reasonable assumption that was made between un-
gauged part of the basin and the selected basin that represents its runoff coefficient to un-
gauged basin.
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Figure 6.14 Main catchment areas of Gibe Ill dam site and rainfall gauging stations

Selection of the run-off coefficient ‘C’ to un-gauged part of the basin relies partly on knowledge
of physiographic conditions, engineering judgment and personal experience. It also depends on
the rainfall intensity received by the corresponding catchment and the land use pattern. To
apply this procedure attention has been given to determine the spatial variability of precipitation
(areal depths of rainfall) across each sub-basins using Theissen polygons method. In order to
achieve accurate estimation of the spatial distribution of rainfall the Thiessen polygon method
was considered because this method is the most important in engineering praxis especially in
engineering hydrology. This method assigns weight at each gauge station in proportion to the
catchment area that is closest to that gauge. Station weights are scalar factors used to
transform point precipitation observed at this rainfall gauging stations into an associated mean
precipitation over an area that the station data are assumed to represent.

Depending on station locations and local climate patterns eighteen rainfall gauging stations with
27 to 31 years measured daily rainfall data used for this approach. Mean monthly and mean
yearly spatial rainfall calculated for Abelti, Wabe, un-gaged and OM19 at Gojeb river sub-
catchments above Gibe Il dam, moreover areal rainfall for all Gibe Il catchment also
determined. And determination of mean runoff coefficients for each flow measuring stations
carried out by taking the ratio of mean annual discharge at the point of interest to spatial rainfall
value of corresponding sub-catchment. Finally estimation of mean annual flow for the site in
guestion and the dam site performed.
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Figure 6.15 Theissen polygons for Gibe Il dam site
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S No Basin Name Jan Feb Mar Apr May Jun July Aug Oct Nov Dec mm/month | mm/year
1 Gibe Abelti 254 | 369 | 72.9 94.9 145.8 | 197.0 | 246.2 | 2305 | 81.1 | 27.0 | 21.0 110.6 1327.6
2 Wabi Wolkite 215 | 413 | 72.8 94.4 | 1239 | 191.5 | 289.7 | 259.0 | 50.2 14.8 9.4 109.4 1312.5
3 Un-gaug. basin 30.9 | 46.9 | 88.6 124.1 | 149.2 | 172.0 | 211.8 | 2079 | 85.6 | 324 | 21.2 109.6 1315.2
4 Gojeb OM19 46.4 | 62.1 | 114.8 | 158.7 | 216.7 | 218.6 | 227.1 | 236.4 | 134.0 | 73.9 | 43.7 143.8 1725.6

Gibe lll dam
5 site 304 | 443 | 84.6 114.4 | 157.1 | 192.1 | 234.3 | 2256 | 89.3 | 35.7 | 24.2 115.5 1386.1

Table 6.7 Mean areal rainfall rate in mm/year for catchments of hydrometric stations

Table 6.7 shows the mean annual and mean monthly rainfall, western part of the catchment
exhibited higher mean annual areal rainfall which is 1725.6 mm/year Abelti 1327.6, Wabe
1312.5, Un-gauged part 1315.2 and total basin 1386.1 mm/ year. Abelti and Un-gauged part of
the basin have comparable mean annual areal rainfall values.

Based on the available information runoff coefficients for three basic hydrometric stations was
calculated using rational formula by taking the ratio of discharge to areal rainfall value.

_ Qannual mean

C= 6.7

P areal

Where C is runoff coefficient; Qunnuar mean Mean annual runoff rate at the point of interest and
P,req; @real precipitation value obtained at the sub-watershed area.
And the results have shown in the following table.

Runoff Rainfall
S No Basin Name m3/s | Mm3/year | mm/year | m3/s | Mm3/year | mm/year c
1 Gibe Abelti 190.4 6008 383 663 20904 1327.6 0.287
5 Wabi Wolkite 27.1 855 456.6 78 2449 1312.5 0.347
13 Gojeb River OM19 84.8 2676 516 291 9190 1725.6 0.291

Table 6.8 Runoff coefficients for hydrometric stations upstream of gibe Il dam site.

In order to determine runoff coefficient for un-gauged part of the basin which is lactated
downstream of Abelti, Wabi and Gojeb dam site a simple assumption was carried out based on
the available information. The runoff coefficient for Abelti calculated as 0.287, Wabi 0.347 and
Gojeb River at OM19 0.291 presented for selection and comparison. By assuming the un-
gauged part of the basin has the lowest runoff coefficient from the above calculated value
Abelti’s runoff coefficient was selected for un-gauged part as 0.287. Moreover this assumption
can be supported by similar climatological characteristics of Abelti and un-gauged basin. Which
means that the mean areal rainfall in Abelti basin is 1328mm/year where as the mean areal
rainfall for un-gauged part of the basin is 1316mm/year these values are more or less the same,
which indicates that these basins are homogenous with regard to climate. Additionally, based on
the land use map of the basin the vegetation cover of Abelti is more or less homogeneous with
Un-gauged part of the basin this characterizes evapotranspiration which influences the runoff
coefficient.

The next step is calculating of mean annual runoff generated from this un-gauged basin as a
function of the above selected runoff coefficient, spatial rainfall and drainage area
corresponding to this basin using rational formula. The following genera equation employed to
calculate the value.
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1 ]
Q= (31557.6) * A 6.8

Where

315576 is conversion factor for discharge in to m?/s

C is runoff coefficient = 0.287
i is spatial rainfall depth in mm/year for un-gauged part of the basin = 1315.2 mm/year
A is drainage area for un-gauged catchment in km? equal to 11,150 km?

According to equation 6.8 the following result obtained

S No Basin Name c Rainfall in mm/year | Area km? Rr;’]’;‘/osff
1 Un-gauged catchment 0.287 1315.2 11,150 129.2

The mean annual runoff determined with this method more or less similar with the one
determined with the first method for un-gauged part of the basin. Initially it was determined as
132.6 m%s this value obtained by using Q and A relationship. With rainfall runoff (rational)
method we have calculated as 129.2m%s. Even though these values have small discrepancy it
is not significant, so that it is possible to ignore the discrepancies between these results. At this
stage of the result it is possible to confirm that the mean annual runoff contributed from un-
gauged part of the basin to Gibe Ill dam site is nearly 130m?/s.

The overall mean annual discharge at Gibe Ill dam site will be the summation of discharge from
Abelti, Wabi, OM19 and un-gauged basin. Therefore the summation of all discharges will be as
follow.

S No Basin Name Remark Runoff
m3/s
1 Un-gauged catchment Calculated using cia formula 129.2
2 Gibe Abelti Measured discharge at Abelti 190.4
3 Wabi Wolkite Measured discharge at Wolkite 27.1
4 Gojeb Shebe OM19 Measured discharge at OM19 dam site 84.8
Total discharge at Gibe Ill dam site= QAbelti+Qwabe+QOM19+Qunguaged 431.5

Table 6.9 Calculated mean annual discharge at Gibe Ill dam site using rational method

Using rational method the calculated mean annual runoff at Gibe Il dam site is 431.5 m%/s,
when we compare this value with the previous total mean annual flow which was calculated
using Q/A relation 434.9 m®/s more or less they are similar, the above two methods which was
employed to calculate mean annual discharge at Gibe Il dam site gave comparably the same
results, therefore both methods are robust in estimating mean annual flow at the site of interest.

As a means of final check runoff coefficient for entire basin (at Gibe Ill outlet) calculated based
the following general weighted formula:

[(CAbelti * AAbelti) + (COM19 * A0M19) + (CUngu * AUngu) + (CWabe * AWabe)]

6.9
AGibeIII(Total)

Crotar =
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Where Ci.tq is total runoff coefficient for Gibe Il catchment and it was found as 0.2909. Now we
have to substitute all known variables to rational formula to calculate total mean annual flow at
Gibe Ill dam site.

S No Basin Name C
1 Gibe Abelti 0.287
2 Wabi Wolkite 0.347
3 Gojeb Shebe OM19 0.291
4 Un-gauged 0.287
Crota At Gibe lll dam site 0.2909

Table 6.10 Runoff coefficients for Abelti, Wolkite, Un-gauged and Gibe Ill dam site

Since spatial depth of precipitation calculated previously for Gibe Il catchment, now it is
possible to calculate the overall discharge generated from the entire watershed area by using
rational equation and the following result obtained.

S No Basin Name C Rain fall in mm/year | Areakm? | Runoff m%s

1 Total Basin (Gibe Il dam site) | 0.2909 1386.0 33901 436.2

By considering the total runoff coefficient at Gibe Ill dam site and spatial rainfall value over total
area, mean annual runoff generated from gibe Il dam site was 436.2m°/s.

As a means of conformation and validation the mean annual flow from un-gauged basin and
Gibe Il dam site were compared with the results that have been computed by using A/Q
relation, rational formula and SWIM result. Initially mean annual flow from Un-gauged basin
estimated by SWIM as 129.1m%s, the corresponding total mean annual flow at Gibe 11l dam site
was 431.4m%s. The previous results, using area discharge relationship the calculated mean
annual flow contributed from un-gaged part of the basin was 132.6m%s and the total flow at
Gibe 11l dam site was 434.9m?/s. likewise, the rational formula results were 129.2m?3/s for un-
gauged basin and 431.5m*/s for Gibe Ill dam site.

The mean annual flow generated using SWIM hydrological modeling is a convincing result
which is more or less similar to the previous results. The following table shows the results
summary from all the methods.

Mean annual flow

Un-gauged basin m*s | Total flow at Gibe Ill dam site m*/s
Q/A relation 132.6 434.9
Rational method 129.2 431.5
SWIM modeling 129.1 431.4

Table 6.11 Comparisons of mean annual flows generated from un-gauged and Gibe IlIl dam site
computed from three methods

Based on the above table the total mean annual flows at Gibe Il dam site has been adapted as
431.4m%s for climate change study before routing. The final SWIM result for un-gauged basin
has been taken or considered for further SWIM simulation since this flow is generated from daily
flow data and cross checked the reliability of the result with the other methods. The comparison
result showed that this flow determined with greater accuracy and negligible discrepancy.
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6.6 Conclusion

A semi distributed process based hydrological model employed and calibrated at Abelti flow
station for the purpose of deriving daily flows data from un-gauged basin by assuming
reasonable assumptions between these basins. Then, the hydrology components of SWIM
model was calibrated and validated against the observed data at Abelti flow station collected at
the watershed outlet. During simulation process quite reasonable result was found throughout
calibration period at Abelti. On the other hand, calibration and validation of SWIM has shown
that the predicted values have agreed well with the observed data at the outlet of the watershed.
This was proved by the performance of the model Nash—Sutcliffe efficiency and total water
difference produced by the model. Accordingly, the Nash—Sutcliffe efficiency during calibration
period was 0.83 with negligible total water difference of -1%, similar performance was observed
during validation period of the model by producing Nash—Sutcliffe efficiency of 0.82 and 8% total
water difference. As one can see from these results the efficiency of the model was nearly the
same during calibration and validation. This can be taken as the stability of the model for Gibe
basin.

As a result, all calibrated parameter obtained from Ableti directly transferred to un-gauged
basin. Consequently, for the first time 29 years (1970 to 1998) daily flow data set has been
generated from un-gauged part of the basin at the outlet point of gibe Il dam site. According to
obtained result the mean annual runoff generated from this basin was 129.1m%s. The
generated daily flow was compared with different mean annual flows calculated for un-gauged
part of the basin using different methods to cross check the reliability of this generated daily flow
data from SWIM modeling technique.

Moreover, different common approaches for estimating mean annual runoff at Un-gauged and
Gibe Il dam site has been explored. The first approach to estimate mean annual flow from un-
gauged basin is based on extrapolation of flow records from gauged sites to un-gauged site the
so called area discharge relation. Another approach that has been used for estimating mean
annual flow of un-gauged and Gibe Il catchments is the use of rainfall-runoff models which is
called as rational method whose parameters like runoff coefficient have been decentralized to
un-gauged part of the basin. According to the results mean annual flow from un-gauged
watershed which have been estimated using two approaches are 132.6m*s and 129.2m%s
respectively. The main purpose of computing mean discharge by using different approach for
un-gauged catchment was to have an idea how much amount of flow generated from this part of
the basin and to compare the results of mean flow estimated by SWIM hydrological model.

Due to the different approach used to compute mean discharge at un-gauged catchment it was
expected that the results of the computation won’t be exactly the same, but results given by all
methods are comparably similar. Not only for un-gaged catchment but also mean annual flow at
Gibe Il dam site has been computed with these approaches by summing up the mean flows
contributed from each watersheds to provide the overall picture for current water resources
potential of the basin.

Fortunately, all the methods estimated more or less similar results and the SWIM result has

been taken to study climate change at Gibe Il dam site since this flow determined from daily
flow data set.
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Chapter 7 Application of SWIM at Gibe Ill Basin

7.1 Introduction

The other objective of this research is to set up SWIM rainfall runoff modeling at Omo Gibe llI
dam site for climate change study, after having daily flow input at Gibe Ill dam which can
substitute observed discharge for reference time period. In the preceding two chapters different
and reliable procedures have been implemented to calculate mean annual and daily flow in
Omo Gibe basin. However, the results were not aggregated to the site of interest. The collected
measured flows are found at different outlet point of Wabe, Abelti and OM19 flow measuring
stations. Moreover, the estimated daily flows data from un-gauged part of the basin was at the
outlet point of Gibe Ill dam site, because of this all these flows should bring together to
represent historical inflow at Gibe 11l dam site using reach routing technique.

7.2 Flow routing in Omo Gibe basin

Flood routing is the process of modeling a flood wave to understand what it will do at various
points along a river course. Reach flood routing is a mathematical method for predicting the
changing magnitude and celerity of a flood wave as it propagates down rivers. Generally, two
basic methods are used to route the flood wave in natural channels, one based on hydrologic
routing and the other on hydraulic routing. The hydrologic method is based on the storage
continuity equation, while the hydraulic method is based on the Saint-Venant equations
consisting of the continuity and momentum equations (Choudhury et al. 2002).

For the purpose of getting daily flows at Gibe Il dam site the basin divided in to the following
four flow contributing catchments based on the availability of recorded and estimated daily data
from un-gauged basin.

v' Abelti cachment with flow contributing area of 15,690 km?

v' Wabe cachment with flow contributing area of 1,873km?

v" Gojeb cachment (proposed dam site on Gojeb river) with flow contributing area of
5,188km?

v Un-gauged catchment with flow contribution area of 11,150km? this flow has been

determined using SWIM,
The watershed areas of the basin have been delineated based on the SRTM data of the basin
using ArcMap. Accordingly their areas which contribute flow to Gibe Ill dam site have been
calculated. The flow of Wabe River is measured in Wolkite. The Gilgel Gibe River is the most
important tributary, draining mainly cultivated lands from the south west. The flow of this river is
measured at Abelti flow measuring station together with other upstream part of the catchment.
Going downstream another important tributary is found from the west, the Gojeb River. Daily
measured flows from the above mentioned stations collected from MoWEE. Whereas the daily
flow from un-gauged catchment has been calculated using rainfall runoff modeling using SWIM.

Since the distances of flow measuring stations of Abelti, OM19 and Wabi are far away from
Gibe Il dam site it was not possible to add the values of these flows with the output of un-
gauged basin. To account the magnitude and celerity of a flood wave as it propagates down
rivers reach flow routing technique has been incorporated.

116



-
=}
=}

Wabe mean monthly flow

-
o
=)

o
o

Legend

@
=)

Iy
=)

e Abelti flow sta
+ Gojeb at OM19
o \Wabi at Wolkite

A Mean manthly flove m/s

=)

mmmmmmmmm

Nov

@ Gibelll_Dam Site
—— Gibe_Rivers
[ | Wabe_basin
[ Gojeb_basin
[ | Abelti_basin

Abeltimean monthly flow

chchchch

5= 3 2853 %32

Mow
Dec

[7771Un-gauged_basin

OM19 mean monthly flow

Gilgel Gibe River

-
wn
&

Gojeb River

50

0 125 25
L |

Figure 7.1 Flow contribution catchments to Gibe Il dam site

Many different simplified routing models were developed recently and so many years ago.
Some of this routing technique was applied successfully for routing of flood in river. The
Muskingum method (McCarthy, 1938) is widely accepted and used in flood routing models due
to its adequate levels of accuracy. Because of this Muskingum routing method selected to route
the flow from Abelti, Wabi and OM19 to Gibe Il dam site. As it is well known, the Muskingum
model needs different parameter for routing. These parameters are wave travel time K and
weight coefficient of discharge X so that before routing, these parameters should be

determined.

According to Schulze (Schulze, 1995) for a given reach, the continuity equation can be

expressed as

d(st
(sd;)r) = Qin(t) — Qout(t)
Where % Is the rate of change of storage within the reach (m%/s)

Qin(t) Is the inflow rate (m?/s)
Qout(t) Is out flow rate (m?/s)

The Muskingum method assumes a variable discharge storage equation
stor(t) = K = [X * Qin(t) + (1 — X) * Qout(t)]
Where stor(t) the storage m® in a river reach at time t

K is the storage time constant for the reach (s),
and X is the dimensionless weighting factor in river reach routing.

7.1

7.2
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Here K is the ratio of storage to discharge and has the dimension of time. In physical terms, K is
considered to be an average reach travel time for a flood wave, and X indicates the relative
importance of the input Qv and outflow Qour in determining the storage in a reach.

Thus, from equation 8.2 the change in storage over time At is given as

Stor(t + 1) — Stor(t)
=K[X *Qin(t+ 1)+ (1 — X) * Qout(t + 1)]
— K[X *Qin(t) + (1 — X) * Qout(t)] 7.3
The general form of Muskingum equation can be give as

Qout(t +1) =C; *Qin(t + 1) + C, = Qin(t) + C3 * Qout(t) 7.4
Where the parameters C,, C, and C; are determined as

—K* X+ 0.5 At

G = R T K+X105%h¢ 75

. = K*xX+05x*At 76

2T K—K*X+05=*At '
K—K*X—05x*At

7.7

G = N K XT05+Ac

Here K and At must have the same time units and the three coefficients C;, C, and Cs should
give a sum of 1. Numerical stability is attained and the computation of negative outflows is
Avoided if the following condition is fulfilled

2+K*X< At<2*K*(1-X)

Prior to routing in Omo Gibe basin determination of routing parameter K and X are important
which are used as an input to Muskingum routing equation. These parameters can be derived
from the relevant morphologic parameters of the watershed. For these purpose River length,
slope and area of the watershed determined from digital elevation model of the basin using
ArcGis.

Mean water course  velocity

Catchment | Area L, L, Mean V*
Km? Km km m/s
Abelti 15,690 1km 208km 0.73
Om19 5,188 54km 89km 0.81
Un-gauged 11,150 208km 0.49
Wabi 1,873 8km 207km 1.16

Note: * indicates that the data available from the hydrologic reports of basic design of Gibe Il
dam

Table 7.1 Watershed parameters of Gibe Il basin

As it is possible to see from the above table the main water course length is divided in two parts
as L; and L, where L; indicates the length of the river on the sub watershed, whereas L,
indicates the river which travel through the main water course of un-gauged catchment. Division
of the river length in this way helps to calculate the value of K independently, which means that

118



value of K in sub watershed and value of K in the mail river course since we have the velocity of
the flow in both part of the watershed. Finally value of k will be the sum of ks which is obtained
by L, and L, for each flow that should be routed in to Gibe Ill dam site.

Determination of routing parameter K and X for Abelti, Wabi and Gojeb

Generally the value of K can be determined by applying the following equation as a function of
reach length and celerity.

K= L 7.8
" CLR '
Where L is the reach length and CLR is the wave celerity
5%V
CLR = 3 7.9

Where V is the average stream velocity in m/s, the average stream velocity to calculate celerity
has been taken the value which was determined during preliminary design of Gibe Ill dam from
design manual of the project. Once average stream velocity and the travel distance in each sub
catchment and main stream is known it is possible to calculate the value of K by applying
equation 7.8 and 7.9. Accordingly we have calculated the value of K independently for each
stream length, and finally summed up to get the total k value. The summary of the results
depicted in the following table.

Ly L, Li+L, K=K;+K,
Om19 54km 89km 143km 1.4463
Abelti 1km 208km | 209km 2.9573
Wabi 8km 207km 215km | 2.93305

Table 7.2 Values of K for OM19, Abelti and Wabi calculated using equation 7.8 and 7.9

Table 7.2 shows that the calculated value of K. For instance if we take Wabe river it has two k
values which have been calculated from river reach 1 and 2. In this case river reach one means
the distance of the river which travel from flow measuring point until it meets the main Omo
River at some junction points for this river reach it has different average velocity than that of the
main river reach, because of this we have calculated K; because of the travel distance L; and K,
because of the travel distance L, and finally the overall k value is summation of these two.
Parameter X, expressing the influence of backwater in the routing process and varying from 0 to
0.5, this value has been taken from Omo Gibe design document as 0.1625. Here the value of K
has the unit of time. In Omo Gibe basin it is expressed in day since the observed flows are daily
basis.

Once the values of K and X determined for each river reach we can calculate the Muskingum
routing coefficients. These values are C,;, C, and C; and they have been calculated by using
equation 7.5, 7.6 and 7.7. In order to avoid the computation of negative out flow the following
equilibrium equations was checked against all flow contribution catchments and the condition
fulfilled 2*K*X< At<2*K*(1-X).
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C, C, Cs Sum
Om19 0.1549|0.42951 | 0.4156 1
Abelti 0.0065| 0.3294 |0.6641 1
Wabi 0.0079]0.33033|0.6618 1

Table 7.3 Calculated Muskingum routing coefficients for OM19, Abelti and Wabe

Finally the recorded flow from Wabi at Wolkite, Gojeb at OM19 and Gibe at Abelti were routed
to Gibe Ill dam site by using equation 7.4, and the results are shown in the following figure and
table.

Mean monthly flow at Gibe Ill dam site m*/s
Month | Abelti | Gojeb | Wabi | Un-gauged | Total

Jan 36 17.4 4.4 34.9 93.1
Feb 245 [ 14.3 3.5 31.9 75.1
Mar 215 | 16.7 3.9 32.8 76.3
Apr 245 [ 22.5 6.5 48 102.2
May 42.1 | 53.7 7.2 79.6 180
Jun 106.8 | 112.5 | 16.2 111.4 347.5
Jul 336.8 | 167.5 | 58.6 190.2 751.3

Aug 638.6 | 209.3 | 114.3 347.6 1316.8
Sep 528.2 | 185.1 | 70.4 300.4 1093.5

Oct 3259 | 134 25.6 199 674.8
Nov 128.9 | 54.2 9.1 114.8 304.3
Dec 56.7 | 25.5 5.1 58.9 147.5
Annual | 189.2 | 84.4 [ 27.1 129.1 430.2

Table 7.4 Mean monthly and mean annual flow at Gibe Il dam site after routing

Table 7.4 reveals the mean monthly and mean annual flows at Gibe Il dam site after routing.
This flows calculated from 31 years (1970-2000) observed daily data at Abelti, Wabi and Gojeb
and simulated daily flow from Un-gauged catchment at Gibe Ill dam site. The mean annual
contributions of flow from Abelti, Wabi, OM19 and un-gauged catchments are 189.2, 27.1, 84.4
and 129.1m%s respectively. The peak discharge of all routed flow occurred in the month of
August. The mean annual flow at Abelti, Wabi and OM19 observation stations and routed flow
have some discrepancy; the routed flow is a bit smaller than the observed values at the stations
this is because the loss of some water through routing processes.

Mothly flow contributions to Gibe lll dam site by four Summation of all flow at Gibe Il dam site
catchments after routing
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Figure 7.2 Monthly flow contributions from four catchments to Gibe Il dam site after routing
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Figure 7.3 Comparisons of mean annual discharge [m3/s] and percentage contributions of flows
from all catchments to Gibe Il dam site

According to figure 7.3 greater percentage of flow to Gibe Il dam site is contributed from Abelti
sub-catchment, this constitutes nearly 44% of Gibe Il flow. Un-gauged part of the catchment
contributes 30% of the flow which is considerable amount next to Abelti. The rest of flow
stations Gojeb River at OM19 and Wabi River at Wolkite contribute 19.6% and 6.6% of the total
flow at Gibe Ill dam site. As it was mentioned in the previous section daily flow data at Gibe llI
dam site is the back bone to set up SWIM at this station, that is why all the above processes
and calculations were involved to estimate (calculate) with reasonable accuracy daily flow data
at Gibe Ill dam site. Accordingly, the total mean annual flow at Gibe Ill dam computed as
430.2m%'s and the average annual volume of water enters to Gibe Ill reservoir is 13,650 million
m?® which was calculated from 29 years daily flow data at Gibe Il dam site. The peak flow at this
site occurred in the month of August and the value calculated as 1,317 m®s. From now on this
mean and daily discharge at this site will be used as reference period water resource potential
of the basin upstream of Gibe Il dam site. And effects of climate change will be carried out
against this reference time flow. Detail computed water resources potential from all sub-
catchments can be found in the appendix.
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Figure 7.4 Annual runoff volumes at Gibe Ill dam site

7.3 SWIM setup at Gibe Il dam site

At this stage it is possible to setup SWIM at Gibe Il dam site, because all the necessary data
like daily flow, soil map, land use map, DEM and other important data are available. The main
objective of calibrating SWIM at Gibe Il dam site is to study effects of climate change on Gibe
[l flow from 2020 to 2050. Prior to calibration sensitivity analysis has been performed.
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7.3.1 Sensitivity analysis

Sensitivity is measured as the response of an output variable to a change in an input parameter,
with the greater the change in output response corresponding to a greater sensitivity. It
evaluates how different parameters influence a predicted output. Parameters identified in
sensitivity analysis that influence predicted outputs are often used to calibrate a model (Van
Griensven et.al. 2006). Sensitivity analysis gives a clear answer in regards to the relative
importance of various calibrating parameters. Therefore sensitivity analysis as an instrument for
the assessment of the input parameters with respect to their impact on model output is useful
not only for model development, but also for model validation and reduction of uncertainty
(Kassa T. 2009). Main purpose of sensitivity analysis is to understand the model behavior in
response to variations of different calibration parameter, because if someone understand the
model very well it will be very easy to celibate the model without difficulties.

The parameter sensitivity analysis at Gibe Il dam site was conducted manually, because this
methodology helps to understand the model very well. To identify most sensitive parameters
based on numerical and visual inspections of different components of modeled flow like peak,
low, seasonal and total flow value were investigated. Moreover, the degree to which model
predicted discharge approach measured observations using the given parameter carried out.
During this process one parameter was adjusted while others were kept unchanged. For each
parameter, changes were made a number of times within its allowable range to test its
sensitivity. Accordingly, a total of eight model input parameters (roc2, roc4, thc, abf0, gwqO, bff,
sccor and stinco) were selected for sensitivity analysis which may have a potential influence to
Gibe lll dam flow. Table 8.5 lists the model parameters along with their maximum and minimum
estimates with acceptable ranges. The ranges of variation of these parameters are based on a
listing provided in the SWIM manual. The sensitivity analysis described here has been done for
Gibe Ill (gauge station area 33901km?) from fourteen years simulation period 1985 - 1998. Most
parameters used for the sensitivity analysis are from the parameters suggested by SWIM user
manual and personal experience with the model. The sensitive parameters were examined by
characterizing simulated surface runoff under different parameter ranges using direct model
output.

S no. | Designation Description Max | min processes

Routing coefficient to calculate storage time

1 Roc?2 constant for the reach of surface flow 20 1 Runoff
Routing coefficient to calculate storage time

2 Roc4 constant for the reach of sub surface flow 60 1 Runoff

3 Thc Evaporation correction factor 1 0 Evaporation

Alfa factor for ground water this parameter
characterises the rate at which ground water

4 abf0 flow is returned to the stream 1 0.01 | Groundwater
Initial ground water contribution to stream flow

5 gwqO in mm/day 1 0.01 | Groundwater

6 bff Base flow factor 1 0.2 Runoff

7 sccor Correction factor for saturated conductivity 0.01 10 Sall

8 chwco Coefficient to correct the channel width 0.1 1 channel
Initial water content as a fraction of field

9 stinco capacity 0 0.9

Table 7.5 Parameters and parameter ranges used in sensitivity analysis in SWIM model
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7.3.2 Results and discussion on sensitivity analysis

Bff to investigate the influence of the baseflow factor on water discharge at Gibe flow, different
values of bff from (0.2 to 1.2) at 0.2 intervals were used to simulate the corresponding water
discharge. According to the result this parameter has a significant effect on hydrograph of the
flow, when the value of bff reduced from 1.2 to 0.2 the peaks are lowered the level of low flow
are raised and the total discharge lowered by 6%. When the value of bff increased from 0.2 to
1.2 leads to opposite effect. The overall results of this sensitivity analysis illustrated by figure
7.5.
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Figure 7.5 Sensitivity of discharge at Gibe Ill dam site to bff parameter

AbfO alpha factor for groundwater, or groundwater recession rate, which characterises the rate
at which groundwater flow is returned to the stream, this parameter does not have very
significant effect on the hydrograph of the flow especially during dry season. However, it has
visible effect on hydrograph during late summer, September, October and November flows.
When the alpha factor changed from 0.01 to 0.9 peaks in summer and autumn flow raises,
moreover the decrease in abf0 leads to decrease in total flow by 3%. To illustrate the sensitivity
analysis of abf0 at Gibe Il flow graphical analysis of this results are found at the appendix for
the year 1985 and 1988.

Thc this parameter is a very sensitive parameter and very important factor for calibration
purpose. To see the overall effect of this parameter on Gibe discharge, different flows were
simulated for different values of thc (from 0.1 to 1) by taking an interval of 0.2 which can help to
identify the effects in detail. Consequently, when we increase the value of thc from 0.2 to 1 peak
and low discharge were raised and the overall water discharge changes significantly. Thc has
higher impact especially during high flow time and in total flow values. The following figure helps
to see the effect of thc on Gibe discharge during high and low flow time.
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Figure 7.6 Sensitivity of discharge at Gibe Ill dam site to thc parameter
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Roc4 Initially estimation of the storage time constants for a reach in the model is based on the
channel length and celerity, (flow velocity) are estimated based on the DEM. This preliminary
estimation can be corrected during the model calibration using parameters roc2 and roc4.
Similarly to investigate the effect of this parameter on Gibe discharge different values of Roc4
from (1 to 24) at different interval were used on the discharge of 1985 to 1998. The result show
that the increase in this coefficient leads to the lowering of peaks and the smoothing of the
dynamics in general. However, the total water discharge does not change significantly or it is
possible to say that the total water discharge is stable for different values of Roc4 and as the
value of this parameter increases, it attains longer recession on the limbs of the hydrograph.
Since the dynamics of the flow changes significantly it is possible to consider this parameter is
one of the most important calibration parameter because the correlation coefficient between
observed and simulated discharge show significant change as roc4 value changes. For the case
of Omo Gibe basin medium value between 8 to 13 leads to better result. The result of this
sensitivity analysis can be found in the form of figure at the appendix.

Roc2 the effect of this parameter on Gibe discharge is the same as roc4. However, the effect is
not significant like that of roc4. Lower values of 2 to 5 leads to better result in Omo Gibe basin,
while this value gets larger and larger it become insensitive to gibe flow. Similar figure for this
sensitivity analysis can be found at the appendix part of this thesis.

Sccor this parameter is very important model calibration parameter for Gibe flow. As it was
mentioned previously on soil data preparation section, for Gibe basin saturated conductivity was
estimated by using Cosby (1984) formula as a function of clay and sand content. However,
estimation of this parameter by using different methods leads to different estimates, because of
the uncertainties with this estimation SWIM allows to correct the parameter sc in the model
globally for all soils and soil layers, using the correction factor sccor. Accordingly an attempt has
been carried out to estimate the sensitivity of the model to sccor for different values of (0.01,
0.3, 0.6, 0.9, 2 and 4) to gibe flow. According to the result, as the value of sccor increases the
peak flow lowered especially significant decrease in discharge observed in summer flow (June
to August) and low flow raised (increased in discharge during autumn and winter) moreover, the
total discharge with the change in sccor changes significantly. Graphical results of model
sensitivity to the correction of the parameter sccor are shown in the following figure. This
parameter was considered as one of the most important calibration parameter at gibe basin.
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Figure 7.7 Sensitivity of discharge at Gibe Il dam site to sccor parameter

Gwg0 and StincO are Initial ground water contribution to stream flow in mm/day and Initial water
content as a fraction of field capacity. The initial conditions in SWIM may be changed by
establishing the initial groundwater contribution to streamflow (parameter gwq0) and the initial
water storage (parameter stinco) simultaneously or independently.

Significant influences of these parameters observed on the hydrograph of simulated discharge
during the first 3 to 4 months. But for the rest of simulation period the influence of these
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parameters were found to be not sensitive at all. Larger gwqO values resulted in increased
surface runoff for the first 3 to 4 months. Moreover, the overall water deviation shows some
change from 1 to 4 %.

The following table summarizes the sensitivity characteristics and other important points of the
selected parameter, based on rate of change of sum of squares of deviations of measured and
simulated model output and visual inspection in different components of modeled flow like peak,
low, seasonal flow and total deviation of flow rate.

Parameters
Reference range taken Impact on high Impact on %age change
Para value for analysis flow low flow on total flow Remark
very good calibration
thc 0.4 0.1-1 very high high -6% to +15% | parameter
very good calibration
sccor 0.9 0.01-4 very high very high +9% to -1.8% | parameter
+0.6% very good calibration
roc4 9.4 1-24 very high high constant parameter
+0.4% good calibration
roc2 2.2 1-15 high very low constant parameter
good calibration
bff 0.7 0.2-1.2 high very high -1.4% to +4.7% | parameter
slightly high
after rainy good calibration
abfo 0.95 0.01-1 season low -1% to +2.2% | parameter
high during high during
initial initial
simulation simulation good calibration
gwq0 0.04 0.01-1 period period -1% to +5% parameter
high during high during
initial initial
simulation simulation
stinco 0.9 0.01-1 period period 1.1%
chwco 0.7 0.1-1 very low very low No change

Table 7.6 Sensitivity characteristics of calibration parameter towards water flow at Gibe Il basin

7.3.3 Calibration and validation of SWIM at Gibe lll basin

The main purpose of calibrating SWIM at Gibe Ill dam site as mentioned before is to study the
potential effects of climate change on hydrology and water resources of Gibe Il catchment.
Prior to calibration all the necessary data set and preprocessing (mention in Abelti calibration
section) have been prepared and performed for Gibe Il basin too. Total watershed area
corresponding to the outlet at Gibe Il dam site is 33901 km?. According to the recommendation
made by SWIM manual the entire watershed has been divided into 161 sub-watersheds by
choosing a threshold area of 3000cells. A total of 866 hydrotopes were generated in these 161
sub-watersheds by overlaying sub-watersheds, land use and soil map of the basin. Routing
structures produced during preprocess calculation by taking DEM and sub-watersheds of Gibe
Il basin.
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Figure 7.8 Overplayed sub-basins, land use and soil map of Gibe Ill catchment respectively

Figure 7.9 Hydrotope and routing structure developed during preprocessing of SWIM at Gibe IlI
catchment

The approach to calibrate and validated the SWIM model was based on manual calibration and
PEST auto-calibration procedures. However, manual and auto calibration options have not been
integrated in SWIM modeling technique. PEST is nonlinear parameter estimation package. The
parameter estimation approach is based on the discrepancies between selected model outputs
and a complementary set of measurements is reduced to a minimum in the weighted least
squares approach. It does this by taking control of the model and running it as many times as is
necessary in order to determine this optimal set of parameters. For this purpose three important
separate files have been prepared to use PEST auto calibration procedure. These are; template
files, one for each model input file on which parameters are identified, instruction files, one for
each model output file on which model-generated observations are identified and an input
control file, supplying PEST with the names of all template and instruction files, the names of
the corresponding model input and output files, the problem size, control variables, initial
parameter values, measurement values and weights, etc. The full constructions of these files
are depicted in detail at the appendix.
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7.3.4 Results and discussion on calibration and validation

Daily flow data computed from un-gauged part of the basin using SWIM and routed flow from
Abelti, OM19 and Wabi flow observation stations to Gibe Ill dam site has been used as
observed value at Gibe Il outlet which can represent current time water resources potential of
the basin. SWIM at Gibe Il dam site has been calibrated and validated using daily river flow
data of 14 years from 1985 to 1998 and 11 years from 1970 to 1980 respectively. Data
pertaining to year 1985 to 1998 has been used for calibration and the second part of the data
set has been used for validation procedure. The calibration period includes a wide variation of
climatic conditions of wet, dry and normal years of flow.

During calibration snow module of the model was ignored because of the climatic characteristics
of the study area. Model’s input parameters were adjusted automatically using PEST and tuned
manually to get better and reasonable results as guided by sensitivity analysis to match the
observed and simulated discharge at Gibe Ill outlet. Consequently, tests were conducted by
using separate data other than calibrated data set to validate the calibrated model to make sure
that the capability of making sufficiently accurate predictions of the observed discharge at Gibe
Il outlet. The model is said to be validated if its efficiency in the validation period have been
repeated by providing similar performance as calibration period. The performance of the model
was measured by equation 6.3 and 6.4. The results of statistical analysis give a Nash Sutcliff
efficiency of 0.92 during calibration and 0.93 during verification period. Nash Efficiency criteria
gave very high values both for calibration and validation period (Table 7.7). On the other hand,
Nash-Sutcliffe coefficient indicates how much the model accurately simulated the natural
process.

Calibration period 1985 -1998 (total 14 years data set)
Year |1985 (1986 (1987|1988 1989 | 1990 | 1991 | 1992 | 1993 | 1994 | 1995 | 1996 | 1997 | 1998 | Total
E (%) 93 83 91 93 89 94 92 94 90 95 82 94 91 91 92

Total water difference 2%

Verification period 1970 -1980 (total 11 years data set)
Year 1970119711972 (1973|1974 11975 |1976 (1977|1978 | 1979 | 1980 | Total
E (%) 93 90 | 94 | 95 [ 96 | 97 | 90 | 90 | 92 | 90 | 83 93

Total water differnce 3%

Table 7.7 Calibration and verification results at Gibe Ill outlet

The statistics of the observed and SWIM simulated daily flows during calibration and validation
results in terms of criteria of fit are presented in the above Table. In the calibration period (1985
to 1998) 14 years, the Nash—Sutcliffe efficiency varies from 0.82 in the year 1995 to 0.95 in the
year 1994, but the overall Nash—Sutcliffe efficiency was 0.92 and the deviation in overall water
balance is not more than 2% during calibration period. Not only the aggregated results are very
satisfactory, but also individual year results are prodigious. In most of the cases Nash—Sutcliffe
efficiency was greater than 0.82 during calibration and validation period. In the validation
(verification) period (1970 to 1980) 11 years, the Nash—Sutcliffe efficiency and the deviation of
water balance gives 0.93 and 3% respectively. As one can see the calibration results of SWIM
at Abelti and Gibe Il outlet the model produced very high Nash—Sutcliffe efficiency at Gibe Il
outlet, these results prove that the ability of SWIM in producing monthly and daily streamflow
time series in larger river basin is quite well. Generally the overall results obtained from SWIM in
Omo Gibe basin were very attractive and satisfactory, so that SWIM has a capability to model
hydrological process in Gibe basin quite well. The performance which has been shown by the
model in Gibe basin can have similar ability to other part of the basin in Ethiopia, therefore this
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model should be tried throughout Ethiopia to model hydrological process at different part of the
watershed. Graphical results of SWIM modeling at Gibe Il outlet elaborated in the following

section.
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Figure 7.10 Graphical comparisons between observed and simulated daily discharge upper

panel and monthly discharge lower panel during calibration period at Gibe Il outlet

NOTE: Qobs is summation of simulated daily discharge from un-gauged part of the basin and
observed routed flow from Abelti, OM19 and Wabi flow measuring stations for current time at

Gibe Il outlet point for current time period.

Yearly Values of Precipitation and Evapotranspiration

1985
1986
1987
1988
1989
1990
1991 +
1992
1993
1994
1995
1996
1997

Year

[ Precipitation [ Pot. Evapotrans. C— Act. Evapotrans. = Waterbalance |
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Figure 7.13 Graphical comparisons between observed and simulated daily discharge upper
panel and monthly discharge lower panel during validation period at Gibe Il outlet

Yearly Values of Precipitation and Evapotranspiration
3000

2000 ¢
£
0 b

-1000

o ~ N [ < ') ©o ~ <« (o) (=]
~ M~ R~ N~ N~ M~ M~ M~ ~ = @
(=) (o] D (o] D (=) (o] D oy (o] (=)
- < - - = - - < - < -
Year
[ Precipitation [ Pot. Evapotrans. [ Act. Evapotrans. T Waterbalance |

Figure 7.14 Yearly values of precipitation and evapotranspiration during validation period at
Gibe Il outlet
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Figure 7.15 Yearly hydrograph separations during validation period at Gibe Il outlet

The graphical comparisons between observed and simulated discharge at Gibe Ill outlet clearly
presents the graphical analysis of measured and simulated data that allows for identification of
general trends in the data and differences between model simulations and observed data set.
As per these results the dynamics of observed discharge at Gibe 11l dam site simulated very well
by the model for both calibration and validation period. The peak and low flows have been
captured very well for most of the simulation time. The only year which doesn’t capture the peak
discharge during calibration period is 1995. At this year the peak discharge is underestimated,
additionally during validation period of 1971 the simulated discharge is a bit smaller than the
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observed one, but for the rest of the years the result is quite good. As per the yearly hydrograph
separation most of the surface runoff generated from subsurface flow component for Gibe basin
which is clearly shown in figure 7.12 this graphical interpretation together with the numerical
analysis given in Table 7.7 gives a comprehensive measure of the agreement between
measured and simulated discharge. Additionally these procedures proved the capability of
SWIM in simulating water discharge in Gibe basin to very satisfactory limit.

7.4 Conclusion

To investigate the effect of climate change on Gibe Il inflow, SWIM hydrological model should
be calibrated at this point, for this purpose historical time series of runoff at the dam site was
very important, however this flow was not readily available, because of this different technique
assessed to estimate the reference period water resources potential at Gibe 11l dam site starting
from empirical relationship up to complete hydrological consideration of the basin. Moreover,
daily flow data generated from un-gauged part of the basin by assuming reasonable
assumptions between un-gauged and Abelti basin. The results were validated by comparing
with different outputs that have been computed by using different methodology to confirm the
reliability of the output. Finally daily flow data at Gibe Il dam site estimated by routing observed
daily flow at Abelti, Wabi, and OM19 and then added with SWIM results from un-gauged basin
to obtain total flows enter to Gibe Ill reservoir. Accordingly the mean annual discharge for
current time (1970-1998) at Gibe Il reservoir found as 430.2m%/s. The average annual volume
of water enters to Gibe Ill reservoir is 13650 million m?,

Semi distributed process based hydrological model SWIM employed and calibrated in Gibe
basin at Gibe Ill outlet for the second time, but for different purpose. Before calibrating the
model at mentioned location a comprehensive sensitivity analysis was performed on the main
input parameters of the model manually in detail by using direct output of the model results.
Because the identification of most sensitive parameters help to use the model efficiently, as a
result producing of conducive environment to calibrate the model easily. The sensitivity analysis
has pointed out seven crucial parameters (thc, roc4, roc2, sccor, bff, gwq0 and abf0) that control
the surface, subsurface, evapotranspiration and groundwater hydrological processes of the
studied watershed. However, sccor, roc4 and thc were found to be most crucial than other
parameters.

On the other hand, SWIM was calibrated and validated at Gibe Il dam site for the purpose of
studying potential effects of climate change on the inflow of Gibe Il reservoir from 2020 to 2050
by producing daily flow data set at this outlet, which can substitute reasonably the observed
discharge. The results of calibration and validation at this station show better performance than
Abelti with higher Nash-Sutcliffe efficiency of 0.92 and total water difference of 2% during
calibration and 0.93 and total water difference of 3% during verification period. Normally no
significant differences were found in simulated and observed runoff volumes during the
calibration period which is only 2% one of the basic requirement for climate change study. The
performance efficiency values in both calibration and validation phases prove that SWIM
predicted measured streamflow quite satisfactorily for monthly and daily streamflow time steps
and its performance increased as the basin area increased.
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Chapter 8 Modeling of Gibe Ill Basin under Climate Change
Scenarios

8.1 Introduction

As we have seen under climate downscaling part mainly surface air temperature for entire Gibe
basin showed an increasing pattern from all scenarios. This can have a potential effect on inflow
of Gibe Il reservoir. As the water cycle in river basin is sensitive to changes in climate
characteristics especially to maximum and minimum temperature and precipitation change, it
would be worthwhile to study the effect of these changes on the availability of scarce water for
different purposes such as irrigation, water supply and hydropower generation. As a result of
this, the hydrological impacts of climate changes have received a considerable amount of
interest in hydrology.

The water balance components, such as evapotranspiration, runoff and groundwater recharge,
that determine river discharge and the availability of water resources, will be inevitably affected,
generally, more evapotranspiration can be expected due to the increased temperature (Huang
et al., 2010). In order to identify effects of climate change on water resources potential different
studies have been carried out around the world. However; similar studies carried out in Ethiopia
are very rare especially in Gibe basin. Investigation of potential impacts of climate change on
hydrology of river basin can be performed by applying a common approach. This common
approach is to use hydrological models driven by projected climate scenario for future time
period. Recent studies of these climate change applied by using process based hydrological
models (e.g Kassa T. 2009 and Huang et al. 2010). Therefore, in this part of the study the main
objective is to study, quantify and evaluate changes in the seasonal, monthly and annual
dynamics of inflow to Gibe Ill reservoir from 2020 to 2050 by applying the downscaled
precipitation, radiation, maximum and minimum temperature data set to process based semi
distributed hydrological model (SWIM).

8.2 Methodology

The last objective of this thesis was estimation of future water availability in the basin under
climate change scenarios. However, no changes in land use patterns were assumed between
the reference and scenario periods during future water simulation, and land use was considered
to be stationary for the whole simulation time. This has been done deliberately, in order to
investigate the pure impacts of climate change on the availability of water for power production
and other use at Gibe Il reservoir from 2020 to 2050 time frame. Therefore, the influence of
changing land use pattern has been ignored.

Previously SWIM has been calibrated at Gibe Ill dam site for reference time period with
satisfactory results, very good performance and negligible over all water difference. The entire
calibration model parameters during reference period used as model input parameter for future
time period, in addition to the following model input data:

i. Input climate data from each scenarios:
v" Downscaled precipitation (2020-2050) from 21 stations
v" Downscaled maximum and minimum temperature data (2020-2050) from 14
stations
v" Downscaled radiation data (2020-2050)
ii. Spatial data:
Digital elevation model of the basin
Land use map of the basin (similar with reference time period)
Soil map of the basin (similar with reference time period)
Sub-basins of the basin (produced during reference time simulation)
Hydrotopes of the basin (produced during reference time simulation)

AN NN NN
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v" Routing structures of the basin (produced during reference time simulation)

By providing all the above input data and calibrated parameter to SWIM hydrological modeling,
the model was produced the corresponding future time flow (2020-2050) at Gibe Il dam site
from each scenario. It is a normal trend that, the impacts of climate change on the basin
hydrology are assessed by comparing the present and projected streamflow and the
evapotranspiration estimates. As a result the potential effects of climate change on the
hydrology and water resources of the Omo Gibe River basin assessed by comparing simulated
hydrologic and water resources scenarios derived from downscaled climate simulations in
chapter five to observed historical (1970 - 1998) flow data sets at Gibe IlI basin.

8.3 Results and discussion on climate change impacts

This paragraph is an overview of the obtained results after applying the methodology described
above on the Gibe Il basin. The impacts of climate change on future time flow (2020-2050) at
Gibe Il dam site (reservoir) has been analyzed based on monthly, seasonal, annual, high and
low flows of the simulations. Flow from all scenarios four from REMO and one from GCM
summarized in the following table.

Months |[Observed |A1B 911 |A1B 912 | B1 921 | B1 923 | GCM
January 93.1 80.9 110.6 92.2 62.8 77.5
February 75.1 87.2 90.6 88.7 62.3 76.0
March 76.3 97.3 96.6 106.6 102.5 91.7
April 102.2 216.6 206.9 213.1 168.9 160.8
May 180.0 381.0 329.6 309.2 285.4 265.5
June 347.5 721.3 554.6 563.1 489.1 516.7
July 751.3 1059.7 794.2 766.9 621.6 954.9
August 1316.8 1130.8 1111.0 1045.2 942.9 1266.2
September| 1093.5 858.8 931.1 915.6 804.9 960.8
October 674.8 553.9 547.7 574.0 453.8 522.5
November 304.3 305.6 285.2 319.4 273.8 266.3
December 147.5 143.8 149.1 148.0 120.6 123.5
Winter 106.2 104.5 117.6 110.3 82.5 92.8
Spring 119.7 231.8 211.1 209.6 185.7 172.8
Summer 810.2 973.3 822.8 794.3 686.6 916.9
Autumn 690.7 572.6 587.6 602.7 510.2 582.5
Annual 430.2 472.0 435.8 430.2 367.2 442.5

Table 8.1 Observed and projected discharge at Gibe 1ll dam site. Monthly, seasonal and annual
values
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Monthly runoff at Gibe Il dam site 2020-2050 Seasonal runoff at Gibe Il dam site 2020-2050
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Figure 8.1 Comparisons of observed and projected monthly, seasonal and annual flows at gibe
Il dam site.

8.3.1 Impacts on monthly, low and high flows

Figure 8.1 show the comparisons of observed and simulated discharge for future time period at
the outlet point of Gibe Il dam site. Based on this results starting from March through July
significant increments of flow will be expected from all scenarios, whereas from late July through
November certain amount of flow will be decreased to certain level, one of the astonishing
results of this analysis is that, similar trend observed from all scenarios for this case too.
However, the amount of change is different from scenario to scenario.

The increases/decreases in the monthly low and high flows are clearly presented in table 8.1
and figure 8.1 for every climate scenario. The low flow from observed data set is obtained in the
month of February. Long term observed mean flow in this month was 75.1m%s. This value
showed an increasing trend in three of the scenarios by 16%, 20.6% and 18.1% by A1B 911,
AlB 912 and B1 921. Whereas it showed a decreasing result by B1 923 nearly -17% and it
doesn’t show any change for GCM scenario. Regarding to peak runoff values, all of the
projected monthly peak flow attained their peak discharge in the months of August; however, in
all cases this value has been showed attenuated discharge as compared to observed value with
different outputs. For instance the peak runoff rate in the month of August decrease up to -
14.1%, -15.6%, -20.6%, -24.8% and -3.8% from A1B_ 911, A1B 912, B1 921, B1 923 and
GCM scenarios respectively. The peak discharge in all scenarios showed a considerable
reduction except GCM. Generally this analysis tells us that, the low flow regime will increase in
average of 9.5% from all scenarios simulation, whereas the percentage of variation of the runoff
peaks (difference between the new resulted runoff peaks after applying climate scenarios and
the actual observed runoff peaks expected to reduce with an average result of 15.8%
throughout August for future time period. According to the overall result of the analysis low flow
value increased this might be an opportunity to get more water during low flow (dry) season to
use for extended period of time for different purposes.

8.3.2 Impacts on seasonal and annual flows

For this specific study seasons were divided in to four groups, accordingly seasonal change in
flows at Gibe inflow will be quantified based on this consideration.

Change in seasonal discharge m3/s Percentage change in seasonal discharge (%)

A1B_911 | A1B_912|B1_921|B1_923 |GCM | A1B_911 | A1B_912 |B1_921 | B1_923 GCM

Winter -2 11 4 -24 -13 -1.6 10.7 3.9 -22.3 -12.6
Spring 112 91 90 66 53 93.7 76.3 75.1 55.2 44.4
Summer 163 13 -16 -124 | 107 20.1 1.6 -2.0 -15.3 13.2
Autumn -118 -103 -88 -180 |-108 | -17.1 -14.9 -12.7 | -26.1 -15.7

Table 8.2 Change in seasonal discharge at Gibe Il dam site for future time
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Small rainy season in the northern part of Gibe basin is spring; this season is associated with
low flow in the basin due to small rainy period, however, the forecasted flow in this season
showed considerable increments from all scenarios. The average change in flow from all
scenarios indicated that, this season flow is expected to increase by 68.8% due to increased
precipitation for this season, however, the autumn season flow showed reduction from all
scenarios due to decreased precipitation and increased temperature. Accordingly, -17.1% -
14.9%, -12.7%, -26.1% and -15.7% expected to reduce from A1B-911, A1B-912, B1 921,
B1 923 and GCM scenarios respectively. The summer season is the major rainy season in the
northern part of the basin, this season flow doesn’t show similar trend like that of the previous
seasons. The results of this season showed increased and decreased flows patterns from
different scenarios. Summer flow is expected to increase up to 20% and 13% from A1B 911
and GCM scenarios whereas this season flow expected to decrease up to -15.3% from B1_923
scenario.

To assess the impact of climate change on freshwater resources, change in mean annual runoff
(MAR) is only a first indicator (Ddll et al., 2012). The analysis of climate change impacts on
mean annual flow is the most important part, because this flow determines the overall
availability of water in the basin under climate change conditions for utilization of the resources
for different purposes. Therefore the effects of climate change in Omo Gibe basin can be well
addressed by this analysis. To investigate the overall availability of water in the basin the
aggregated results of monthly value were considered from all scenarios and the results depicted
in the flowing section.

Percentage change in mean annual runoff2020-2050
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Table 8.3 Percentage change in mean
annual runoff at Gibe 11l dam site
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Figure 8.2 Impacts on mean annual runoff 2020-2050

Figure 8.2 show percentage changes in mean annual runoff calculated between observed
(1970-1998) and forecasted (2020-2050) runoff averaged over 31 years as compared to
reference time period using climate scenarios derived by REMO and GCM. According to the
computed results the blue bars show increments of flow, thereby nearly 10% mean annual flow
expected to increase from A1B_911 scenario, the result for this change in mean annual runoff is
the increased precipitation for upper part of the basin from this scenario. This result indicated
that the increased precipitation from this scenario offsets the loss of water by the increased
surface air temperature due to evapotranspiration and yielded additional 10% increment in
mean annual flow. Whereas the two scenarios A1B 912 and B1 921 do not show visible
change, however, both of these scenarios showed areal increased precipitation for upper part of
the basin by 2.4% and 1.9%, the increased precipitation values were not sufficient to offset the
water loss by increased surface air temperature due to evapotranspiration and to produce extra
mean annual flow.

B1_ 923 shows moderate change in mean annual flow, the simulated result from this scenario

revealed that more than -15% of mean annual flow at Gibe Il dam site (reservoir) is expected to
decrease for future time flow, however, the decreased areal rainfall from this scenario for upper
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part of the basin was 1.9% for this small decrease in precipitation significant percentage of
mean annual flow reduced. This might be the evidence that, for small decrease in precipitation
the basin is highly sensitive to change in mean annual flow due to increased temperature. The
annual mean water flow predictions for the period 2020-2050 from GCM used in this study is
close to the present mean annual runoff for A2 scenario, but it shows small raised value of 3%
at Gibe dam site.

A separate model run carried out, in order to investigate changing trends in runoff and water
balance under warming conditions, to evaluate the extent to which the future change in mean
annual runoff by altering the temperature data only, while keeping precipitation unchanged.
Accordingly the results from this analysis indicated that for 1.5 °C increased mean surface air
temperature, the mean annual flow reduced by 8.6% at gibe Il outlet for future time horizon.
This result indicated that due to the change in temperature water will be lost in the form of
evaporation from the basin. In order to compensate this there should be sufficient amount of
rainfall to offset this evaporation loss otherwise considerable amount of flow might be lost in the
form of evapotranspiration.

8.3.3 Impacts on evaporation loss from the reservoirs

So far attempt has been carried out to projecte the available water resources potential in Omo
Gibe basin for future time from five scenarios without considering evaporation loss from the
reservoir surface areas. As we mentioned in the section of description of the case study area,
there are three hydropower plants in the basin, these are; Gilgel Gibe | which inundated an area
of 60km? due to the construction of 40m high rock fill dam and Gibe Ill power plant will inundate
an area of 200km? up on completion due to artificially created lake by the dam, therefore the
water which will loss in the form of evaporation from this artificial lake helps to determine the net
inflow to Gibe Il reservoir in 2020-2050. The evaporation loss from Gilgel Gibe Il has been
ignored since this plant did not inundate significant portion of the land due to the construction of
small weir.

The basic idea of this analysis has been carried out by considering the estimation of total
reservoir losses for future time by taking representative weather stations from the two power
plants. Based on this Hossana and Jimma weather observation stations were selected as a
representative stations to Gibe Il and Gilgel Gibe | reservoir respectively due to good proximity
to the reservoir areas. Evaporation loss from these two stations has been calculated
corresponding to future time period. Estimation of evaporation from these two stations is based
on projected climate data from downscaling procedure. The data used for this estimation cover
the period from January 2020 to December 2050 and include daily data of projected radiation,
humidity, maximum and minimum temperature.

Two different methods, modified Penman equation without wind data (Valiantzas 2006) and
Priestly Taylor employed to estimate evaporation from the above two stations. For this process
the net radiation, net shortwave solar radiation, net outgoing long wave radiation, clear sky
radiation, extraterrestrial radiation were calculated. The calculation procedure is based on the
method outlined in (Allen et al. 1998).

R, = Rys — Ry 8.1

where R,, is the net radiation (MJ m™ day™), Rns is the net incoming shortwave radiation (MJ m™
day?), and Rnl is the net outgoing longwave radiation (MJ m? day™).

Net shortwave solar radiation is estimated from the projected solar radiation Rs (2020-2050) for
both stations and by taking the albedo for the evaporating surface (water) as 0.08.

Rys = (1 — a)R 8.2
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where Rs is the projected incoming solar radiation (MJ m™ day™).

Net outgoing longwave radiation is estimated by:

(Trnax + 273.2)* + (Tyax + 273.2)4>

Ry = 0(0.34—0.14,/e,) ( >

(135R5 035) 8.3
35+ . .

N

Where Rnl is the net outgoing longwave radiation (MJ m™ day™), Rso is the clear sky radiation

(MJ m? day™), e, is actual daily vapor pressure (kpa) and estimated as 0.611EXP [—;7:212’;‘;”3],

Tyax and T, Maximum and minimum projected daily air temperature (°C), and o is Stefan-
Boltzmann constant (MJ K* m™ day™).

Ry, = (0.75 + 2 10"SELEV)R, 8.4

Where elev is the ground elevation of the two stations (m) above sea level, Ra is the
extraterrestrial radiation (MJ m? day™) and estimated as follow:

1440
R, = — G d?[wssin() sin(8) + cos(¢p) cos(8) sin(ws)] 8.5

where Gsc is the solar constant = 0.0820 MJ m™ min™, dr is the inverse relative distance Earth-
Sun, ws is the sunset hour angle (rad), ¢ is latitude of the station (rad) positive for northern
hemisphere and § is the solar declination (rad).

The above calculated values used as input to modified Penman (Valiantzas 2006) and Priestly
Taylor equation to estimate directly daily evaporation from Hossana and Jimma weather
observation stations corresponding to 2020-2050. Accordingly the following results obtained.

Estimated evaporation from Hossana and Jimma 2020-2050
Hossana Jimma
Taylor Modified Penman Taylor Modified Penman

Month mm/month mm/month mm/month mm/month
January 153 152 152 168
February 155 149 148 160
March 182 169 177 182
April 176 159 166 165
May 167 151 169 164
June 137 122 157 137

July 122 118 134 124
August 127 110 140 131
September 144 128 154 145
October 156 144 167 165
November 145 141 153 163
December 145 145 148 167
Annual

(mm/year) 1808 1688 1866 1871

Table 8.4 Estimated evaporation from Hosanna and jimma 2020-2050
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According to table 8.4, the results obtained from Taylor and modified Penman are more or less
similar for Jimma station, 1866mm and 1871mm of water expected to lose from Jimma station in
the form of evaporation annually, similar performance has been observed at Hossana station,
however, the results at Hossana from the above two methods are a bit different. These stations
evaporation loss from Jimma and Hossana should be converted to lake evaporation by
considering a reasonable pan coefficient value. The final result should be deducting from the
projected flow data set at Gibe Ill dam site to get net inflows to Gibe Il reservoir from (2020-
2050).

8.4 Estimation of net inflows to Gibe Ill reservoir from 2020 to 2050

It is clearly known that the estimate of lake evaporation for the reservoir is based on historic
records of evaporation measured by Piche instruments installed in meteorological stations.
These gauges should be converted to Class A Pan evaporation to transform to open water
(lake) evaporation using lake to pan coefficients. In most of Omo Gibe weather observation
stations this value varies between 0.7 to 0.8 and most text books including FAO suggest
multiplying the pan evaporation by 0.75. However, this measurement cannot be obtained for
future time; therefore, to be in the safe side a reasonable assumption of this coefficient has
been made. For this specific study we have assumed this value as 0.9 and considered the result
from modified Penman equation, and then the above calculated evaporation should be
multiplied by this value to get the loss of water from both reservoirs by evaporation. The results
obtained from this calculation subtracted from projected gross flow to Gibe Il reservoir to get
net inflow from 2020-2050. The following table 8.5 shows the calculated reservoir loss due to
evaporation corresponding to future time horizon.

Estimated evaporation loss from Gibe Ill and Gilgel Gibe | reservoirs from 2020-2050
Reservoir Reservoir
evaporation evaporation loss
Pan loss form Gibe Pan from Gilgel Gibe
Month mm/month | coefficient Il mm/month | coefficient I
January 152 0.9 137 168 0.9 152
February 149 0.9 134 160 0.9 144
March 169 0.9 152 182 0.9 164
April 159 0.9 143 165 0.9 149
May 151 0.9 136 164 0.9 147
June 122 0.9 110 137 0.9 123
July 118 0.9 106 124 0.9 112
August 110 0.9 99 131 0.9 118
September 128 0.9 115 145 0.9 130
October 144 0.9 129 165 0.9 149
November 141 0.9 127 163 0.9 147
December 145 0.9 130 167 0.9 150
Annual
(mm/year) 1688 0.9 1520 1871 0.9 1684

Table 8.5 Estimated monthly evaporation loss from Gibe Il and Gilgel Gibe | reservoirs

The expected mean annual gross evaporation loss from Gibe Il and Gilgel Gibe | reservoirs
are; 1520mm/year and 1684mmlyear, this corresponds the loss of 9.6m%*s and 3.2m%s
respectively. The total loss from the two reservoirs will be 12.8m?s, this means that 12.8m%s
discharge will be lost in the form of evaporation from the two reservoirs annually; therefore, this

137



value should be deducted from the mean annual inflow to Gibe Ill reservoir obtained before from
five scenarios projection.

) , projected ) ! Projected net inflow to Gibe Ill reservoir
Gross projected flow to Gibe Il reservour m*/s |evaporation Net inflow to Gibe Il reservour 1400

Months | A1B_911 |A1B_912|B1_921|B1.923] GCM Loss m®/s p1B_911|A1B_912|B1_921(B1 923 GCcm 1200 7~
January 80.9 | 1106 | 922 [ 628 | 77.5 12 79.7 | 1095 | 910 | 617 | 763 | o A
February | 87.2 [ 90.6 [ 887 ]| 623 | 76.0 11 86.1 | 89.5 | 87.6 | 61.2 [ 74.9 || £ 1000 EEEE—
March 973 | 96.6 |106.6 [102.5] 917 13 96.1 | 95.3 [ 105.4 [101.2] 90.4 g 800 /]A
April 216.6 | 206.9 | 213.1[168.9| 160.8 12 2154 205.7 | 211.9 [167.7] 159.7 | %= /
May 381.0 | 329.6 | 309.2 [ 285.4| 2655 11 379.9 | 3285 | 308.0 | 284.2| 264.4 | 5., 60O \
June 721.3 | 554.6 | 563.1[489.1| 516.7 0.9 720.4 | 553.7 | 562.2 [488.1 515.8 | = / ?/ \
July 1059.7 | 794.2 [ 766.9 | 621.6| 954.9 0.9 1058.8] 793.3 | 766.1 |620.7] 9540 | 5 *°° / S
August | 1130.8 | 1111.0[1045.2{ 942.9] 1266.2 0.9 1130.0] 1110.1 [ 1044.4| 942.0[ 1265.4| = 200 -
Septembe| 858.8 | 931.1 | 915.6 [804.9| 960.8 1.0 857.8 | 930.1 | 914.6 | 803.9 | 959.8 _
October | 553.9 | 547.7 [574.0 [453.8| 522.5 11 552.8 | 546.6 | 572.9 | 452.7| 521.4 o ! ! ! ' ! ! ! ! ! !
November] 305.6 | 285.2 | 319.4|273.8| 266.3 11 304.5 | 284.1 | 318.3 | 272.7| 265.3 12 3 4 5 6 7 8 5 10 11 12
December| 143.8 [ 149.1 [ 148.0[1206] 1235 11 142.7] 148.0 | 146.9 [1195] 122.4 | ——p45 511 ——A1B 912 B1 921 ——81 923 GEM
Annual 472.0 | 435.8 | 430.2[367.2| 4425 12.8 459.2 | 423.0 | 417.4 | 354.4] 429.7 N - N N

Table 8.6 Projected mean monthly and annual net inflow to gibe Il reservoir

The projected net inflow to Gibe Ill reservoir corresponding to 2020 to 2050 from A1B 911
scenario is 459.2m?/s, this flow projected an excess flow of 29m®/s as compared to reference
flow, this is equivalent with 6.7% increment, but the rest of the scenarios showed decreased
value. For instance B1_923 scenario projected a decreased flow by -75.8m%/s equivalent with -
17.2% as compared with current observed flow data set at Gibe Il dam site. According to this
study the net available mean annual flow at Gibe Il reservoir corresponding to future time
period 2020-2050 that can be utilized for power generation, irrigation, water supply and other
purposes based on five scenarios results are: 459.2m%s, 423m°/s, 417.4m%s, 354.4m%s, and
429.7m°%/s and the average of all the scenarios is found as 416.7m%/s (Table 8.6).

8.5 Estimation of flow duration curve from net inflow at gibe Il dam
site

One of the most commonly used techniques in hydrology is the flow duration curve (FDC),
which provides a graphical representation of the frequency distribution of the complete flow
regime. Using the FDC, it is possible to determine the percentage of time that a specified flow is
equaled or exceeded. This type of information is commonly used for resource assessments
including hydropower design schemes, water supply and water quality assessment and the
evaluation of river habitats (Croker et.al, 2009). Flow duration curve analysis identifies intervals,
which can be used as a general indicator of hydrologic conditions (i.e., wet versus dry and
severity). Flow duration curve intervals can be grouped into several broad categories, or zones.
These zones provide additional insight about conditions and patterns associated with the
impairment. A common way to look at the duration curve is by dividing it into five zones,
representing high flows (0-10%), moist conditions (10-40%), mid-range flows (40-60%), dry
conditions (60-90%), and low flows (90-100%) exceedence probability (Narayanan et. al.,
2011).

As this flow duration curve has major advantage in characterizing the flow conditions of a river,
for this particular study this curve is derived from observed and projected flow data set in order
to provide a good insight on future flow conditions of Omo basin at Gibe Ill dam site. According
to the recommendation made by (Narayanan et. al., 2011) and hydrologic condition of Gibe
basin, the curve has been divided in to five zones to derive important information’s from this
curve for future water use. Comparisons between observed and projected FDC has been made
by characterizing the derived FDC in two low flows range from (90-100) %, dry flows range from
(60-90) %, mid flows range from (40-60) %, moist flows range (10-40) %, and high flows range
(0-10) % exceedence probability. This comparison helps to visualize the hydrologic changes
between current and future time flow. The results have been drawn in two graphs (figure 8.3) for
the purpose of identifying the differences between observed and projected FDC clearly.
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Figure 8.3 Observed and projected flow duration curves

Figure 8.3 shows FDC of observed and all projected scenarios, the left panel deep blue solid
curve represents the FDC for observed and red line projected FDC from Bl 923 the
comparison of these two curves show significant deficits of flow projected from B1_923 scenario
during high and moist flow ranges conditions, for the rest of the conditions the two curves follow
a very similar pattern. Results from A1B_ 911 projection shows similar pattern with observed
FDC except mid-range flow conditions and a very extreme value when the exceedance
probability approaches to zero, at mid-range flow condition this projection showed increased
flow. The other scenarios FDC right panel doesn’t show visible difference with observed FDC.

8.6 Conclusion

In addition to calibrated model parameters at Gibe Ill dam site future time downscaled
temperature, precipitation and radiation sequences were used to produce corresponding time
streamflow sequences from five scenarios data sets. The potential effects of climate change on
the hydrology and water resources potential of the Omo Gibe River basin at Gibe Il dam site
were assessed by comparing the projected outputs from five simulated outputs and observed
mean annual, seasonal, high and low flows. According to the results climate change has shown
strong signal on seasonal flow than mean annual flow. Spring is small rainy season in the
northern part of the basin, all projected flow for this season showed increased flow due to
increased forecasted areal rainfall; this might be a very good opportunity to get more water
during small runoff time that can be used for power generation and other purposes, however,
the autumn season flow showed reduction from all scenarios due to decreased precipitation and
increased temperature.

The net annual runoff in the projected run from A1B_911 was about 6.7% higher than observed
runoff. However, the projected net annual runoff from Bl 923 moderately decreased by
75.8m°%/s which is equivalent with 17.2%, this might have a significant influence in degrading the
total available water resources potential in the basin. In order to have clear insight on the
changes of the projected inflow to Gibe Il dam site, flow duration curve have been developed,
therefore the overall results of this study and the scenarios output can be used as a primary
input for further water resources development and water resources management projects in the
basin. According to this study in Gibe basin for a temperature change of 1.5°C without changing
the rainfall pattern, the mean annual flow will be decreased by 8.6%. And all the scenarios result
showed increased temperature throughout Gibe basin. Under such circumstances knowing the
amount of flow under climate change consideration will have a vital importance for sustainability
of the developmental projects. Therefore, the results of this study can be used as a quick
access to water resources potential of the basin in consideration of climate change. | personally
believe that the results of this study can be used as a primary input to design the proposed Gibe
VI and V hydropower projects and other developmental projects in the basin.
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Chapter 9 Conclusions and recommendations

9.1 Conclusions

Nowadays, sustainable water resources management faced challenges from climate change.
Surface air temperature has increased all over the world; however its degree of severity differs
from region to region. As the temperature increases the energy that is required to evaporate
surface water will also increase, thereby reduction of the scarce water resources potential will
occur. Under such circumstances knowing the amount of this scarce water resources potential
that can be used for power generation, irrigation, water supply and other useful developmental
projects under climate change considerations will have a vital importance for sustainability of the
developmental projects .One of the big gaps in relation to climate change in developing
countries like Ethiopia is lack of studied documents in relation to this vital issue in different parts
of the basin. However, most African countries like Ethiopia might face a big challenge from
climate change.

Omo Gibe basin is one of the most strategic basins for Ethiopia to develop huge amount of
hydropower and irrigation projects, because the basin water resources potential and its
geographical land scape provide a good opportunity for hydropower production. Whereas the
available vast land in the southern part of the basin makes it favorable for irrigation
development. In consideration of these issues this thesis assessed the overall water resources
potential for current and future time period by modeling the basin under climate change
scenarios using semi distributed hydrological model (SWIM). Before modeling the basin under
climate change scenarios reference time water resources potential of the basin has been
estimated by using different common approaches and the whole hydrological and physiographic
characteristics of the basin above Gibe Ill dam site. As a result 29 years daily discharge data
sets have been determined from un-gauged and the whole basin of Gibe Ill dam site.

All semi distributed hydrological models need spatial, temporal and time series data to fullfill
their objectives. Organized soil data base was one of the most important inputs for sound
modeling procedure at the studied watershed. However, such organized data system was not
available throughout the basin. In consideration of this 32 soil data bases out of 8 main soil
types have been developed for upper part of the basin.

On the other hand semi-distributed physically based model (SWIM) calibrated and validated
guided by sensitivity analysis, from current climate and water resources potential of the basin
with a very good performance and negligible overall water difference between observed and
simulated discharge at the case study area. Finally, based on calibrated parameters from
reference time and projected climate data sets for future time, flow at Gibe Ill dam site
corresponding to 2020-2050 have been projected from five scenarios.

From overall study of this thesis the following specific conclusions can be drown:

¢ Due to the coarse spatial resolution and simulations of Remo and GCM model outputs,
their precipitation and temperature cannot be directly used as an input to hydrological
model to study effects of climate change in the basin. Because of this two different types
of downscaling mechanism have been used to downscale current and future time
climate data in Omo Gibe basin. One of the methods was SDSM and the other one
distribution mapping technique. The performance of these methods has been checked
by comparing observed climate against current downscaled climate data sets. Moreover,
the procedures were validated by applying a number of methodologies. As a result
reliable estimation of future climate data 2020-2050 was projected. On the other hand
the errors (uncertainty) associated with SDSM and CDM has been evaluated, based on
the absolute error in estimates of mean monthly temperatures and precipitation, dry and
wet spell lengths of the estimate. According to this evaluation cumulative distribution
mapping technigue performed better than SDSM.
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The downscaled results from five scenarios projected increased temperature throughout
the studied basin. The statistical downscaling results for minimum temperature in Omo
Gibe basin showed that minimum temperature will rise in a faster rate than that of
maximum temperature. The average results of all scenarios estimated that, current
mean annual maximum and minimum temperature is expected to rise by about from 0.9
°C to 1.8 °C and 1.2 °C to 2.2 °C above Gibe Ill dam site respectively. Rainfall behavior
showed no marked emergent. However, it showed mixed patterns of rainfall change.
According to the result four of the scenario A1B_911, A1B 912, B1 921 and GCM_A2
projected increasing trend in mean annual areal precipitation by 6.5%, 2.4%, 1.9% and
4.5% at the end of 2050. While one scenario B1_923 shows a decreasing trend of areal
precipitation by 1.4% above Gibe Ill dam site.

SWIM was calibrated at Ableti station for the purpose of deriving daily flow data from un-
gauged basin. The result of the model was validated by comparing with different outputs
that have been computed by using different common methodology to confirm the
reliability of the result. Finally daily flow data at Gibe Il dam site was estimated by
routing observed daily flow at Abelti, Wabi, and OM19 and then added with SWIM
results from un-gauged basin to obtain total flows enters to Gibe Il reservoir for
reference time period. Accordingly the mean annual discharge for current time (1970-
1998) at Gibe Il reservoir found as 430.2m%s. Following this; calibration, validation and
sensitivity analysis of the model were carried out at Gibe Il dam site for the purpose of
studying effects of climate change on Gibe Il inflow.

The sensitivity analysis pointed out eight most critical parameters that control the
surface, sub-surface and evaporation hydrological processes of the studied area. Three
of the model parameters have found as the most sensitive parameters Thc, Roc4 and
Sccor. On the other hand, calibration and validation results on Abelti and Gibe Il dam
site simulated the observed flows quite satisfactory. The capability of SWIM in simulating
hydrological processes in larger area would better as compared to smaller areas.

All the calibrated model parameters together with projected precipitation, radiation,
maximum and minimum temperature were used as input to SWIM to project daily flow at
Gibe Il dam site corresponding to 2020-2050. The projected flow from five scenarios
were analysed to quantify climate change impact based on high, low, seasonal, mean
annual flows one by one. The analysis showed strong climate change signal in seasonal
flow than mean annual flow. Two of the scenarios showed relativity big discrepancies
between current and projected time mean annual series. Before evaporation losses from
Gilgel Gibe | and Gibe lll, A1B_911 scenario projected 10% excess mean annual flows.
However, B1 923 projected 15% less mean annual flows in 2020-2050.

Evaporation losses corresponding to future time from the aforementioned reservoirs
have been calculated based on modified Penman and Priestly Taylor equations, the
combined gross evaporation losses from the two artificial lakes projected as 12.8m®/S.
On the other hand net projected mean monthly and mean annual inflow to Gibe Il
reservoir estimated by reducing evaporation losses from the lakes. One of the scenarios
A1B_911 projected 6.7% higher net mean annual flows, whereas B1_923 projected a
significant portion of reduced net mean annual flows by 17.2%.

The outcomes of these results are based on 2 climate model outputs GCM and RCM.
The results from RCM are based on two emission scenarios A1B and B1 each of them
has results simulated for three conditions. The range of greenhouse gas (GHG)
emission in AlB is greater than B1, however, the projected precipitation from A1B
scenario at Gibe basin was higher than observed precipitation by small amount, this
indicated that even for higher emission scenario the basin will not face severe drought
conditions. However, due to the increased temperature, the evaporation condition of the
basin will be high. As a result for 1.5°C raise in mean annual surface air temperature the
mean annual flow reduced by 8.6%. This result indicated that due to the change in
temperature water will be lost in the form of evaporation from the basin. One of the big
challenges regarding to climate change in the basin is increased temperature.
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Generally, this study applied the successful application of cumulative distribution mapping
technique especially for downscaling of REMO outputs to studied basin. As a result reliable and
bias free climate data have been projected. The combined efforts of hydrological simulations
and climate projections enabled to project future time net flow at Gibe Il reservoir from five
scenarios, which can be used as quick access to water resources potential of the basin under
climate change condition for decision makers and designers for any developmental projects.

9.2 Recommendations

According to this study the following recommendations suggested:

SWIM has never been used in Ethiopia basins before, however the performance of this
model on Gibe basin was quite well and very good in simulating different components of
hydrological processes, as the model is public domain and freely available it would be
worthwhile to use this model on other basins for similar purpose.

The projected net flow at Gibe Il dam site presented in this study can be used as quick
access as primary input, to any developmental projects in the basin, in order to consider
climate change with their design. According to this study the worst case scenario can be
taken as B1 923 projection. However, more study by considering other GCMs, RCM
and different scenarios and different downscaling methodology should be conducted.
Availability of hydrological and climatological data are very important while using any
hydrological model. The distribution of these gauging stations in studied basin is not well
organized. Most of weather observation stations concentrated in the northern part of the
basin; therefore, new weather observation stations to south western part of the basin
should be established. Moreover, most hydrological stations measured flow from small
catchment except Abelti. The application of SWIM in the basin was one of the biggest
challenges without having daily flow data at the point of interest. Therefore, the uses of
new data gathering technique should be envisage. Additional flow measuring stations
should be established on main Omo River at Bele, Omorate and other strategic sites.
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Appendices

A: Sum of mean monthly and seasonal precipitation comparison between observed corrected

and REMO simulated output 1970-2000

Assendabo sum of mean monthly, seasonal and annual precipitation in mm

Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 22 | 46 | 80 | 92 | 141 [ 196|209 | 201 |121| 65 | 24 | 18 83 313 606 210 1214
Corrected | 21 | 41 | 78 | 91 | 138 | 198|218 199|118 | 62 | 23 | 17 78 307 615 204 1207
REMO 29 | 41 | 75 | 112 | 166 | 189 (212|226 (176 | 95 | 49 | 20 87 354 627 319 1390
Bele sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 31 | 40 | 83 |136| 146 | 152 181|179 |137| 90 | 43 | 23 91 366 512 269 1241
Corrected | 32 | 40 | 82 | 134 | 146 (149|179 | 184 |140| 91 | 41 | 24 93 361 512 272 1241
REMO 30|34 | 78 |134| 161 | 146|152 | 165|151 | 107 | 56 | 20 82 373 464 314 1234
Bonga sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 50 | 67 | 124 | 181 | 219 | 196 | 214|218 | 192 | 143 | 70 | 52 164 524 628 405 1726
Corrected | 50 | 67 | 123 | 179 | 222 | 197 [ 215|216 193|144 | 70 | 53 165 523 628 406 1727
REMO 35|45 | 81 | 135|183 |200|209|219|175|122| 83 | 28 104 399 627 380 1513
Chekorsa sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 35 | 63 | 107 | 141 | 202 | 234|209 | 235|232|139| 69 | 33 126 450 678 440 1698
Corrected | 36 | 63 | 107 | 150 | 203 | 235|211 | 236 |232|138| 66 | 33 128 505 681 436 1755
REMO 34 | 48 | 83 | 130 191 | 210|221 | 234|188 |113| 67 | 24 103 404 664 368 1542
Dedo sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 43 | 60 | 131 | 176 | 228 | 267 [ 293 | 296 | 229|142 | 61 | 31 131 536 856 433 1959
Corrected | 44 | 61 | 131|170 | 229 | 269 [ 292 | 291|233 |141| 59 | 30 131 530 852 433 1950
REMO 35|49 | 85 (133|191 | 203 (213|224 |182|110| 64 | 24 104 410 640 357 1514
Durame sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 33 | 55 | 89 |[129| 150 | 111|142 |163|135]| 94 | 31 | 23 108 367 415 259 1153
Corrected | 33 | 55 | 89 |[122| 152 | 113|140 |166|137] 95 | 31 | 22 107 362 419 263 1154
REMO 28 | 35 | 76 |[123 | 155 (146|158 | 176 | 155 | 97 | 48 | 18 78 354 480 300 1215
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Gedo sum of mean monthly, seasonal and annual precipitation in mm

Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 26 | 25 | 55 | 64 | 126 | 167 [ 227|221 |123| 54 | 22 | 32 80 244 614 199 1141
Corrected | 24 | 24 | 55 | 59 | 126 | 169 | 228 | 223 | 125| 55 | 22 | 32 78 240 619 203 1143
REMO 18 | 26 | 52 | 77 | 150 | 200|298 | 288|208 | 72 | 29 | 12 54 279 786 309 1430
Gibe sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 19 | 25 | 52 | 60 | 100 | 154 | 223 |195| 90 | 41 | 10 8 50 212 572 141 976
Corrected | 19 | 24 | 51 | 60 | 102 | 157 (227199 93 | 42 | 11 | 8 50 213 583 146 994
REMO 22 | 30 | 61 | 86 | 141 | 177 (235|243 (178 | 71 | 32 | 14 64 288 656 281 1291
Hossana sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 30 | 52 | 90 |[132| 136 [ 133|161 |186|150| 83 | 19 | 22 101 357 480 252 1194
Corrected | 30 | 51 | 90 |[129| 138 | 135|139 | 184|152 | 86 | 20 | 23 100 357 458 258 1175
REMO 27 | 36 | 74 | 106| 145 | 161|188 | 202 | 158 | 82 | 40 | 17 77 325 550 281 1236
Jimma sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 35 | 46 | 85 |135| 184 | 208 | 204 | 212 | 182|110 | 61 | 32 109 404 624 353 1493
Corrected | 37 | 48 | 85 |133| 186 | 209 | 206 | 215|181 | 110 | 57 | 33 114 404 630 348 1500
REMO 33 | 47 | 82 |126| 187 | 207 | 220|233 | 186|109 | 62 | 23 100 395 660 358 1516
Jinka sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 48 | 56 | 115|176 | 165 | 109 [ 125 | 96 | 109 | 147 | 103 | 59 158 456 330 359 1308
Corrected | 22 | 56 | 113 | 174 | 159 | 110 | 127 | 98 | 107 | 151 | 100 | 52 126 447 335 358 1270
REMO 25|27 | 59 |126]125| 91 | 93 | 95 |94 | 95| 72 | 25 75 310 279 262 928
Kumbi sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 27 | 30 | 72 | 81 | 138 (214 |271| 227|128 | 66 | 12 | 16 71 292 712 206 1283
Corrected | 28 | 31 | 73 | 82 | 138 [220[276[231|130| 65 | 12 | 16 72 293 726 207 1300
REMO 23 32 | 64 | 90 | 146 | 180|226 (236 |176| 76 | 35 | 15 68 300 642 288 1299
Limu sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 24 | 38 | 85 | 138 | 210 | 249 (292|248 223 |172| 49 | 25 84 433 790 444 1754
Corrected | 24 | 38 | 75 |[137| 211 | 253 295|250 |222|173| 48 | 25 84 422 799 443 1751
REMO 26 | 41 | 70 | 103 | 169 | 207 | 234|251 | 188 | 98 | 48 | 18 83 342 691 335 1453
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Meteso sum of mean monthly, seasonal and annual precipitation in mm

Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 50 | 71 | 137 [ 152 | 218 | 265|299 [ 295|202 |141| 64 | 33 149 506 858 407 1926
Corrected | 48 | 72 | 135 | 145 | 221 | 264 | 300 | 297 | 204 | 145 | 63 | 32 147 501 860 411 1925
REMO 34 | 48 | 85 | 135|188 | 197|207 | 216 | 177 |110| 65 | 24 103 408 621 352 1487
Morka sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 42 | 50 | 107 | 181 | 173 | 130|161 | 141|141 |135| 72 | 32 121 461 433 349 1367
Corrected | 41 | 50 | 108 | 178 | 176 | 130 | 165 | 144 | 146|166 | 71 | 33 120 462 439 383 1408
REMO 31 | 34| 82 (159 169 | 134|128 | 141 (137|126 | 72 | 24 85 410 404 335 1237
Sawula sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 51 | 64 | 143 | 218 | 182 | 124|178 | 141 | 149|156 | 99 | 43 153 543 443 404 1547
Corrected | 50 | 64 | 143|217 | 185 | 115|178 143 | 145|160 | 94 | 44 153 545 436 399 1537
REMO 31|34 | 77 |149| 157 |131|130| 138|128 |116| 75 | 26 88 383 399 319 1191
Shebe sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Winter | Spring | Summer | Autumn | Annual
Observed | 42 | 54 | 98 |143| 214 | 216 |205| 225|191 |123 | 81 | 42 133 455 647 395 1634
Corrected | 39 | 53 | 97 |142| 215 | 218|206 | 227 | 192|121 | 79 | 42 130 454 651 392 1632
REMO 24 | 43 | 87 (104 | 167 | 218 | 260|228 | 157 | 93 | 43 | 20 85 358 705 293 1444
Woliso sum of mean monthly, seasonal and annual precipitation in mm
Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Win