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ABSTRACT 

Understanding climate change and variability at urban scale is essential for water resource 

management, land use planning, and development of adaption plans. However, there are serious 

challenges to meet these goals due to unavailability of observed and / or simulated high 

resolution spatial and temporal climate data. Recent efforts made possible the availability of high 

resolution climate data from non-hydrostatic regional climate model (RCM) and statistically 

downscaled General Circulation Models (GCMs). This study investigates trends in climate and 

urbanization and their impact on surface water supply for the city of Addis Ababa, Ethiopia. 

The methodology presented in this study focused on the observed and projected NIMR-

HadGEM2-AO model and Special Report on Emissions Scenarios (SRES) of B2 and A2 of 

HadCM3 model are also employed for rainfall, maximum temperature and minimum temperature 

data using for climate analysis.  Water Evaluation and Planning (WEAP) modeling system was 

used for determination of climate and urbanization impacts on water. Land-Sat images were 

analyzed using Normalized Differencing Vegetation Index (NDVI). Statistical downscaling 

model (SDSM) was employed to investigate the major changes and intensity of the urban heat 

island (UHI). The result indicates monthly rainfall anomalies with respect to the baseline mean 

showing wet anomaly in summer (kiremt) during 2030s and 2050s, and a dry anomaly in the 

2080s under A2 and B2 scenarios with exception of a wet anomaly in September over the city. 

The maximum temperature anomalies under Representative Concentration Pathways (RCPs) also 

show warming during near, mid and end terms. The mean monthly minimum temperature 

anomalies under A2 and B2 scenarios are warm but the anomalies are much lower than RCPs. 

The climate under the RCP 8.5 and high population growth (3.3 %) scenario will lead to the 

unmet demand of 462.77 million m
3
 by 2039. Future projection of urban heat island under 

emission pathway of A2 and B2 scenario shows that, the nocturnal UHI will be intense in winter 

or dry season episodes in the city. Under A2 scenario the highest urban warming will occur 

during October to December (2.5 ºC to 3.2 ºC). Under RCP 8.5 scenario the highest urban 

warming will occur during October to December (0.5 ºC to 1.0 °C) in the 2050s and 2080s. 

Future management and adaptation strategies are to expand water supply to meet future demand 

and to implement demand side water management systems of the city and UHI. 
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CHAPTER 1 

INTRODUCTION 

1.1  Background 

 

It is widely accepted that climate change has already occurred (Solomon et al., 2007).  For 

example, one of the results from Intergovernmental Panel on Climate Change (IPCC) working 

group (WG) - I 5
th

 Assessment Report (AR5) shows that the world average surface temperature 

increased by 0.85 °C during the period 1880–2012 (IPCC, 2013). A demographic change is 

taking place at a significant rate across the developing countries that will be expected to see an 

additional two billion residents in urban areas in the next 20 years, with the urban populations of 

Africa doubling through this period (UNDESA, 2010). This will certainly exacerbate the 

emissions of greenhouse gases which have been found to contribute to a rise in global average 

surface temperature (Brian, 2009; IPCC, 2013; Wang, 2015) 

Climate related risks due to increased variations in climate and weather associated with extreme 

events have emerged as a key natural hazard of the 21
st
 Century (IPCC, 2013; Hayhoe et al., 

2013; Dastagir, 2015). Studies on both present climate variability and future climate change 

impacts-vulnerability and adaptation have predominantly been derived from Global Circulation 

model (GCM) outputs. GCMs are the most multifaceted tools currently available for simulating 

the global climate system (Randall et al., 2007).  

 

Coupled with climate change, urbanization poses an added challenge to water resources around 

the world (Larson et al., 2013).  Human induced climate change is expected to influence the 

quantity and quality of water resources and this requires changes in the way water resources are 

handled.  Since urban population is expected to grows increasing the amount of existing water 

supply to meet the rising demand (Hanak & Lund, 2011). Studies shows cities have additional 

sources of water supply (like from the ground water) in order to maintain inhabited consumption 

levels (Alexander et al., 2010). 
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For this reason, protecting future water vulnerability is essential through interconnecting climate 

change and variability, water resource management including community adaptation to water 

scarcity (Vorosmarty et al., 2009).  Urban growth will be affected by stressors (households, 

commercial, industrial and agriculture) on water demand activities due to unreliable supply to the 

sectors that affects business and jobs (Hurd et al., 1999; Larson et al., 2013).  

World cities have seen significant changes in the strength and incidence of extreme weather 

events, including levels of precipitation leading to drought and flooding. Some others have 

changes in temperatures and lack of rainfall that has contributed to extensive heat waves and 

droughts. Some countries have already experienced coastal erosion and the vanishing of 

wetlands (Carmin, et al, 2012).  

 

The IPCC Working Group II in their Report-5 (AR5) (2013) on cities has confirmed that the 

world’s main urban agglomerations are condensed in relation to variations in observed and 

projected temperature.  This predicted temperature change for the year 2025 verify that the vast 

majorities of the world’s population living in the biggest urban agglomerations will be exposed 

to minimum 2 degree rise in temperature compared to pre-industrial period level.  This means 

that mean temperature rise in some cities could be over 4 
º
C (IPCC, 2013). 

 

It is well-known that most climate change impacts will be experienced in developing countries 

with Africa being of utmost concern (Parry et al., 2007). Most of the major changes are predicted 

to occur in Africa on climate-vulnerable activities: since the capability to adapt may be 

inadequate because of technological, economic and institutional limits (Droogers, 2009). 

 

Urbanization is occurring at a very high pace in Ethiopia. Addis Ababa is the administrative and 

political seat of the country and attracts the highest number of migrants from other parts of the 

country. This increasing population in the city leads to land use change in many dimensions and 

also forces the city to expand outward putting pressure on the rural land and natural recourses 

surrounding the city. The 2011 Development Plan of Addis Ababa City shows that the urban 

population in Ethiopia is growing at about 4.3 percent per annum, with the majority living in 

Addis Ababa (Federal Democratic Republic of Ethiopia (FDRE) Green Economy Strategy, 

2011).  
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The Climate Resilience and Green Economy Strategic policy of Ethiopia addresses the needs of 

instant and efficient action to respond to climate change. These reactions include actions to lower 

Greenhouse gas (GHG) emissions and adaptation plan to reduce the vulnerability of the 

population and the economy to the impact of climate change. Also in line with the National 

Growth and Transformation Plan (GTP), the national access for the drinking water of baseline 

year 2010 is 65.8 %, 91.5 % and 68.5 % for rural, urban and combined rural and urban settings 

respectively. The targets to be achieved by 2015 were 98 %, 100 % and 98.5 % for rural, urban 

and combined rural and urban settings respectively (MoH and MoWE, 2011). 

 

Despite these targets, like many other cities, Addis Ababa Cityis vulnerabile to climate change 

impact. Adaptation in the city has also been a major gap in climate change response, despite 

rapid population growth rates and serious deficiencies in water supply service provision for  the 

householdes, commercial, industry, new developments and renewal areas of the city (Harma et 

al., 2012).  

 

Millennium Development Goal (MDG) indicted that water must be assured for all, especially to 

meet the basic human needs of deprived people in areas who have been unprivileged for so long 

(Kreft et al., 2010). Additionally, water cannot be just billed to meet the increased demand from 

household, commercial, construction, industry and other productive sectors but must also gratify 

the requirements. In order to quickly assess alternative water allocation scenarios at city and 

reservoir level, planners and policy makers will need information on expected climate and its 

impact on water resources. 

1.2 Problem Statement 

The most significant consequences of climate change will be alterations of global scale on 

temperature and precipitation. The prediction of global mean surface temperature for the period 

2016–2035 indicates an increase by more than 1°C above the mean period 1850–1900 (IPCC, 

2013).  It has also been noted that climate change impacts vary with extent from a neighborhood 

through national to regional scale and global stand point. Most climatic projections and studies 

are designed at global scale and regional scale. However, sufficient information and knowledge 
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are needed below this scale which can be realized through correct downscaling of large scale 

information.  

Urban scale climate information is vital since climate change is also having deep negative effects 

on water supply management in most urban areas (Larson, et al., 2013). The water supply in 

Addis Ababa, the urban site chosen in this study, is operated by the Addis Ababa Water and 

Sewerage Authority (AAWSA) which supply an average of about 80 liters per capita per day 

(AAWSA, 2011). According to WHO (2005), the optimal access of drinking water should be 

more than 100 liters per capita per day. The 65 % (195 000 m
3 

/ day) water is supplied from 

Gafersa dams, Legadadi and Dire dams. Fourteen percent of the water supplied to Addis Ababa 

is from the Akaki well field where as 21 % (63 000 m
3 

/ day) of the water is from other scattered 

wells and other protected springs (AAWSA, 2011). Water supply sources are under pressure due 

to urbanization (e.g., newly constructed housing development, offices and industries demands). 

Legedadi, Dire and Gefersa dam catchments are part of Awash River basin which is within the 

eastern Africa region affected by recent drying trend and recurrent drought (Mengistu (2016b) 

and references therein). Therefore climate change should be utmost concern for the water supply 

of Addis Ababa.  

 

Moreover, urban growth in population and industry, converts the landscape from natural to more 

and more impervious urban land. The consequence of this change will have major effects on 

natural environment and climate. The result in land use change will cause temperatures change 

between the city and the outskirt of city, which is the most common change known as the Urban 

Heat Island (UHI). 

 

Addis Ababa, has observed notable spatial expansion, population growth and many 

developmental activities such as infrastructure in roads, railway, building construction and many 

other activities. The resulted increase in land utilization and modification of land use and land 

cover change over the time has modified and will continue to modify the micro-climate of the 

city. 
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1.3 Research Aim and Objectives 

The aim of the research study is to develop an improved understanding of the existing and future 

trends in climate and urbanization on water supply and consumption and enable the city to adapt 

to these compounded changes. Therefore, the research aims to achieve the following objectives: 

 To assess present climate and future trends in climate over the city from gridded high 

resolution observational, and statistically downscaled and bias corrected GCM data; 

 To investigate water supply and demand through WEAP hydrological model driven by 

these high resolution data sets using the different scenarios for the prediction of the 

relation scenario between water supply-demand and population trends, climate change 

and unmet demand; 

 To assess spatial and temporal urban land use and land cover change and its impact on 

climate for the city of Addis Ababa by using land cover data from remote sensing 

satellite and spatial gridded climate data; and 

 To develop adaptation strategies to the negative impacts of climate change and 

population growth on the water supply and urban heat island (UHI) in the city of Addis 

Ababa. 

1.4  Significance of the Study 

In the world increased human influence on climate, ecology, and hydrologic impact has become 

a critical area of research. The debate about the impact of climate change and urbanization and 

the impact on water supply have motivated to design and detect the present and future trends of 

urbanization and climate change. It is essential that the potential impacts of climate change be 

studied in conjunction with other trends of urban development services, given that these forces 

can interact in complex ways (Praskievicz & Chang, 2009). 

Climate change and urban growth are global concern, assessments of impacts and adaptabilities 

require consideration of local contexts as a part of a wide socio-economic context on the affected 

and inter-dependent systems. The IPCC (2000) report explained that natural environment and 

human systems are affected by current climatic conditions and social and economic factors such 

as increasing resource demands and unsustainable management practices (Nakicenovic & Swart, 

2000; Henriques, 2007). 
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The severity of the impacts of climate change depends upon the state of the urban environment. 

In particular, urban environments have their own microclimate, air quality and hydrological 

regimes. An increasing temperatures and/or decreasing precipitation will have a double impact: 

increased evapo-transpiration and lowered recharge rates reduce the total water available in the 

hydrological system while also increasing the total end-user demand. Supply declines while 

demand increases. 

The global trend of urbanization and the growing population of cities require increasing volumes 

of water to be extracted and transported (Hunt et al., 2010). Securing sufficient supplies of 

freshwater for growing cities is therefore of primary concern, and may be seriously hindered by 

the spatial and temporal variability of water demand and supply (Buytaert et al., 2012). 

Incorporating this information into the planning of water supply systems for the Addis Ababa 

city can ensure adequate future levels of drinking water. Therefore, this work is the first step in 

providing this information based on investigation of observational and model data. 

This work may serve as a future reference to urbanization, climate change impact on water 

supply, land use change impact on urban climate and urban heat island (UHI) for the East Africa 

region. In addition, this investigation can be adaptable for other African cities, for the planning 

and management of their water resource.   

1.5 Outline of the Study 

This thesis is structured such that Literature reviews on urbanization and climate interactions are 

given in Chapter 2. Chapter 3 includes description of the study area, materials and methods used 

while Chapters 4 to 6 cover results and discussion on signature of present and future climate 

change at Addis Ababa city spatial scale (Chapter 4), impacts of climate change and population 

growth on surface water supply and demands of the city (Chapter 5) and impacts of urbanization 

and land use change on urban scale climate versus with Urban Heat Island (UHI) of the city 

(Chapter 6). Finally, conclusions and recommendations are given in Chapter 7.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1  Introduction 

A review of literature on urbanization and climate change, as well as water resources in the 

context of global, regional, national and the city level provide the framework for this chapter. 

The impact of climate change on water resources and the contribution of land use change to the 

urban heat island (UHI) are also reviewed. Furthermore, literature on climate modeling and 

climate change adaptation strategies in particular on the impact on water supply and the urban 

heat island (UHI) effect is given in this chapter.  

2.2  Urbanization 

2.2.1 Urbanization in the World 

In the 1950s the world population was mostly rural and more than two-thirds of people lived in 

rural settlements, since then world urbanization increased rapidly. In the year 2014, just over half 

of the world population resided within urban centers. This trend is expected to increase over the 

next 35 years to the extent that, by 2050, two thirds of the world’s population will reside in urban 

areas (UNDESA, 2015).  

The world urbanization prospect report of 2014 shows that in the coming decades, urbanization 

is expected to be global phenomena, with Asia and Africa leading in urbanization expansion 

compared to the rest of the world. The rate of urbanization during 2014, in Africa and Asia was 

1.1 and 1.5 % per year, respectively (see Figure 2.1). However, the two regions are expected to 

reach the 64 % and 56 % urbanized thresholds by mid-century, respectively (Nugent and 

Seligman, 2008; Cincotta, 2010; Bloom and Canning, 2011; Casterline, 2011; UN-DESA, 2015).   
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Figure 2.1:  The rate of urbanization in major regions of the world between 1950 and 2050. 

(Source: UNDESA/Population Division World Urbanization Prospects: The 2015 Revision). 

 

It is anticipated that by 2050 the African and Asian, population will increase by more than two 

thirds, which is about 90 percent increase from 1950.  World urban population grew rapidly from 

around 700,000 in 1950 to about 3.9 billion in 2014 and is expected to reach about 6.3 billion in 

2050 (UN-DESA, 2015).  

 

Figure2.2: Urban Population in major regions of the world (1950-2050). (Source: UN-DESA, 

2015). 
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In 2014, half of the world’s urban population lives in Asia (Figure 2.2) and the 2
nd

 highest level 

of urbanization occurs within the European sub-Continent. Latin America follows by 14 % and 

the Caribbean by 13 % (UN-DESA, 2015).  The world demographic report declared that, Tokyo 

(Japan) is the world's largest urban area with population size in excess of 37 million (Ziv and 

Cox, 2007; Cox & Hugh 2014). The second largest population is found in Jakarta (Indonesia); 

Seoul (Korea) is third and the fourth is Delhi, India. Bangladesh is the most densely populated 

city, with population density of 45,000 persons per km
2
. The population density of New York is 

more than 11,500 persons per km
2
 and this city continues to have the largest city footprint (Cox 

& Hugh 2014).  The 2014 Demographic of the world report indicated that there are 34 urban 

areas with a population over 10 million people which are considered as megacities in the world 

(UNDESA, 2015). Globally cites occupy about 3 % of the world’s land surface area. The number 

of cities that exceed over 5 million had grown from four in the 1950 to fifty-nine in 2015 

(Baklanov et al., 2006; Cox & Hugh 2014). 

According to UN-World Water Report (2012), the wellbeing of urban areas is critically impacted 

in deprived urban slum areas.  Some of the problems including the insufficient access to safe 

drinking water, safe sanitation and congestion of living space impact urban slum areas (Sclar, et. 

al., 2005; UN-World Water Report, 2012). These deprived areas together with the effects of 

climate change results in disaster vulnerabilities. In most African cities informal settlements and 

slums are often built in floodplains or other geographically problematic landscape areas 

including steep-slopes (OECD, 2016; Davis, 2004).  

2.2.2 Urbanization in Ethiopia 

Ethiopia has a population of approximately 87.95 million people and ranking as the third most 

populous country in Africa (SECR, 2015).The national population growth rate for the period 

1994 to 2007 was 2.5 %; the urban and the rural rates being 3.8 and 2.3 % respectively. However 

as compared to Asian and other African cities, the annual urbanization growth rate in Ethiopia is 

slower than the other mentioned. According to population  projections made by the Ethiopian 

Central Statistics Agency (CSA, 2013), the estimated 2012 urban population is  about 17.5 

million and expected to increase to close to 42.3 million at annual growth rate of 3.8 %, while 

the level of urbanization is expected to reach 31 % by 2037 (Golini, et al.,  2001; CSA, 2007; 

CSA, 2013).   

http://www.newgeography.com/content/002060-the-evolving-urban-form-seoul
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Ethiopian urban planning regulation states that, an urban centre is defined by having a minimum 

population size of 2,000 inhabitants; and fifty percent of the inhabiting are engaged in non-

agricultural activities (SECR, 2015). The Ethiopian Central Statistics Authority (CSA) only 

considers administration status to define urban centers, like regional, zonal and Woreda cities 

irrespective of population size. Some characteristics of urban settlements are concentration of 

population, availability of infrastructure and services and diversification of economic activities 

(SECR, 2015).  The number of urban settlements in Ethiopia increased from 648 in 1984, to 922 

in 1994 and to 973 in 2007 (Tolon, 2008; CSA, 2008).  

 

            

 

Figure 2.3: Urban population in Ethiopia (2008). (Source: Central Statistical Agency (CSA), 

2008). 

 

According to a 2014 report, Addis Ababa has a key urban feature, which is the city population is 

more than ten times larger than the second largest urban centre, Dire Dawa city administration 

(Figure 2.3). 

 

In Ethiopia there are only 16 urban centers or towns having a population of 100,000 and above 

(see Figure 2.4) (SECR, 2015). Together these 16 urban centers form about forty percent of the 

total urban population of the country. In contrast, Addis Ababa shares 11 % of the national 

population in 2013 (SECR, 2015).  

Based on data from the Ethiopian Economics Association (EEA) (2011) and Water-Aid Ethiopia 

(2011), access to improved water and sanitation is increasing rapidly. In four years from 2005 to 
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2008, access to potable water in rural areas increased from 35 % to 52 % which shows an 

average rate of increase of 5.6 % per year (MoWR, 2008). An annual rate of increase of 

approximately 2.4 % of Ethiopia’s population is gaining access to some form of improved water 

supply every year, and reliance on surface water is declining (Foster and Morella, 2011). 

 

 

Figure 2.4: Major cities in Ethiopia (Source: State of Ethiopian City Report (SECR), 2015). 

 

The Ethiopian Growth and Transformation Plan (GTP) sets the targets and strategies of the 

Ethiopian government for 2010/11-2014/15 to near-universal access to potable water in urban 

areas by increasing the coverage from its 68% baseline in 2010/11 to 98.5 % at the end of the 

planning period in 2014/15 (Ethiopian Economics Association (EEA) cited by MoFED (2012).  

Along with this expansion in urban water supply, the urban-rural gap in access to improved 

water sources have been improved but at slower rate when compared to the increase in coverage 

(MoFED, 2005). As indicated in Table 2.1, access to clean and safe water continues to be lower 

in rural areas than urban areas. Contrary to fast progress seen on access to improved water 

sources, progress in sanitation and hygiene are lagging behind. Only about 38% of the Ethiopian 

population has access to proper sanitation facilities which is very low-about two times lower than 

Addis 

Ababa 
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the average for low-income countries (Foster et al., 2011; Arsano et al., 2010). Official statistics 

indicates that Ethiopia’s government capital budget expenditure for the water sector increased 

from 2.6 billion Birr to 3.4 billion Birr between 2007/08 and 2008/2015, suggesting a 31 % 

growth rate in nominal terms (MoFED, 2012). 

 

Table 2.1: Improved sources of drinking water in Ethiopia over two decades: 1990-

2010.(Source: WHO, 2010). 

Year Urban [%] Rural [%] Country [%]  ** 

1990 77 8 19 

1995 82 12 23 

2000 88 18 29 

2005 95 24 35 

2008 98 26 38 

2010** 96 31 41 

Note: ** Country level coverage was calculated based on the reported urban and rural figures 

and by multiplying these by the respective proportion in total population of Ethiopia (84% rural 

and 16% urban).  

2.2.3 Urbanization in the city of Addis Ababa 

The Office of the Revision Addis Ababa Master Plan (ORAAMP, 2002) study shows that, 

historic physical expansion of the built-up area of the city of Addis Ababa was divided in to 

five development periods (1887-1936, 1937 -1975, 1976 – 1985, 1986 – 1995, and 1996 -

2000).  The first period is the early development period that took place from 1887 to 1936 

and is known for its haphazard and extended settlements of military camps and the 

landlords’ occupation of large compounds as villages. The extended area was between 

Gulale and Yeka along West to East transect and Entoto and Bekulo-Bet along North to 

South transect. In this period (1937-1975), the total built up area was equal to 1863.13 

hectares. Assuming constant growth in each year the average growth of the built up area 

was 37.26 hectares per annum during this period (Leulsegged et al., 2012). In the period 

between 1976 and 1985, the built-up area increased by 4788 hectares, thus increasing the 
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cumulative total to 10,838 hectares. The physical expansion of the city between 1986 and 

1995, were 2925.3 hectares, increasing the cumulative total to 13,763.3 hectares (Fig. 2.5).  

Simultaneously, expansion took place in all peripheral areas of the city, where both legal and 

squatter settlements were established (Leulsegged et al., 2012).Out of the total 94,135 housing 

units built in the city between 1986 and 1995, 15.7% (14,794 housing units) were built by 

squatters (Melesse, 2005).  During the physical expansion between the year  1996 and 2000, the 

built-up area of Addis Ababa increased by 909.4 hectares, reaching a cumulative total of 

14,672.7 hectares (Melesse, 2005). 

Currently, the total area of the city is 526 km
2
 including squatter settlements areas. Within this 

area of the city, the population in Addis Ababa is about 2,980,000 according to 2011 census 

which was conducted by the Central Statistical Agency of Ethiopia (CSA, 2012). In 2013 the 

total population of Addis Ababa was estimated to be 3,120,000 (AABoFED, 2013). It is also 

projected that over the next 23 years and by 2039 the population will grow at medium rate of 

2.5%, reaching about 5-6 million people (Addis Ababa City Government, 2012).  

 

Table 2.2: Addis Ababa Population growth from 2009-2013. (Source: CSA, Population 

Projection for Ethiopia, Addis Ababa Bureau of Finance and Economic Development 

(AABoFED, 2013)). 

 

Region  Year  Total Population  

 

 

Addis Ababa 

2009 2,851,000 

2010 2,913,000 

2011 2,980,000 

2012 3,048,631 

2013 3,120,000 
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Figure 2.5: Physical Expansion trend of Addis Ababa. (Source: Office of the Revision Addis 

Ababa Master Plan (ORAAMP), 2002). 

 

2.2.4  Land use of study area 

The 2014 land use and land cover character of the city of Addis Ababa is an important aspect for 

understanding the proportion of urban features and activities. Fig. 2.6 shows the map, with scale 

of 1:150,000, of urban land-use cover for the study area, representative and available 

meteorological stations according to Addis Ababa and surrounding Oromia region integrated 

plan (AACPPO, 2014). The dominant land use features are residential with mixed-use (which 

 



15 

 

accounts for an area of 153.1km
2
), green and other open space (which accounts for an area of 

279.9 km
2
), road net-work and transport terminal (which accounts for an area of 57.6 km

2
), 

Rivers (which accounts for an area of 10.9 km
2
), Manufacturing and Storages (which accounts 

for an area of 17.2 km
2
).  Figure 2.7 shows that vegetation covers are observed at the mountain 

in the north and along river buffer areas. The central parts of the city mainly Arada, Addis 

Ketema, Lideta and Kirkos Sub-cities have less vegetation cover. Manufacturing and storages 

dominate the southern part of the city, which is around Akaki kaliti sub-city area; whereas 

mixed-use is found in the central part of the city, the open and farmland occurs around Bole 

Airport area. The elevation of the city at Bole International Airport is 2408 meters, while the 

elevation at Entoto Mountain, Northern part of the city, is more than 2444 meters above sea 

level. The radius of the city has expanded, particularly to the east and south.  

2.2.5 Vegetation Cover of Addis Ababa 

In the city of Addis Ababa recreational parks are formal green spaces, usually used for public 

ceremonial services such as weddings (MoUDHC, 2014). At present there are 18 recreational 

parks in Addis Ababa. Some of them like Gion-Central Park and Addis Zoo parks are 

administered by the Mayor’s office.  In the city, Africa Park is administered by private investor. 

The remaining recreational parks like Bihere-Tsige Park are administered by the respective sub-

city Beautification, Parks, and Cemetery Development and Administration Offices. 
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Figure 2.6: Existing (2013) Land Use Map of Addis Ababa and Two Meteorological station 

Locations. (Source: Addis Ababa City Planning Project Office (AACPPO), 2014). 

 

However, the green space and park distribution  areas of Addis Ababa is much lower than some 

African cities leading to smaller green space cover per person (Fig. 2.7). Addis Ababa has only 

0.94 square meters of green space per capita in 2010 (MoUDHC, 2014). The World Health 

Organization (WHO) suggests a minimum of 9 m
2
 square meters of green space per capita 

(World Health Organization, 2010); this amount is only suitable if the greenery is reachable and 

accessible.   

 

 

Addis Ababa Bole Int. Air-port  

Met Station 

Addis Ababa Observatory (OBS)  

Met Station 
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Figure 2.7: Green infrastructure of Addis Ababa.  (Source: Addis Ababa Master Plan Project 

Office (AACPPO), 2014). 

 

Table 2.3: Proposed total number of parks and classification in Addis Ababa. (Source Addis 

Ababa Master Plan Project Office (AACPPO), 2014). 

Park 

Classification 

Park 

area 

Population 

catchment 

area 

Approximate 

distance 

from home 

Area (ha) Total number 

of parks 

City Park >10 ha 100,000-

500,000 

10 km 2,435 18 

Sub-city Park 1-10 ha 50,000-80,000 5 km 240 76 

Woreda Park 0.3-1 ha 10,000-15,000 1.5 km 55 106 

Neighborhood 

park 

< 0.3 ha 3,000-5,000 300 m 90 - 

 

The current rapid developments of the city center of Addis Ababa have left lower proportion of 

parks and other green spaces than prescribed by WHO (Fig. 2.8). The new Master Plan of Addis 
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Ababa made in 2016 was proposed to increase the green cover of the city to reach 7 m
2
 of Green 

area per person as shown in Table 2.3 (AACPPO, 2014). However, most of these proposed parks 

have not yet been implemented. In some sub-city, it has been well fenced but the park is 

currently used by small and micro enterprises producing cement products. 

 

2.2.6 Economy of Addis Ababa 

Addis Ababa is an autonomous city with the city council having ten Sub-Cities (CLUVA, 2010). 

The socioeconomic activities of the city is mainly from trade and commerce, manufacturing and 

industry, construction, transport and communications, hotel and catering services, education and 

health services. The service sector contributes about 74.96 %, industry 24.67 % and urban 

agriculture 0.35 % to the GDP of the city in 2009 (Addis Ababa City Government, 2012).  

According to the UN- Habitat (2008) the life expectancy of males in Addis Ababa is sixty-three 

and females are about sixty-seven years. Addis Ababa is the base and seat of the Economic 

Commission for Africa and the African Union (AU). Addis Ababa was established in 1886, 

since-then the city serves as capital city of Ethiopia (UN- Habitat, 2008). 

Gebre and Rooijen, (2009) stated that compared to other cities in the country, sanitation services 

are better in Addis Ababa. In 2009, 75 % of the city used pit latrines and only about 10 % of the 

residential and commercial components of the city activity connected with sewerage system. 

Most of the pit latrines discharged into the rivers and storm water drainage network (Elala, 2011; 

AABoFED, 2016). 

2.2.7  Water Supply in Addis Ababa 

Water is the basic need, both quantity and quality of supply directly affects the wellbeing of the 

society in the city. Water accessibility and adequacy is one of the circumstances that make urban 

areas to be comfortable place to live. However, this demands substantial efforts. For example in 

2012 alone, ground water source (accounting for 70,152,807 m
3
) and surface water source 

(accounting for 42,062,760 m
3
) were added to the supply system in order to meet the demand of 

the increasing city residents. The amount of water production per day also shows a considerable 

improvement from 232,000 m
3
 in 2008 to 374,000 m

3 
in 2012. Water coverage in the city of 

Addis Ababa, had increased from 52 % in 2008 to73 % in the 2011 and made substantial 

performance improvement in the year 2012 when the coverage reached 94 % (AABoFED, 2016). 
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However, poor maintenance supply systems and lack of new technology combined with fast 

population growth and climate change are causing water shortages in many areas of Addis 

Ababa. High volumes of wastage due to defective piping also cause shortage of water (UN-

Habitat, 2008). 

2.3 Climate Change Overview 

 Climate change is defined as a mean of alteration of the climate of the world that humans are 

causing, through clearing forests, fossil fuel burning and other practices that increase the 

greenhouse gases (GHGs) concentrations  in the atmosphere (UN-ISDR, 2009).  

 

Figure 2.8: Global Temperature Anomalies with CO2 emission. (Source: Parry et al., 2007). 

 

This is similar to the official definition by the United Nations Framework Convention on Climate 

Change (UNFCCC) that climate change is the change that can be 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” (Parry et al., 

2007; UNISDR, 2009). 

 

Climate change is caused by the global increase in atmospheric concentrations of greenhouse 

gasses (GHGs). These gasses include methane (CH4) (mainly from landfill), carbon dioxide 
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(CO2) (mainly from combustion of fossil fuels) and (NOx) oxides of nitrous (mainly from 

vehicles, industrial energy resource and agriculture) (UNISDR, 2009; Brain, 2009). It is now 

broadly accepted that climate change is a current occurrence and further change and variability 

are inevitable. 

History shows that scientists have known that the atmosphere’s greenhouse gases act as a 

“blanket” which catches incoming solar energy and keeps the Earth’s surface warmer and the 

increase of this atmospheric greenhouse gases would lead to additional warming (Fig. 2.8) (Parry 

et al., 2007). The concentration of greenhouse gases in the atmosphere is higher than it has been 

for the past 500,000 years, rising of CO2 to 70% between 1970 and 2004 alone (UNISDR, 2009). 

 

For the most part, a climate change is denoted by change in temperature and precipitation 

(Coquard et al., 2004; WMO, 2012; Htut, et al., 2014). Climate change also exhibits itself in the 

form of extreme events such as drought and heat waves including shortage in rainfall, and 

conversely more severe or increase in rainfall causing floods (IPCC, 2013). These changes have 

the potential for dire consequences for the health and well-being of communities and the local 

economy. Climate change may also reduce water quantities in rivers and lakes due to increased 

evaporation and less-inflow (Knutti and Tomassini, 2008; Rochdane et al., 2012). Lower water 

levels may have serious impacts on much needed water supply, recreation activities, aquatic 

animals, hydroelectric generation and water quality.  

 

Climate change can damage natural environments including ecological and botanical extinctions. 

Anthropogenic forced climate change could make any attempt to protect remaining species even 

more difficult (IPCC, 2007). Transportation sector is also highly vulnerable to climate change, 

the efficiency and durability of road and rail infrastructure may be reduced by extreme weather 

events (Nemry & Demirel, 2012).  Shortage of rainfall and high temperatures could impact 

ground water sources through lowering of water table levels (IPCC, 2013). Rising temperatures 

and extreme weather events will all have direct effects on urban residents. In most developing 

countries climate change could reduce potable water supply and hydroelectricity production as 

water levels decrease at a time of increased demand (Hurd, et al., 1999). Increased insurance 

losses due to more extreme weather events and loss of productivity for health reasons would 

further burden the local economy (Htut, et al., 2014). 
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2.3.1 Observed Climate Change in the World 

Over the last century, between 1906 and 2005, the average global temperature rose by about 0.74 

o
C. This has occurred in the following two phases, from 1910s to 1940s and a more strongly 

forced change occurred from the 1970s to the present (Parry et al., 2007). The IPCC WG-I 5
th

  

Assessment Report (2014) shows that the global average surface temperature has raised by 

0.85°C for the period between 1880–2012 (Taylor et al., 2012; IPCC, 2013).  

 

 

Figure 2.9: World Average Temperature Anomalies (Source: IPCC, 2013). 

 

In the past few decades a warming trend is observed and this is projected to continue in the 

present year 2017 and beyond. The World Meteorological Organization (WMO) has ranked 2016 

as the warmest year on record since mid-1800s (Tsidu, 2016a; Mengistu Tsidu, 2016b and 

references therein).  Human induced global warming is evident and increasing.   

In the past severe flash floods occurred in many countries, particularly in Africa, Balkans, South 

Asia, and Central and South America (WMO, 2014). The climate variability create these kinds of 

extreme events every year, and the increased occurrences of floods globally are as a result of 

increased energy within the hydrological cycle due to higher levels and constant increase of 
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greenhouse gases in the atmosphere (Jones and Hulme, 1996). Consequently improved 

understanding on scientific modeling techniques, increased progress on quality of observed 

weather data enable more accurate understanding and potential adaptation into extreme climate 

events (Hansen et al., 2010). 

2.3.1.1 Temperature  

The 2014 global average surface temperature was comparable to the 165 years on record. The 

global average temperature anomaly for the year 2014 was 0.57 °C which is above the 1961–

1990 average temperature (See Fig 2.9). The three other warmest years are 1998 (0.52 °C), 2005 

(0.54 °C) and 2010 (0.55 °C) (WMO, 2015).  

2.3.1.2 El Niño/Southern Oscillation (ENSO) and La Niña 

The El Niño Southern Oscillation (ENSO) is a naturally occurring phenomenon which involves 

fluctuating ocean temperatures in the eastern equatorial and central Pacific, coupled with 

atmospheric changes (Trenberth, 2013; WMO, 2015). El Niño occurs when large scale warming 

of water surfaces take place in the central and eastern equatorial Pacific Ocean. La Niña are 

connected with large scale cooling of the ocean surface temperatures in the same region of the 

eastern equatorial central Pacific oceans. El Niño and La Niña had major influence on climate 

patterns in different parts of the world. Scientific modeling of ENSO is able to make reliable 

projections within a range of up to nine months into the future; thus assisting in preparation for 

the ENSO associated hazards such as floods, heavy rains and drought. El Niño has the overall 

effect on increasing global average surface temperatures, while La Niña will have the contrasting 

cooling. Fig. 2.10 shows that 1997/1998 was the strong El Niño event followed by two La Niña 

events that occurred from mid-1998 to early 2001, with a clear impact on global temperatures 

(Fekadu, 2015; WMO, 2015).   

2.3.1.3   Precipitation  

According to NOAA, world average precipitation in 2014 was near to the long term average of 

1,033 mm. Areas of notably low precipitation included particularly the eastern Brazil, south west 

United States, north-east China, which all experienced drought in 2014. In the same year areas of 

high annual precipitation included southern Brazil, northern Argentina, Bolivia, and the Balkans 
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(WMO, 2015). Southern Ethiopia and Central Africa also experienced low precipitation (Fig. 

2.11).  

 

Figure 2.10: Annual global temperature anomalies (compared to 1961–1990 mean) for the 

period 1950–2013; La Niña years which are strong shown in blue; moderate or strong El Niño 

years  are shown in red; normal years shown in grey (Source: WMO, 2015). 

 

Figure 2.11:  World Precipitation totals for the year 2014 as anomalies relative to the 1951–2000 

average (Source: WMO, 2015). 
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2.3.2 African Climate 

The IPCC WGII AR5 (2014) report, indicates that over the past 50 to 100 years mean annual 

temperature analysis indicates a trend in increasing temperature across the African content. The 

most recent review (2014) of climate in Africa based on the annual temperature anomalies 

assessment indicates that 2014 was the second warmest year on record since 1950 (see Fig. 

2.12). Over African content, 2010 was the warmest year on record. The temperature trend since 

1950 over Africa shows an increase of 2 °C per century. From 1990 to 2014 the rate reached 3 

°C per century (Fig. 2.12 broken trend line). 

 

 

Figure 2.12: Temperature anomalies (°C) for Africa for 1950-2014 relative to 1961-1990; 

gridded data based on station observations. (Source: ACMAD-MESA, 2015; from 

NOAA/NCEP/CPC/ CAMS) 

 

According to World Meteorological Organization (WMO) annual statement, the global 

precipitation in 2014 was near to the long-term 1951–2000 average of 1,033 mm around the 

world. On this particular year of average precipitation, above the annual mean of 1981-2010 

precipitation was recorded over northern Mali, southern Algeria, southern half Morocco, 

southern part of Sudan and adjacent areas in Ethiopia and Eritrea, parts of Botswana and 

Namibia (Fig. 2.13). In 2014, drought with moderate severity occurred over Somalia, southern 

Mauritania and northern Senegal (ACMAD-MESA, 2015). 



25 

 

 
 

Figure 2.13: Average annual precipitation change from the mean (1981–2010) over Africa for 

the year 2014; this gridded precipitation data estimates from satellite and gauge station data 

analysis with respect to 1981-2010. (Source: ACMAD-MESA, 2015; from 

NOAA/NCEP/CPC/CAMS-OPI, 2015). 

2.3.3 Climate trends and extremes over Ethiopia 

Ethiopia is a country located in the Horn of Africa lying between 3-15 degrees north latitude 33-

48 degrees east longitude. Ethiopia covers a total land surface area of about 1.113 million km
2 

(CSA, 2000) and bordered on the west by Sudan, the east by Somalia and Djibouti, in the south 

by Kenya, and the northeast by Eritrea. The landscape of Ethiopia in Fig. 2.14 has 4 main 

regions from east -west there is rift valley, southwestern highland, southern highlands and 

different Plateaus (typical flat-topped mountains). The Ethiopian Plateaus comprises more than 

half of the country (Abbate et al., 2015). In northern Ethiopian Plateaus, there are numerous high 

mountains such as Ras Dashen which is 4,543 m AMSL (Berhanu, et al., 2015). The deep rift 

valley cut the plateau slopes from southwest to northeast. 
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Figure 2.14: Elevation map with major topographic elements in Ethiopia. (Source: Abbate, et 

al., 2015). 

 

Table 2. 4: Traditional climate zones and physical characteristics; Source Gonfa (1996). 

Zone Altitude (meter) Rainfall (mm/year) Average annual 

temperature (°C) 

Wurch (upper highlands) >3,200  900-2,200 < 11.5 

Dega ( highlands) 2,300-3,200 900-1,200 17.5-11.5 

Weynadega (midlands) 1,500-2,300 800-1,200 20.0-17.5 

Kola (lowlands)  500-1,500 200-800 27.5-20.0 

Bereha (desert)  Under 500 Under 200 > 27.5  

 

The weather system in Ethiopia is variable, and factors that affecting the systems are latitude, 

altitude, wind, and humidity (Degefu, 1987; Tsidu, 2012).  Ethiopia has a diversified climate 

ranging from hot and semi-desert to mild and humid topographic elements.  Gonfa (1996) classified 

Ethiopian climate into five major climate zones based on Koppen's and Thornthwaite's classification 

schemes of the rainfall regimes, and agro-climatic zone (Fig. 2.15). The highland part of the 

country including Addis Ababa has a weynadega or temperate climate.  The southwestern 

 

 

 

 

 

Elevation
High : 4534 m asl

Low : 231 m bsl
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highlands have tropical rainy and warm temperature climate, southern highlands have tropical 

rainy climates, while the eastern lowland of the country have hot arid climate. High rainfall 

variability on both temporal and spatial scales are typical characteristic for climate in Ethiopia 

(Gissila et al., 2004).There are three meteorological seasons in Ethiopia; these are based on 

means of rainfall and temperature of the country. These seasons are locally known as Bega, Belg 

and Kiremt (Degefu, 1987; Gissila et al., 2004; Korecha, and Barnston, 2007;  Tsidu, 2012).  

 

 

Figure 2.15: Climatic zones of Ethiopia (Source: Gonfa ,1996). 

 

Seasonal climates are influenced by the Indian Ocean current, Central African or Congo Air-

mass, South Atlantic Ocean and the Asian cold land-mass. The seasonal rainfall in Ethiopia is 

controlled by the seasonal migration of the Inter-tropical Convergence Zone (ITCZ), which 

follows the position of the sun relative to the earth and the associated atmospheric circulation 

(Degefu, 1987; Fekadu, 2015).  

Annual mean minimum temperature difference from the mean (1971-2000) has increased at a 

rate of 0.37 °C per decade over the period 1951 to 2006, although the trend has varied 

substantially over shorter periods (Fig. 2.16). The recent 20-year was characterized by increased 

rate of warming compared to the first and central segments (1951-1986) of the records (Brohan 

et al., 2006).  

 

 

 

Legend Key description 

Bwh-  Hot Arid Climate 
Bsh- Hot Semi-Arid Climate 
Bsk- Cool Dry Climate 
Aw- Tropical Climate (with distinct dry 

winter) 
Am- Tropical Rainy Monsoon Rainy Climate 

(with short dry season) 
Aws- Tropical climate (criteria of both winter 

and summer are met) 
Cwb- Warm Temperate Rainy Climate (with 

dry winter) 
Cfb- Warm Temperate Rainy Climate (with 

distinct dry season) 
Cws- Warm Temperate Climate (criteria of 

both winter and summer are met) 
H- Cool Highland Climate 
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Figure 2.16a) Observed variation of mean annual minimum temperature 22 models and b) 

precipitation with projected changes by twenty-two global climate model over Ethiopia. (Source: 

Brohan et al., 2006; Keller, 2009; Parry et al., 2007). 

 

Temperatures are very much modified by the varied altitude of the country. In general, the 

country experiences mild temperatures for its tropical latitude because of topography (Gonfa, 

1996). Spatial mean annual temperature and precipitation for the period 1950-2000 are presented 

in Fig.2.17 a-c. Mean annual minimum temperature over the highlands of the country reaches to 

-1.1 °C and the mean annual maximum temperature over the lowlands of Ethiopia will reach 

about 37 °C (See Fig. 2.17 a-b). Both rainfall and temperature varies greatly with altitude. 

Observed mean annual rainfall distribution exhibits a substantial spatial variation that ranges 
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from 2163 mm over south western parts of the country to less than 99 mm over the Afar and 

Ogaden lowland as shown in Fig. 2.17c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17: a) Mean annual maximum, b) Minimum temperature and c) Mean annual total 

precipitation over Ethiopia; derived from WorldClim reference climatology for 1950-2000. 

 

Drought is negative rainfall anomaly or below the long term mean, which is normally defined as 

some percentage reduction from the long term average annual or seasonal rainfall (Keyantash & 

Dracup, 2002; Wilhite, 2000). Fig. 2.18 shows that rainfall in Ethiopia showed a high variability 

over time. Consequently, meteorological drought years with respect to the (1971-2000) were 

 

Addis Ababa 

 

 

c) 

b) a) 

Addis Ababa 

Addis Ababa 



30 

 

1959, 1965, 1984 and 2002, while 1958, 1961, 1964, 1967, 1968, 1977, 1993, 1996, 1998 and 

2006 were wet years  (See Fig. 2.18).  

 

 

Figure 2. 18: Mean Annual Rainfall Anomalies (Source: NMA, 2007). 

 

Analysis of high rainfall during MAM over Ethiopia (Fig. 2.19a-c), for example, shows that 

there is a statistically significant linear trend with northwestern Indian Ocean SST warming trend 

impacting the rainfall trend during March, April and May (MAM) over Eastern Africa in general 

(Mengistu, 2016b).  

Fig. 2.19 b) for wind and MSLP anomalies both over the continent and Indian Ocean shows shift 

of the low-level wind confluence zone southward in the response to warm SST anomalies over 

the Indian Ocean (Mengistu, 2016b). The oceanic forcing response by the atmosphere will led to 

the increase of MSLP over much of Africa except southern Africa regions and decrease over the 

Indian Ocean and western Asia (Fig. 2.19 c) (Mengistu, 2016b).  
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Figure 2.19: a) Rainfall Trend (mm/decade) in Ethiopia, b) Eastern Africa rainfall and wind 

anomalies and c) Mean Sea Level Pressure and wind anomalies.(Source: Tisdu , 2016b). 

2.4  Urban Scale Present and Future Climate 

In the past few hundred years the concentrations of human population increased in urban areas 

resulting in settlements now exceeding the population of rural areas (Martilli, 2007; UN, 2012; 

Grimmond et al, 2014; Grimmond et al. 2015).  Most of the cities in the world are situated in 

developing countries (UN, 2012). Cities are fundamentally dependent on basic services and 

c) b) 

a) Rainfall Trend (mm/decade) 
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infrastructures such as water and energy supply, storm water management systems, transport as 

well as communication systems (Martilli, 2007).  Urban areas are sensitive to climatic conditions 

and their variability, and have thoughtful impacts, direct and indirect, on services within cities 

(e.g. water supply, transportation, construction, energy demand, etc.) and beyond (particularly if 

the city is regional and national economic importance) (Zhu, 2009). Cities are also crucial points 

for driving economic and societal progress, at local and regional level (Olaide et al., 2013). Thus 

cities will provide enormous potential for adaptation and mitigation to changing atmospheric 

conditions, and benefits will grow from enhanced prediction through models, data and climate 

services (Olaide et al., 2013).Urban areas range from megacities to smaller urban areas; these 

settlements have an important common feature: impervious built surfaces, dense populations, 

emissions of pollutants, waste, heat, etc (National Research Council, 2010; Pinet, 2014). 

Cities with complex infrastructure and with expansive sizes may be increasingly vulnerable to 

climate change. Most urban areas are major drivers of economic growth, but they also result in 

unbalanced growth with poor urban population. Therefore, the need to study the effect of 

population growth and urbanization on local climate and their effect on global warming is 

important. Urban areas often share similar characteristics; making them more sensitive and 

vulnerable to climate and weather variations such as impacts on water resources affecting socio-

economic activities (NCR, 2012; UN, 2014; Baklanov et al., 2017). Atmospheric flow 

influenced by cities features like impervious materials and vegetation cover will affect heat 

absorption of the surface, water permeability of the surface regime and deposition of pollutant 

deposition (Rosenzweig et al, 2006). The release of anthropogenic heat leads to urban heat 

islands (UHIs) which are urban areas of warmer temperatures compared to nearby rural areas 

(Chan et al., 2008; Baklanov et al., 2017). These temperature differences are of such magnitude 

that they interrupt regional air circulation. Wind circulation can be disrupted due to high rise 

buildings. The atmospheric disturbances can lead to distorted levels of precipitation and air 

pollution (Zhang, 2011; Baklanov et al., 2017). 

Cities are affected by two main mechanisms. First, the urban features such as heat radiations and 

morphology continually influence local temperatures, precipitation and air circulation. Second, 

changing of atmospheric pollution from chemical emissions will change climate and weather, 

both at city and suburbs areas (Baklanov et al., 2006).  The impervious urban land covers 
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increase as the result of growth in population and urban sprawl expansion. This change in land 

cover have significant effects on local climate and weather (Oke, 1982; Xian & Crane, 2006).  

Currently cities around the world are substantially affected by climate change.  Climate change 

impacts water resources, food security, environmental health, and infrastructure, (amongst 

other). Cities thus need to be ready to adapt to climate change (Baklanov et al., 2006). 

The Urban Heat Island effect (UHI) in a city develop when large areas of natural vegetation 

(land cover) is replaced by built surfaces that retain or store incoming solar radiation during the 

day and then re-radiate it at night (Oke, 2004). This slows the cooling process thereby keeping 

night-time air temperatures high relative to temperatures in less urbanized areas. Arnfield (2003) 

conducted in-depth assessment of the impact of urbanization on the climate of the cities. In 

London (UK) a study by Howard on Urban Heat Island (UHI), indentified that urban centers can 

be up to several degrees warmer than the adjoining countryside (LCCP, 2006).  

In contrast with vegetated surfaces, more solar radiation is retained by building materials through 

the day (LCCP, 2002). In the urban layer there are many factors to increase the Urban Heat 

Island Intensity such as air conditioning, transportation, energy use for cooking and industrial 

activities (Wilby, 2008; Block et al., 2012). Fig.2.20 illustrates the non-urban energy balance 

contrast to the urban energy balance. Vegetation plays an important role through evapo-

transpiration and surface cooling (Rosenzweig et al., 2006).  

 

Figure 2.20:  Urban to non-urban energy balance. (Source: Rosenzweig et al., 2006). 

 

Some studies have addressed the management of weather and related risks, and the impact of 

future climate change. In some cities (e.g., Lisbon and Shanghai) the UHI is being mitigated in 
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urban centers by cooling roofs, urban green space management, and introducing more water 

features. These methods of reducing the UHI are also done in New York, Brazil, and Tokyo 

(Nakicenovic & Swart, 2000; Wilby, 2008).  

The study by Wilby (2007) revealed that in the late 1950s the night time heat island temperature 

rose by about 0.1 degree Celsius per decade. The study for London City indicates that by 2050, 

the nighttime UHI could rise by 0.5 °C in August and autumn months (Wilby, 2007). In the City 

of Tokyo a study by the IPCC shows an UHI derived rise of 0.5 ºC by the 2050s. Studies in New 

Jersey City revealed an increase in heat waves worsen the existing UHI (Rosenzweig et al., 

2006). UHI have substantial impact on heat related stresses due to increasing night time 

temperature (IPCC, 2013).   

It is important to estimate the Urban Heat Island Intensity (UHII) in urban planning reduction 

strategies. In the past decades research have shown the emergence of urban heat island 

phenomenon in many developing countries in Ethiopia by Kifle (2003); in Indonesia by Sarkar 

(2004); in Mexico by Garcia-Cueto et al., (2007); in Nigeria by Akinbode et al., (2008); in Sri 

Lanka by Manawadu and Nirosha (2008); in Chile by Pena, (2008); in Turkey by Toy S., 2010; 

in Oman by Charabi and Bakhit (2011); in Argentina by Camilloni and Barrucand (2012) and 

others). 

Several recent studies have also considered what is needed to enhance predictive capabilities of 

UHI  (Fisher et al., 2005; Martilli, 2007; Wilby, 2008; Zhu et al., 2012; Olaide, et al., 2013; 

Pinet 2014; Grimmond et al., 2015). For instance, Wilby (2008) used SDSM to predict future 

UHI for the city of London. With greater demand for modeled climate information in large and 

megacities, it is anticipated that the world regional climate centers would extend its efforts to 

address climate information for urban communities. Urban scale climate information is essential 

for urban decision support systems.  These information systems need to focus on spatial and 

temporal extents such as from a very short time range to a decadal scale as this will minimize 

disasters by informing city officials to prepare planning for adaptation and mitigation initiative 

scenarios.  

Tree planting is used for mitigation and reducing of the UHI in cities such as New York (USA) 

and Camden (UK) (Rosenzweig et al., 2006; Kleerekoper and Salcedo, 2012). Research show 

that the presence of vegetation in urban areas reduce energy demands for air conditioning, as 
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well as reduce health risks through removal of urban air pollutant (Oke, 1982; Cleugh & 

Grimmond, 2012; Wilby, 2007).  

2.4.1  Addis Ababa Climate 

The mean annual maximum temperature of Addis Ababa is 24 °C, and the mean annual 

minimum temperature of the city is 12 °C.  The mean monthly rainfall is high in July and August 

which is 260 mm. The mean annual rainfall in the city of Addis Ababa is about 1255 mm (Kifle, 

2006).  Addis Ababa has bi-modal precipitation distributions, with much of its annual 

precipitation occurring during Kiremt (June to September) and Belg (mid-February to mid-May) 

(Fig. 2.21).  There is significant intra-annual variability in precipitation (Kifle, 2006).  

 

 

Figure 2. 21:  Addis Ababa OBS weather station average monthly Rainfall (mm) (1961-2001). 

By looking at a long history of observations, variability in rainfall and changes in temperatures 

over time are identifiable. The maximum and minimum temperature anomaly, shows, notable 

warm periods in the city of Addis Ababa, that have occurred in the 1997 and early 2003 (Fig. 

2.22 a-c). For precipitation, below the mean annual total rainfall (1255 mm/year) (1971–2000) 

was observed for the years 1965, 1975 and 1994. The year 1965 was the driest year on record 

which was 400 mm below the mean annual total rainfall (Fig.2.22a). Periods of above average 

annual precipitation are also clearly evident in the historical records, such as the 1977 and 1995. 

Since 1991 the average annual maximum temperature anomalies have increased by about 0.5 to 

1 °C above the mean of (Fig. 2.22b). However, annual precipitation does not seem to have a 

visible trend.  
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Figure 2.22: a) Annual rainfall, b) Minimum and c) Maximum temperature anomalies relative to 

the 1971-2000 for Addis Ababa  Observatory (OBS) Station. 
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Addis Ababa city has contributed to climate change as the population has more than tripled from 

500,000 in 1960 to about 3,000,000 in 2012. This urbanization-induced rapid population growth 

will largely drive the extent and rate of environmental change. Many of these changes are related 

to the climate and atmospheric composition over cities, including canopy cover, thermal 

sensation and various forms of air pollution. Human settlements modify the materials, the 

structure and the energy balance of the surface and the composition of the atmosphere compared 

to the surrounding ‘natural’ terrains.  

2.4.2 Water supply and climate change 

Globally highlands of densely populated areas, such as for example highland of sub-Saharan 

Africa (including the Ethiopian plateau, Great Lakes area and the Rift Valley), are distinguished 

by a very high population pressure on fragile ecosystems (Aguilar-Manjarrez, et al., 2010; 

Turral, et al., 2011). Increase and expansion into marginal land lead to increased risk of 

landslides, increase rates of erosion and changes in patterns of runoff, result in land degradation 

and decrease in productivity (Turral, et al., 2011).  

Water sustains food chains and is one of the most significant resources even more so than oil 

(Morrison, et al., 2009). Rapid urbanization presents global challenges to increasing access to 

potable water (WHO/UNICF, 2012). Globally, the number of urban inhabitant who has access to 

potable water for the period 1990 to 2008 was about 1.052 billion, while the global urban 

population increased by 1.089 billion. The increase of informal settlements and their deprived 

sanitation environments obstruct the efforts to increase access to potable water in urban areas 

(Morrison, et al., 2009; WHO/UNICF, 2012). On top of population growth, the practices of rapid 

urbanization pose challenges to increasing access to potable water.  

Climate change is expected to increase water stress, resulting in drinking or potable water 

supplies facing increased demand from contending uses of water for domestic and non-domestic 

use such as commercial and industries (Rosa and Clasen, 2010). An increased occurrence of 

climate related natural disasters and extreme weather events might result in an increased loss of 

water related infrastructure. The world assessment of resilience water supply systems against 

prediction of climate changes shows that by 2020s and 2030s, the sustainability of the current 
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progress towards the Millennium Development Goals (MDGs) may be considerably undermined 

(Howard et al., 2010).  

 

Climate change will plausibly increase demand of municipal drinking water and that used for 

agriculture due to extended dry periods and severe drought. Commercial impacts of water 

shortage may include increase in the price for water regulatory limits for water use or water 

rationing conflicts between people groups and other water users and rising demand for water 

efficient technologies and products (Solomon et al., 2007; Bates et al., 2008).The sustainability 

of water resources is adversely impacted by increasing demands (Roy et al., 2010). The WHO 

and UNICEF (2010) reported that, about 87 % of the global population obtains drinking water 

from improved sources and the corresponding figure for developing regions are more than 84 %.  

Worldwide water use abstraction for agriculture is the highest (70 %), industrial use is around  

20 %, and domestic water use is about 10 % (WWAP, 2009; Buytaert et al., 2012). Ground water 

abstraction due to increasing water demands causes problematic ecosystem functions and 

reduction in water tables (UNEP/GRID; Arendal, 2008). A study by Foster et al., (2007) also 

shows that, cities in China that have excessively used ground water caused reduction in water 

tables and decrease in quality (Stephen, et al., 1998).  

A study in California indicated that extensive amount of reservoir storage from rivers and 

streams will provide enough capacity to hold a change in inflows for most years. Nevertheless, 

some reduction of inflow volumes due to reduction in precipitation on watersheds might reduce 

the water supplies. Most prediction studies show that the results of lessen inflow to the reservoir 

due to reduced precipitation appear more important than the shift of season specifically for water 

supply area (Rochdane et al., 2012).  

Drought in sub-Saharan Africa is one of the dominant climate risks. Floods are destructive to 

infrastructure, transportation, goods and service flows and could contaminate water supplies and 

cause waterborne diseases to become epidemics (IPCC, 2014b). Due to high population growth 

water supply pressure is increasing in Africa. Even though water resources are plentiful in some 

regions, water shortage has been a major restriction to the economic development of certain 

regions (Parry et al., 2007).  The minimum amount of water required for economic and social 

development (including for human health) is estimated at list 135 liters per person per day (UN-

WATER, 2012). When development increases water use also increase to support the economic 



39 

 

growth. In Africa, sub Saharan countries are among the most threatened by water stress. This is 

as a result of extreme variability, seasonality of water resources, and decreasing stream-flows 

(forecast in coming decades) (Rochdane et al., 2012).  

A study in Northern China indicated persistent water scarcity.  In 2008 for example, 

infrastructure construction for water cost about $2 billion for a 191mile water-way, also the city 

of Beijing has received additional water from the less populous southern regions in China. 

Studies estimated that Beijing’s water reservoirs have been depleted to one tenth of their 

capacity, and two thirds of Beijing’s water supplies are currently drawn from underground 

sources. São Paulo, Brazil had a shortage in hydro-electric energy production as a result of 

drought in 2001. The effects of the drought based energy rationing on the national economy, was 

a reduction of 2 percent of the country’s GDP, which equals to approximately US$20 billion 

(PACINST, 2006).  

2.5 History of Climate modeling 

2.5.1 General Circulation Models (GCMs) 

During early 20th century Vilhelm Bjerknes first showed how to compute dynamics of weather 

at large scale using the equation of motion and state (McGuffie and Henderson-Sellers, 2005; 

Weart, 2007).  Some of the equations are; conservation of mass, Newton’s laws of motion, 

thermodynamic energy equation and the hydrodynamic state equation. Vilhelm Bjerknes’s 

mathematical model explained how momentum, mass, moisture and energy are conserved in 

interactions amongst air parcel (Weart, 2010). During World War I, based on Bjerknes’ 

equations Richardson identified a numerical forecasting method, by a finite-difference grid 

(Nebeker, 1999; Burstyn, 2008; Christensen, et al., 2007).  

After introduction of digital computers, better mathematical methods were developed, reducing 

numerical instabilities in extremely iterative calculations. Digital computers become the core 

methodology of weather and climate modeling from the 1940s into the present (Burstyn, 2008; 

Potter, 2009). Immediately after World War II, prediction of weather was among the main 

applications of digital computers, strongly used and supported by both civilian weather services 

and military organizations (Potter, 2009).  
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Figure 2.23:  Global and Regional Climate Model (RCM) nesting approach. (Source: Edwards, 

2011; Trzaska and Emilie, 2014).  

 

Initially computerized experiments of numerical weather prediction (NWP) pursued the method 

of Richardson’s using Cartesian grids (Fig. 2.23) and these methods, compute vertical and 

horizontal energy transfers and mass between grid boxes on a time step (typically 10 to 15 min) 

(Edwards, 2011). Early on the models of NWP imposed many easier assumptions in order to 

decrease the models’ computation demands, and all of them were regional not in a global scale 

(Shackley, 2001; Sundberg, 2007). 

The success of NWP lead to efforts to assess the global circulation models over extended periods 

of time, i.e. to model of atmospheric climate components (Randall, et al., 2007). The Global 

Circulation Models (GCMs) applied the same techniques as NWP models, however extended 

these to the global scale. GCMs may be used to simulate climate (Edwards, 2010). The GCMs 

comprises of   ‘dynamic components’, which simulates large-scale motion of fluids using the 

equations of motions, and ‘model physics’, which simulates physical processes such as cloud 

formation, convection, and radiative transfer (Arakawa, 2004; Petersen, 2006; Sundberg, 2007). 

 In mid-1955 the first person undertaking a computerized GCM at Princeton’s Institute was 

Norman Phillips (Smagorinsky, 1963; Weart, 2010). He applied budding NWP techniques, 
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completing a 2-layer, hemispheric, quasi-geostrophic computer model. Phillips model simulated 

surface grids of 10,000 km by 6,000 km, for the circulatory flows and eddies movement.  In this 

model the two pressure levels represented the vertical dimension (Weart, 2010; Trzaska and 

Emilie, 2014). 

GCMs are the most multifaceted tools currently available for simulating the global climate 

system (Gordon et al., 2000; Randall et al., 2007). Substantial improvements in the spatial 

resolution of GCMs have been made, however, a number of challenges still remain (Nimusiima 

et al., 2014). The challenges are computational costs and challenges in data storage, possible 

misrepresentation of local and meso-scale climate and hydrological processes.  

2.5.2 Evolution of GCMs 

In 1956 the United State Weather Center created the General Circulation Research Section. In 

1959, United State Weather Bureau invited Tokyo NWP Group to join the laboratory to develop 

GCM (Smagorinsky, 1963; Manabe and Wetherald, 1975; Edwards, 2011). The first coupled 

atmosphere–ocean general circulation model (AOGCM) was published in 1969 (Edwards, 2011). 

Since the 1980s, AOGCMs become increasingly comprehensive. Atmosphere and ocean GCMs, 

Earth System Models (ESMs) in relation to other climate-related systems such as the land 

surface, hydrology, vegetation, glaciers, and snow cover are included in these advances. In the 

meantime, integrated assessment models (IAMs) that were developed, included environmental 

impact modeling (Hill, et al., 2004). 

The propagation of component models led to the opportunity to match and mix for example 

combining an ocean model from one lab center with a hydrology model from another and an 

atmospheric model from a third. In response, in 2002 a group including United State National 

Aeronautical and Space Administration (NASA), United State National Oceanic and 

Atmospheric Administration (NOAA), United State National Center for Atmospheric Research 

(NCAR), and United State Department of Defense constituencies began developing an Earth 

System Modeling Framework (ESMF), essentially a set of software gateways which allow 

component models to interoperate (Hill, et al., 2004).  

The information from GCMs may not be realistic for regional and/or national climate change 

impacts, adaptation and vulnerability assessments because of the high level of uncertainty in 

GCM simulations due to their coarse grid resolution (typically 2.5 degree latitude by 3.75 degree 
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longitude for the atmospheric components, and 1.25 by 1.25 for the oceanic components) and the 

misrepresentation of local and meso-scale climate and hydrological processes. GCMs also do not 

completely include all pertinent local climate processes such as Urban Heat Island (UHI) effects 

and sea/land breezes (Nimusiima, et al., 2014).   

Downscaling of GCMs is therefore essential and has been found to reduce the uncertainties 

associated with GCMs (Williams, et al., 2001). The simulations of GCM in the framework of the 

Coupled Model Inter-comparison Project Phase 5 (CMIP5) for IPCC Fifth Assessment Report 

(AR5) have used higher spatial resolution and are diverse in their scope and skills (Knutti and 

Sedlacek, 2012).  CMIP5 models include certain Earth System Models, which include chemical 

interactions, vegetation, aerosols, biogeochemical cycles and ice sheets (Taylor, et al., 2012).  

2.5.3 Scope of GCMs 

GCMs are not only designed to understand climate processes and reproduce observations but 

they are also used to predict the future climate (Nimusiima, et al., 2014). However, the future 

climate depends upon several factors including anthropogenic activities. As a result, defining the 

possible pathways of different climate components dictated by their interactions under the 

influence of internal and assumed external factors (e.g., internal natural and external 

anthropogenic factors) are important for making future projections. This constraint led to 

definition of different scenarios under the Special Report on Emissions Scenarios (SRES) and 

Representative Concentration Pathways (RCPs). In the following, a brief review of the GCM 

experiments conducted under these scenarios is provided. 

2.5.3.1 SRES emissions scenarios 

The Fourth Assessment Report (AR4) of climate projections for the Intergovernmental Panel on 

Climate Change (IPCC) were based on four families of emission pathways, A1, A2, B1 and B2 

which have been developed from a Special Report on Emissions Scenario (SRES) and 

simulations called the third phase of the Coupled Model Inter-comparison Project (CMIP3) 

(Nakicenovic & Swart, 2000; Meehl, et al., 2005; McGuffie and Henderson, 2005; Solomon, et 

al., 2009). There are forty scenarios; each makes different assumptions as driving forces like 

greenhouse gas emission, land-use and others (Moritat, et al., 2000). 

The A1 scenario family describes coming or future world with very rapid economic growth, 

characterized by the world population growth reaching its peaks in the mid-century and decline 
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thereafter with the introduction of efficient technologies. Fundamental themes are increased 

cultural and social interactions and capacity building with a substantial reduction in regional 

differences in per capita income. The A1 scenario family has three groups that describe 

alternatives technology in the energy system. They are distinguished by their technological 

emphasis: a balance across all sources (A1B), non-fossil energy sources (A1T), and fossil 

intensive (A1FI) (Parry et al., 2007; Roe, 2007; Tomassini, et al., 2007). 

The A2 scenario family explains a very heterogeneous world. The fundamental theme is 

independence and preservation of local identities. An increasing of global population and 

economic development is mainly regionally oriented.  Technological changes and per capita 

economic growth are more fragmented and slower (Parry et al., 2007). 

The B1 scenario family describes the same global population with convergent world that the 

highest peaks will be in mid-century and decline thereafter, a high changes in economic 

structures toward information economy and service sectors with reductions in resource intensity, 

and introduction of resource-efficient and clean technologies. The emphasis is on solutions to 

environmental, economic and social sustainability, including improved climate initiatives. 

The B2 scenario and storyline family describe the emphasis on local solutions to social, 

environmental, economic and sustainability problems. The world is continuously increasing 

global population at a lower rate than A2, levels of economic development will be intermediate, 

and technological change is less rapid and more diverse than in the B1 and A1 storylines. The 

scenario is oriented toward environmental protection focuses on local and regional levels (Parry 

et al., 2007). 

The uncertainties concerned in SRES scenarios comprises: different options and clarification of 

storylines by authors, quantification and translation of connections between model inputs and 

driving forces, differentiation in methodologies engage quality of data use as well as the data 

sources and emission projections. The SRES scenarios have been assessed critically in relation to 

natural resource availability, use of economic parameters and production expectations in future 

(Brohan, et al., 2006). SRES models are outdated having been developed more than 15 years 

ago. Currently, new emission scenarios developed by the scientific community are in use and 

these are named as Representative Concentration Pathways (RCPs) (Parry, et al., 2007). 
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2.5.3.2 Representative Concentration Pathways (RCPs) 

The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) 

has been carried out using a new set of scenarios that replace the Special Report on Emissions 

Scenarios (SRES) (Wayne, 2013). There are four pathways: RCP 8.5, RCP 6.0, RCP 4.5 and 

RCP 2.6. The RCPs are trajectories, based in greenhouse gas emissions, land use changes and 

aerosols, developed for use by the climate modeling community as a uniform basis for near-term 

and long-term experiments of climate modeling (Moss, 2010).  

The naming practices reveal that socioeconomic pathways will reach a specific radiative forcing 

by the year 2100 (Gregory and Forster, 2008; Wayne, 2013).  RCP 2.6 is mitigation scenarios 

that assume GHG emissions to decline considerably after 2020 due to an anticipated removal of 

carbon dioxide from the atmosphere and early involvement from all emitters. RCP 2.6 and RCP 

4.5 are modest scenarios in which radiative forcing stabilized by 2100, B1 scenario in SRES is 

similar to RCP 4.5 (Wayne, 2013). RCP 8.5 assume worst case scenario with the least amount of 

effort in emissions reductions. A1 scenario from SRES is similar to RCP 8.5 (Wayne, 2013). 

Observed global model and projected temperature and precipitation analysis show that the B2 

and RCP 4.5 scenario projections have greater uncertainty attached to them as stochastic 

processes and natural variability form a significant part of the results (Riahi, et al., 2007). 

Appropriate guidance would be to use A2 or RCP 8.5 scenarios in order to obtain a clearer 

picture of GHG induced changes while using the B1 and RCP 4.5 scenarios to gain indications of 

the possible ranges of future projections under different emission scenarios (Giorgi and Mearns, 

2002; Riahi, et al., 2007; Gregory and Forster, 2008).  

 

Table 2.5: Main differences and similarities between temperature projections for SRES and 

RCPs scenarios with temperature increased till 2100.(Source: The Guide to Representative 

Concentration Pathways; Wayne, 2013). 

 

RCP SRES   Particular differences  

RCP 4.5 SRES B1 Median Temperature in RCP4.5 rises faster than SRES B1 

until mid-century, and slows thereafter.   

RCP 6.0 SRES B2 Median Temperature in RCP 6.0 rise faster rise than SRES 

B2 during the 3 decades between 2060 and 2090, and 
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slower on other periods of twenty first century. 

RCP 8.5 SRES A1F1 Median temperature in RCP 8.5 rises slower than SRES 

A1F1 during the period 2035 to 2080 and faster during 

other periods of 21st century.  

 

The character of RCP 4.5 scenario is that of total radiative forcing, and in turn greenhouse gas 

concentration will be stabilized after 2100 due to substantial reductions in emissions before 

2100. In terms of land use, the use of cropland and grasslands decreases as a result of 

reforestation programs (Van-Vuuren, 2011). The RCP 8.5 is characterized by continuous 

increase of greenhouse gas emissions over time. The emissions increase and continue to 

accumulate resulting in very high GHG concentrations in the atmosphere by 2100. This scenario 

is energy intensive due to slow technological development and high population growth. RCP 4.5 

and RCP 8.5 were selected as bounding range scenarios of anticipated greenhouse gas forcing at 

a global scale. Similar to the former SRES scenarios, RCPs are a group of scenarios used by 

climate modelers (Wayne, 2013). Indicators of climate employed in RCPs comprise GHG 

concentrations and radiative forcing in watts per square meter.  The socio-economic process 

uncertainties are avoided in RCPs. This is because RCPs starts from GHG and radiative forcing. 

In RCPs adaptation, mitigations and climate policies are all included, making it clear to explore 

the related impacts. RCPs give detailed GHG concentrations as input variables and data for 

climate models. In contrast to the SRES scenarios, RCPs represent pathways of radiative forcing 

but, not in-depth socio-economic narratives or scenarios (Chaturvedi et al., 2012). The RCP 

scenarios process where any single radiative forcing pathway could be derived based on the 

results from various ranges of technological and socio-economic development scenarios (Riahi, 

et al., 2007).  

2.6 Future climate change 

2.6.1 Global Context 

The global projection for the period 2016 to 2035 which is a near term interval indicates that the 

global mean surface-temperature is expected to increase between 0.9 to 1.3 °C and predictions 

for the period 2081 to 2100, which is the long term projection, is an increase in the range from 

0.9 to 2.3 °C for RCP-2.6 (IPCC, 2013; Thoeun, 2015). For RCP 8.5 the increase is between 3.2 

file:///F:/S2212094715000043.htm
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to 5.4 °C (Fig. 2.24). All values are compared to 1850 to 1900 normal. For the period 2040-2069 

the global temperature increases by about 1.5 -2.3 °C based on all RCPs models (IPCC, 2014b). 

At the global scale the precipitation projection pattern has improved but accuracy is less at 

regional level and results in less appropriate simulation.  Since 1951 the global yearly mean 

precipitation will increase. Under RCP 8.5 increased precipitation is predicted in high latitudes 

by 2100; less precipitation will be experienced in many mid latitudes subtropical, semiarid and 

arid regions including North and South Africa (Fig. 2.25). This is because of natural variability 

of precipitation and potential influences of land use change (IPCC-WG2, 2014; Thoeun, 2015). 

 

Figure 2.24: Global Projected Temperature describing observed mean global temperature for 

the period 1986-2005 and projected temperature using RCP 2.6 and RCP 8.5 for the period 2081-

2100 (Source: IPCC, 2014a). 
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Figure 2.25:  Global Projected Precipitation describing projected precipitation difference from 

the mean 1986-2005 for the projected period 2081-2100 in both RCP 2.6 and RCP 8.5 scenarios 

(Source: IPCC, 2014b). 

 

A comparative analysis between SRES and RCPs is illustrated in Fig. 2.26. In the twenty first 

century, by 2100, A2 has a similar route as RCP 8.5 where both will be attaining around 8 Wm
-2

; 

and B1 is similar to RCP 4.5 where both project a radiative forcing around 4W m
-2

 (Golden, et 

al., 2007; IPCC, 2012). In general, global future temperature change with A1B, A1T and B2 

projections show substantial differences to that of RCP 8.5 as well as RCP 4.5. The RCP 2.6 

mean surface temperature change is around 1 °C which is an increase from the baseline period 

(see Fig 2.18) (IPCC, 2014b). 
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Figure 2.26: Comparison between RCP and SRES Scenarios showing the radiative forcing 

relative to pre-industrial time for both RCP and SRES scenario and mean surface temperature 

change from the mean 1986-2005 (Source: IPCC, 2013). 

2.6.2 Climate Change in African Context 

When comparing the annual mean surface temperature of the twentieth century, an increase of  

2 °C in both A2 and A1B scenarios is projected for the end of 21
st
 century (IPCC, 2013). Much 

of the African region, under the RCP 8.5 scenarios, will experience a mean temperature range 

increase between 3 to 6 °C by the end of the twenty first century. In most arid African regions, 

the rate of change in minimum temperature will exceed that of the rate of change in maximum 

temperature. In Northern and South-western parts of Africa a reduction of precipitation is 

projected for the end of twenty first century under the A2 and A1B scenarios. In East Africa 

(including Ethiopia) which has complex topography, projections indicate an increase in 

precipitation and extreme events by the end of twenty first century (Morrison, et al., 2009).  

 

Legend 

Legend 
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2.7 Conclusion 

Population growth and climate change are critical problems that the world is facing today. The 

rate of urbanization at global, regional (e.g., Africa) and country levels is increasing. In Ethiopia 

and in the city of Addis Ababa the rate is alarmingly high. Urban population increases more in 

developing countries than in developed regions. Urban areas in the developing world are 

considerably denser compared to the developed world, and this is to be expected given the 

correlation between lower incomes and higher population densities.  

 

It is now broadly accepted that climate change is a present day phenomena and further change 

and variability are inevitable; compared to the past century the average global temperature is 

increasing. The projected future global mean surface-temperature is also expected to increase for 

the period 2081 to 2100 from 0.9 to 2.3 °C for RCP 2.6 and from 3.2 to 5.4 °C for RCP 8.5. 

Projected rainfall changeover sub-Sarahan Africa in the mid- and late 21st Century is uncertain. 

In regions of high or complex topography such as the Ethiopian Highlands, downscaled 

projections indicate likely increases in rainfall and extreme rainfall by the end of the 21st 

Century. The rainfall projection in Ethiopia showed that most lowlands parts of the country 

(Afar, Somali, and Benishangul-Gumz) will have an increasing rainfall, while in some highland 

part of the country (Amhara, Western, Eastern, Southern and central Oromia and SNNPR) will 

experience a decrease in rainfall.  

The average mean maximum temperature for the city of Addis Ababa is 24.5 °C, and the average 

minimum temperature is 12.0 °C. Addis Ababa receives an average of 1255.2 mm rainfall per 

year. Extreme warm periods in the city of Addis Ababa were observed in the 1990s and early 

2000s.  For precipitation, the 1970s and 1990s dry period are clearly evident. 

This climate information is important in view of the fact that in the world about 87 % of the 

population gets drinking water from improved sources and the corresponding figure for 

developing regions is more than 84 %. Access is far greater; however, in urban areas it is about 

94 %, while only 76 % of rural populations have access to improved sources. GCMs provide data 

at coarse spatial scale but down-scaling the GCMs output can provide climate information at 

local scale to assess the impact of climate on different aspects (e.g., water resources).  
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This literature review suggests that more work is needed to verify and refine the available 

climate projections for urban scale in Africa and Ethiopia. Scientist are of the view that since 

Urbanization in future sub-Saharan-Africa, in general, is uniquely different from the rest of the 

world, with very complex topography, it is unlikely have subtle atmospheric processes. 

Therefore, knowing and understanding the historic climate and potential impacts of future 

climate change at urban scale provide an improved understanding of a host of vital climate 

processes. Accordingly, it is important that complementary to projections from GCMs, 

projections from detailed high-resolution regional climate models (RCM) be employed to obtain 

reliable climate scenarios for the City of Addis Ababa. Precise quantification of impacts and 

recognition of adaptation strategies both depend on such model products. 
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CHAPTER 3 

DATA AND RESEARCH METHODOLOGY 

3.1 Introduction 

The research methodology comprises three main phases. The first phase includes obtaining data 

collected from the Addis Ababa Water and Sewerage Authority (AAWSA) and National 

Meteorology Agency, Ethiopia. Land-sat images from the U.S. Geological Survey (USGS), 

Center for Earth Resources Observation and Science (EROS). The reservoir water supply 

analysis was based on data obtained from the Legedadi-Dire and Gefersa hydrological and 

meteorological stations (owned by AAWSA). The Bole Airport Station, and Addis Ababa 

observatory station, provided data for climate baseline data analysis and for downscaling GCM 

to station level. The second phase involves establishing monthly climatology and trends, 

downscaling GCM and bias corrections of the resulting climate data for both historic and 

projection periods. The high resolution WorldClim is used as a reference climatology to produce 

high resolution data with 1 km
2
 grid box for study of urban scale climate. The delta and quantile 

matching methods are used for downscaling and bias correction respectively. 

 

The third phase entailed the development and application of the above climate change models 

output in the Water Evaluation and Planning (WEAP) impact model. Potential scenarios within 

the scope of WEAP model are proposed and utilized to explore plausible outcomes that 

correspond to the different management options. As such, the planning and management 

alternatives were conceptualized and processed using WEAP. Finally land use and urban climate 

change assessment via remote sensing of satellite data and gridded spatial urban climate data are 

conducted. Arc-GIS and ENVI are used for spatial land use change data analysis.  

3.2 Description of the Study Area 

3.2.1 Addis Ababa City 

Addis Ababa was established in 1889 as the capital of Ethiopia. And located 9° 1′ 48″- 8° 8′ 32″ 

N Latitude and 38° 44′ 24″- 38° 9′ 05″ E Longitude and situated in the central highlands of the 

country and covers an area of approximately 526 km
2 

with a population of 2.9 million (CSA, 
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2011) according to population projections made for 2011(AABoFED, 2013). The city is self-

governing through a city council. Administratively the city is divided into 10 sub-cities or locally 

known as Kifle-Ketema which is town division administrations and the total number of Kebele 

of the city is 116 (see Fig. 3.1). The city administration has different sector bureaus, offices, 

agencies and authorities. They are responsible for implementing infrastructural development, 

promoting investment providing economic and social services and performing other regulatory 

facilities (AACAILIC, 2015).  From the total land use of the city, 26 % of the area is residential 

use while 37 %, 10 %, 9 %, 3 % and the remaining 15 % are used for Green, Road network, 

Open space, Industrial and different land uses respectively (Abeje, 2012). 

 

Figure 3.1: Location and map of Addis Ababa. (Source: Addis Ababa City Administration 

Integrated Land Information Centre (AACAILIC), 2015). Note: Woredas, Sub-weredas, Sefer 

and Blocks are local names of administrative boundaries under sub-cities. 
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3.2.2 Water Supply 

Water is supplied to Addis Ababa from three dams and about 35 water wells. The water 

reservoirs for the city are Legadadi and Dire dams, about 30 km Northeast of Addis, Gafersa 

dam approximately 20 km Northwest of Addis and the Akaki Wells, which is located 

approximately 10km south of Addis Ababa.  All of Addis Ababa’s surface water reservoirs are 

situated in rural landscapes. Legedadi and Dire dams have treatment plants serving an amount of 

59,425,092 m
3
 per year in 2012 for both domestic and non-domestic water supply activities. The 

Legedadi treatment plant was recently upgraded in 2015 consequently having an increasing 

supply and total of approximate 71,175,000 m
3
 per year. Gefersa dam reservoir produced 

11,306,884 m
3
 in 2012 for sub system of Rufael, Core-Kolifie and St. Paul for both domestic and 

non-domestic consumptions. The wells and spring water supply a total of 41,442,775 m
3
 in 2012 

for areas of Akaki, Sarries (Central part of Nifas Silk Lafto sub city) and Legedadi West, and 

non-domestic activity (e.g. industry and other commercial activity). The three water supply dams 

and catchment areas are shown in Figs. 3.2 All supply dams are located in northern part of the 

city, and their catchments range from 55.5 to 204.9 km
2
.  

3.2.2.1 Legedadi dam and its catchment 

Legedadi dam catchment area falls within Oromia Regional State under the Administration of 

North Shoa zone in Aleltu Bereh District. The Legedadi dam was constructed and commissioned 

in 1970. It is partly constructed of earthen section with a height of 22 meter and crest length of 

600 meter. A further section concrete buttress is 44 meter high with a length of 400 meter. The 

concrete buttress section has overflow spillway gates (AAWSA, 2011). 

3.2.2.2 Dire dam and its catchment  

The Dire dam was constructed and commissioned in 1998. It is an earthen dam with an un-gated 

spillway with a height of 22 meter and crest length of 500 m. The altitude in the catchment area 

ranges from 2,640 to 3,300 meter above mean sea level. The 660 meter elevation difference 

demonstrates the steepness of the catchment area (AAWSA, 1999). The dam supplies raw water 

to Legedadi Water Treatment plant via a pipe of (diameter normal in mm) DN 700 Steel for the 

first 3.6 km and DN 600 Steel for the remaining 3.5 km. 
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Figure 3.2: Major surface and ground water supply locations (Source: AACPPO, 2014). 

 

3.2.2.3 Geffersa dam and catchment  

Geffersa Dam is situated North-west of Addis Ababa. The dam was first developed in 1942 as a 

masonry structure dam wall with a height of 9.0 meter and after subsequent construction the wall 

has been raised 3 times. The second height increase was commissioned in 1960 and during the 

same time a treatment plant was constructed. The third height increase was constructed with 

earth infill resulting in the total height of 15 meter with a crest length of 220 meter. About 

30,000 m
3
/day is being abstracted from the dam in 2012. The Geffersa catchment area is 55.56 

km
2
, or 5,556 ha. The altitude of the catchment area ranges from 2,580 to 2,940 meter above 

mean sea level. The major physiographic units in this area are undulating plains, valleys, steep 

stream banks, hills and mountains (AAWSA, 2012).  
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3.2.2.4 Akaki Well field 

Akaki well field is situated southeast of Akaki town and about 22 km south of Addis Ababa. This 

ground water reserve covers an area of about 16 km
2
. A total of 35 wells are drilled within this 

area: 25 production wells, four monitoring wells, four wells for water supply to Akaki, one well 

for isotope sampling, and one deep test well. The total average water production from the wells 

is 46,088 m
3 
/ day. 

3.2.3 Topography 

Addis Ababa is mainly classified as flat plains to undulating plains, moderate to high relief hills. 

These landscapes have distinct geomorphologic features which are categorized by the 

surrounding Rift Escarpment, and the rivers in the city. Yeka and Gulele sub-cities, in the 

northern part of the city, consist of hills about 3025 meter above mean sea level descending to 

2035 meter above mean sea level at Akaki sub-city in the south, thus the city is, characterized by 

rugged landscapes and steeper slopes.  

3.2.4  Geology 

Fig. 3.3 shows recent-basalt (Qb) flows closely associated to the scoria-cones which occur 

mostly in the area south west of Akaki Kalitiy, Addis Ketema, southern Gulele and northwest of 

Yeka Sub-cities. These basalt flows together with other similar rocks occurring elsewhere in the 

city area mainly in fracture zones of the rift escarpment (AACPPO, 2014).  

Ignimbrites occur in most part of Bole-Subcity, Kirkos, Northern part of Nifasilk Lafto and 

southern Yeka Sub-cities (AACPPO, 2014). This forms the Wachacha-Yerer-Furi Group (Tt2).  

Up to 200 meter thick accumulation of other basaltic unit, mapped in this study as Repi Basalt 

(Tb3), occurs around most parts of Arada, Kolfe Keranio, Lideta, Southern part of Gulele and 

Bole sub-cites. Chelelka Basalt (Tb2) is mainly characterized by high degree of fracturing, and 

penetrated by deep weathering with a gray appearance. Several scoraceous and palaeo soil 

horizons occur in the unit. Frequent secondary fillings primarily of calcite (amygdules) also 

occur in open (weathering) cavities of the formation. This rock type is mainly located in the 

border of Bole and Akakki Sub city and southern Nifasilk Lafto (AACPPO, 2014).  

The Mountain Chain of Entoto that surrounds Addis Ababa City from the northwestern, northern 

and Northeastern directions mainly consists of silicic rocks and grouped as Intoto mixed rocks 
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(Ti1). It consists primarily of trachytic rocks with some pockets of dacites and rhyolites, 

occupying major fracture zones along the Northwestern shoulder of the Main Rift System in the 

area with a trend swinging from the general direction NE to E. Its placement is restricted to the 

fissure along which it erupted so that little or no flow of the silisic rocks occurs in the area 

(AACPPO, 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Geology map of the city (Source: AACPPO, 2014). 

3.2.5 Hydrology 

The four water dams namely Aba-Samuel, Legedadi, Dire and Gefersa, and Akaki River, are the 

main surface water bodies in the vicinity and within Addis Ababa. The River Akaki has main 

branches which are Little Akaki and Big Akaki rivers. River basin of Little Akaki covers the 

western part of the city of Addis Ababa (Alemayehu, 2001). While the Big Akaki river basin has 

various tributaries including Kebena, Ginfile, Bante-Yiketu, Kurtume, Kechene and Yeka are all 

found within central and eastern part of the city. During Kiremt or long rainy season the city 

river, streets and drainage becomes cleaner of the city as the runoff takes away the wastes to the 
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south of the city. Although streams and rivers characterized as a self-cleaning resources, most of 

the city rives are also uses as sewerage lines (Alemayehu, 2001).  

3.3 Data 

Observed daily and monthly historical data for rainfall, maximum temperature (Tmax) and 

minimum temperature (Tmin) from two weather stations are used in this study. Stations are 

Addis Ababa international Airport station found in Bole Sub-city and Addis Ababa Observatory 

Station (OBS) found in the Addis Ketema Sub-city (Fig. 3.1). The NIMR-HadGM2-AO model 

data, are obtained from Mengistu Tsidu (2016) (unpublished work), is applied. The downscaled 

and bias corrected NIMR-HadGEM2-AO model outputs for both present and future periods 

under RCP4.5 and RCP 8.5 scenarios used, WorldClim reference climatology established from 

observations for downscaling and used GPCC rainfall and CRU temperatures for bias correction. 

Special Report on Emissions Scenarios (SRES) of B2 and A2 of HadCM3 model are also 

employed in this study. The data sets are selected because of their availability (at 

http://www.worldclim.org/). The HadGEM2-AO model incorporates land use change using 

Land-use Harmonization (LUH) in the current CMIP5 experiment (Martin et al., 2011; Taylor et 

al., 2012).  

Monthly domestic and non-domestic water consumption data found from Addis Ababa Water 

and Sewerage Authority (AAWSA) are used. Daily water supply data of three reservoirs 

(Legedadi, Dire and Gefersa) and boreholes (Akaki, Kaliti and Gotera wells) for the year 2012 

were collected from AAWSA. These data include monthly inflow, storage capacity, net 

evaporation and rainfall measured by the stations at reservoirs.  

 

For the land use and land use change assessments, three images were selected; two of which 

from Land-sat 5 and one from Thematic Map (TM) sensors (USGS, 2016). The Land-sat grid 

cells size is 30 meter by 30 meter pixel resolution.  Elevation, geology and land use data from 

Addis Ababa City Planning Project Office (AACPPO) was used. For urban climate and the UHI 

analysis the gridded mean annual rainfall and minimum and maximum temperature for the 

period 1981-2010 was used. This data range was used because the National Meteorology Agency 

of Ethiopia could only provide this range (Dinku et al., 2011).  For future UHI predictions data 

sets from older emissions scenarios of A2 and B2 from HadCM3 models were analyzed. 
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WorldClim is reference data used in downscaling climate data which spatially interpolated on 

grids, are used in many applications, particularly in environmental management (Hijmans et al., 

2005; Climate Decision, 2008). The worldclim data is useful for urban scale climate 

interpolation. It is fine resolution and has good capture on topography and other land use 

variability that may precise with climate gradients. The 1950-2000 WorldClim database is 

compiled with monthly averages of climate data as observed at weather stations from a large 

number of local, national, regional and global sources. 

The WorldClim climate surfaces have a spatial resolution of 30 arcs which is equivalent to 0.86 

km
2
. This database is referred to as the ‘WorldClim’ database.  The methods used to explain the 

uncertainty in both the input data and in the interpolated climate are weather stations elevation 

biases, quantifications of elevation variations within-grid cell, and the analysis of the result from 

data screening and cross validation (Hijmans et al., 2005). The WorldClim uses data from global 

historical climate network of 20,590 rainfall stations and minimum and maximum temperature 

from 4,966 stations in the world. In the WorldClim all data are adjusted using homogeneity 

control procedures. The WorldClim climatological normal (CLINO) data used is obtained from 

(WMO, 1996), and (FAO, 2001).  

WorldClim initially intended to include climate data for the 1960-1990 periods only, but it was 

expanded to 1950-2000 period. The final useful stations were determined only after removing 

errors. Thus the final database consisted for the precipitation records from 47,554 locations, 

mean temperature from 24,542 locations, and minimum and maximum temperatures from 14,835 

locations. The WorldClim data comparison was made with other previous studies of Daymet and 

PRISM. The results of Daymet precipitation data are much wetter than WorldClim and PRISM 

data result shows that much wetter and much drier area than other two.  For temperature data 

WorldClim and Daymet were very similar, and different from PRISM data (Hijmans et al., 

2005). 

 

3.4 Methodology 

3.4.1  Downscaling techniques 

Two main techniques of statistical and dynamical downscaling are normally used in climate 

research (Wilby, 2007). Statistical downscaling methodologies have some practical advantages 
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over dynamic downscaling approaches (Wilby, 2007). In a state where rapid assessments of local 

climate change impacts are required, the statistical method is a more promising option. SDSM 

Version 4.2 was supported by the Environment Agency of England and Wales as part of the 

Thames Estuary 2100 project. Assessments typically group downscaling methodologies into four 

types: a) dynamical climate modeling, b) synoptic weather typing, c) stochastic weather 

generation, or d) transfer-function approaches. 

a) Dynamical climate modeling 

Dynamical downscaling implies as the shell of a higher resolution Regional Climate Model 

(RCM) within a rough resolution GCM. The RCM uses the GCM to define time–variation 

atmospheric boundary conditions around a limited domain, within which the physical dynamics 

of the atmosphere are modeled using horizontal grid areas of 20 to 50 km. The main limitation of 

RCMs is that they are as computationally complex as GCMs (space constraints on the possible 

domain size, number of tests and duration of simulations). The RCMs main advantage is that it 

can resolve smaller scale atmospheric features such as orographic precipitation improved results 

than that of the host GCM. Additionally, RCMs can be used to investigate the relative impact of 

different external forcing such as terrestrial–ecosystems. Downscaling dynamically involves 

nesting a Regional Climate Model (RCM) into a GCM which provides boundary as well as 

initial lateral conditions (Christensen et al., 2007). Dynamical downscaling can simulate local 

feedback features which may not be captured by statistical methods however it requires 

substantial computing resources (Trzaska and Emilie, 2014). Statistical downscaling on the other 

hand involves finding statistical relationships between global scale features from GCMs and fine 

resolution climate for a particular location requiring less computing resources to supplement 

dynamical downscaling  (Mahmood et al., 2014;  Williams et al., 2011). 

 

b) Synoptic weather typing 

Weather typing involves the grouping of local weather phenomena and meteorological data in 

relation to prevailing atmospheric circulation patterns. Scenarios of climate change are 

constructed, either by re-sampling the observed data distributions (which is conditional on 

circulation patterns produced by a GCM), or by generating synthetic sequences of local weather 

patterns and then re–sampling data from the observed stations. Weather pattern downscaling is 

found to be sensible linkages between weather at the local scale and climate on the large scale. It 
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is a valid technique for a multi–site applications and a wide variety of environmental variables. 

However, weather typing system can be constricted, forming a poor basis for downscaling 

sporadic or unusual events, and being completely dependent on stationary circulation to surface 

climate relationships. Possibly, the most serious limitation is that rainfall changes produced by 

changes in weather patterns frequency are hardly in consistent with the changes produced by the 

GCM (except when additional predictors such as atmospheric humidity are employed) (Wilby et 

al., 2007). 

c) Stochastic weather generators 

The stochastic downscaling approaches will involve the modification of the parameters from 

conventional weather generators such as Long-Ashton-Research-Station-Weather Generator 

(LARS–WG) or Environmental Agency Rainfall and Weather Impact Generator (EARWIG). 

The model simulates using two states for precipitation occurrence, first Markov-chains: 

precipitation amounts on wet days using a gamma distribution; temperature and radiation 

elements using first order trivariate auto-regressions that are conditional on precipitation 

occurrence. Stochastically climate change scenarios are produced using revised parameter sets 

scaled in line with the outputs from a host GCM. The main benefit of this technique is that it can 

exactly reproduce many observed climate statistics and has been broadly applied, mainly for 

impacts on agriculture. Stochastic weather generators also allow efficient production of large 

ensembles of scenarios for risk analysis. The key shortcoming relate to the reproduce annual to 

decadal climate variability, and the unexpected effects that changes in precipitation occurrence 

may have on secondary variables such as temperature (Mahmood,  2014). 

d) Transfer-function approaches 

Downscaling of Transfer-function methods applies empirical relationships between regional 

scale predictor(s) and local scale predictands. Each downscaling schemes differ according to the 

choice of predictor variables or statistical fitting procedure and mathematical transfer function. 

Linear and non–linear regression can be used to derive predictor–predictand relationships. The 

main potential of transfer function downscaling is the relatively ease of application, coupled with 

their use of observable trans-scale relationships. The main weakness is that the models explain 

only a fraction of the observed climate variability (mainly in precipitation series). The weather 

transfer methods also assume validity of the model parameters under future climate scenarios 
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and the downscaling is very sensitive to the choice of predictor variables and statistical form 

(Mahmood, 2014). 

 

3.4.1.1 Local Climate Downscaling Using SDSM 

The SDSM runs involve: 1) quality control and data transformation; 2) screening of potential 

downscaling predictor variables; 3) model calibration; 4) generation of ensembles of present 

weather data using observed predictor variables; 5) statistical analysis of observed data and 

climate change scenarios; 6) graphing model output; 7) generation of ensembles of future 

weather data using GCM–derived predictor variables (Wilby & Dawson, 2007). 

The SDSM used in this study is version 4.2.9. The predictor data sets are obtained from the 

GCM grid equivalent to the study area of Addis Ababa city. The predictand is a large series of 

observed daily data (precipitation and maximum and minimum temperature) at the OBS and 

Bole Airport meteorological stations representing the city area of Addis Ababa. The predictor 

data supplied by the user are from National Centre for Environmental Prediction (NCEP) and 

UK Met Office's Hadley Centre model version 3 (HadCM3). SDSM uses a set of parameters, 

relating the predictors to the predictand, for deriving local current and future weather data, based 

on the output of the GCM time periods. 

 

The SDSM has been found to have some limitations in downscaling daily precipitation amounts 

at individual stations. This is due to the generally low predictability of daily precipitation 

amounts at local scales by regional forcing factors. This unexplained behavior is currently 

modeled stochastically (within SDSM itself) by artificially inflating the variance of the 

downscaled precipitation series to correspond with daily observations. This current study used 

SDSM to downscale future climate projection for Addis Ababa under older emission scenarios. 

The study employ the Special Report on Emissions Scenarios (SRES) in particular A2 and B2 

emission scenarios. These emission scenarios are chosen based on both an adequate coverage of 

study area's future economic evolution, and data availability. 
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Figure 3.4: SDSM climate scenario generation (Source: Wilby et al., 2002). 

3.4.2 Water Evaluation and Planning (WEAP) Model Development Scenario 

The Stockholm Environment Institute (SEI) developed Water Evaluation and Planning (WEAP) 

model in 1988 and involved in continuously updating the WEAP model to make it suitable for 

use in planning, evaluation and management for water resource development. WEAP model is a 

sensible integrated model for development of water supply, based on various uses of water 
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demand. These practical tools enables the integration of water demand planning and allocation 

planning on equal footing to determine water supply variability, in both space and time. 

The WEAP model is able to simulate a broad range of engineered and natural components of 

water systems, including rainfall runoff, in-flow and recharge of groundwater from precipitation; 

water conservation; water demand analyses, hydropower generation; reservoir operations; water 

quality and pollution tracking and vulnerability assessments. Various scenarios can be planned to 

explore the potential of future impacts and effects of changes in water supply, stream-flow, 

runoff (e.g. water recycling, land use change, climate change) and water demand (e.g. population 

growth, economic development) (Pauw et al., 2011;  Mounir and Ma, 2011). 

The WEAP model also provides a flexible and comprehensive framework for (i) policy analysis 

and (ii) a system for maintaining water supply (iii) demand information (SEI, 2007). The WEAP 

model is specifically effective as a predictive tool, while it effectively simulating water demand, 

supply, flow and storage. The WEAP model work is based on the municipal water balance 

systems. Also, the WEAP model simulates a wide-range of runoff catchment flow, and recharge 

of groundwater from rainfall, supply and demand analysis, and water quality. As such, the 

WEAP model is essentially a tool for the management and analysis for the planning of water 

supply options. What if scenario planning such as what if climate (rainfall pattern) changes?  

What if population is increasing? e.t.c. can be effectively explored.  Rochdane et al. (2012) used 

the WEAP model to develop a water demand adaptation strategy for the water supply and 

demand of Morocco from the Rheraya Watershed under specific impacts of climate change. The 

study used different scenarios of socio-economic development and climate change to analyze 

future water supply; in particular, population growth, GDP, and rainfall for the region. 

Harma et al. (2012) developed scenarios analyzing the relationship of future water supply and 

demand with land use, population growth and climate in the Okanagan Basin of British 

Columbia, using the WEAP model.  The study indicated that change in climate and land use 

altered the water demand in the Basin.  The results from the study indicate that expected change 

to future climate conditions will reduce river flow when assessed with population growth. The 

storage systems under the Okanagan basin scenario analysis are shown to lack capacity to meet 

the growing population during the projected 2050s period. The subsequent adaptation 

mechanism used in the Okanagan Basin is to improve water supply through demand side 

reductions. The study also demonstrates a method of integrating knowledge from the fields of 
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climate science, forest hydrology, water systems management and stream ecology to aid in water 

and land management decision-making.  Mccartney & Arranz (2007) also used the WEAP 

Model to identify upcoming water demands in the Olifants basin, in South Africa and found that 

increasing population and high demand of water in rural areas, as well as the mining activities 

and new power plants cooling, increase the complexity of water resources management.  

The WEAP model defined two different intervals of time: the “Current Accounts” and 

“Forecasting period”. The “Current Account” represents the basic definition of the water system 

as it exists, and forms the foundation of all the scenario analysis. These elements will include the 

main reservoirs; (i.e. surface water reservoir of Legedadi, Dire and Gefersa) and ground water in 

the Akaki reservoirs and springs. These reservoirs are fed by surface water and wells as shown in 

Chapter 5.  The monthly inflow, storage capacity, and net evaporation for each reservoir are 

calculated. The main demand nodes considered the surface and underground water abstractions 

for domestic, commercial and industry water supply areas: For this study eight customer 

distribution centers in the city are identified as demand nodes.   

3.4.3 Land use Change Impact and Urban Heat Island (UHI) prediction 

The land use change detection is based on land classification. Data loading, geo-referencing and 

merging of remote sensing data with observed classification output statistically generated were 

the major tasks in land use change detection. ENVI 4.3 software was used for processing the 

remote sensing images and Arc-Map10.2 data was used for land cover change detection.  Method 

proposed by Anderson et al., 1976; was used for land use classification. For vegetation cover 

assessment, the normalized differencing vegetation index (NDVI) was used (Birkneh, 2007). For 

nocturnal minimum temperature difference between urban center and nearby rural 

meteorological observation station (u-r) and urban heat island (UHI) prediction assessment, the 

statistical variables relationships were developed SDSM.  The predictors of large scale indices 

were obtained from the NCEP reanalysis for the current climate. 

3.5 Conclusion 

In this chapter the study area is described. The water supply areas are also indicated in 

hydrological map of the city. The topography and geological characters of the city are described. 

Data and the methods used to analyze the data are discussed. The detailed methodologies for 

analysis are described in the respective chapters of this current study. Remote sensing data is 
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used for land use change detection. A brief description of climate models used and procedures to 

downscale them to higher spatial resolutions are discussed. Statistical downscaling tool, SDSM, 

and application model, WEAP, are described in this chapter. In summary, the methods that were 

employed were intended to provide an understanding and reflection of the climatic effects of 

urbanization and land use change as well as the effect of climate change on water supply and 

demand in the study area.  
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CHAPTER 4 

PRESENT AND FUTURE SIGNATURE OF CLIMATE CHANGE 

AT AN URBAN SCALE 

 

4.1 Introduction 

The most recent assessment shows that most of Africa is likely to warm during this century, with 

the drier subtropical regions warming more than the moist tropics (Huntington, 2004; IPCC, 

2013). This change in the physical environment and urban growth thus suggests that the water 

supply of plants influences the air, plant nutrient status of soil and biological activity (Eriyagama 

et al., 2010). Projecting future changes are rather difficult, due to the uncertainties in the forecast 

of global and long-term precipitation and temperature patterns (including their temporal and 

spatial variability) in combination  with the changing hydrological cycle such as alterations in 

precipitation patterns, soil moisture conditions, surface runoff, river flow and discharge (Brohan 

et al., 2006; Várallyay, 2010). Therefore, knowledge and understanding of historic and future 

climate change at urban scale gives an improved advantage of climate processes enabling more 

accurate adaptation responses (Eriyagama et al., 2010; Tabari, et al., 2016).  

The objectives of this chapter is to asses and present the current and future change in climate for 

the city of Addis Ababa and its surrounding catchment using observations and downscaled data  

from the Global Circulation Model (GCM). 

 

Specific objectives are: 

 To assess observed climate change (1950-2000), calibrate the GCM model data output, 

correct the bias for the rainfall and temperature separately using predictor variables from 

the NCEP data set. 

 To understand spatial variation of urban climate using HadGEM2-AO model output for 

present conditions and future climate under RCP 4.5 and RCP 8.5.  
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 To identify possible climate change signal in the historic and future precipitation, 

maximum and minimum temperatures maps for the Addis Ababa and surrounding areas 

using HadGEM2-AO model output and HadCM3 outputs.  

Section 4.2 below this chapter describes the data selection, methods used for analyzing the 

historic and projected climate data for evidence of climate change. Section 4.3 presents the 

result and discussion followed by the conclusion in Section 4.4.  

4.2 Data and Methodologies 

4.2.1 The Baseline Climate 

The standard climate period of reference defined by World Meteorological Organization 

(WMO) is called a "climate ‘baseline" (WMO, 2008). This is about a thirty-year period 

which is referred as the “normal” period. Usually modeled future climate change is 

calculated using the baseline as reference periods (IPCC, 2001). Creating baseline periods are 

fundamental for assessing upcoming impacts of climate change and to obtain quantitative 

values for expected change in climate. 

 

4.2.2 Climate Scenarios selection 

Emission scenarios are defined by IPCC (2000) as alternative future climate functions. They are 

alternative scenarios informing how future climate scenarios are revealed. However, they are not 

predictions or forecasts (Nakicenovic & Swart, 2000). Climate scenarios should be consistent 

and representative for future climate projections (IPCC, 2013). There are four possible criteria to 

use for impact assessment for policy makers. Based on IPCC (2013) report, the global projection 

criteria’s are: (1) applicability for the assessment of the impacts, (2) physical, (3) accessibility 

and (4) representativeness. Due to the coarse spatial resolution of the UK Met Office's Hadley 

Centre Global Environmental Model version 3 (HadCM3), Statistical Downscaling Method 

(SDSM) is used to derive future and current local climates for the study area. SDSM enables the 

construction of climate change scenarios for Addis Ababa city observational station site at daily 

time scales, using a the nearest grid location to the study area of Addis Ababa  (Y= 31 and X= 11 

or Latitude: 10.0 °N and Longitude: 37.50 °E). The WorldClim data is of a high spatial 

resolution (about 1 km
2
) and this global climate set consists of layers which are suitable to assess 
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the climate of urban areas (Hijmans et al., 2005). Therefore, WorldClim data is used as reference 

climatology for the 1950-2000 periods for downscaling NIMR-HadGEM2-AO to the same 

spatial resolution. 

4.2.3  Data selection 

Observed daily and monthly historical data for rainfall, maximum temperature (Tmax) and 

minimum temperature (Tmin) at Addis Ababa Observatory station (9.01 °N, 38.74 °E) and the 

gridded 1 km
2
 resolution observed data set from Worldclim is also used as a baseline data after 

validation with station observation. The NIMR-HadGM2-AO model data is obtained from 

CMIP5 data server and downscaled using delta method for RCP 4.5 and RCP 8.5 scenarios 

(obtained from Mengistu Tsidu, 2016 unpublished work) as well as data sets from the Special 

Report on Emission Scenarios (SRES) B2 and A2 of the HadCM3 model are also employed in 

this study. The data sets are selected because of their availability.  

4.2.4  Methodologies 

For observed and projected rainfall, maximum temperature (Tmax) and minimum temperature 

(Tmin) data, the analysis applied using the anomaly or change to examine the temporal 

characteristics of climate variability and determine the temperature characters and prevalence of 

droughts, excessive rainfall, over the observed and projected period. Rainfall anomaly was 

computed as: 

      
       

   
                    Eq. (4.1) 

where, RFAi is anomaly of rainfall for i
th

 year; RFi is annual or monthly rainfall for i
th

 year and 

RFµ is long term mean annual or monthly rainfall, the value is multiplied by 100 to determine the  

percent of change.  

Meteorological drought is negative rainfall anomaly or below the long term mean, which is 

defined as a percentage reduction from the long term average annual or seasonal rainfall 

(Keyantash & Dracup, 2002; Wilhite, 2000). 

 

It is deemed inappropriate to use GCMs spatial resolution to provide features that are important 

to study climate impact at regional and local scale (Wayne, 2013). To avoid such restriction, it is 



69 

 

common to use downscaled data from GCMs (Parry, et al., 2007; Taylor et al., 2012; Martin et 

al., 2011). One of the techniques in climate downscaling is the statistical downscaling method.   

The SDSM uses multiple linear regression (MLR) techniques to allow spatial downscaling of 

daily predictor-predictand relationships (Wilby et al., 2002). The predictors which total twenty 

six from both NCEP and HadCM3 (H3-A2 and H3-B2) were obtained from the Canadian 

Climate Scenarios for the periods of 1961 to 2001 and 1961to 2099 (Semenov & Barrow, 2002; 

Samadi et al., 2012).  H3-A2 and H3-B2 are the IPCC emission scenarios A2 and B2 of 

HadCM3 respectively (Nakicenovic & Swart, 2000). The NCEP predictors are first interpolated 

to grid cells of 2.5° × 2.75° resolution of HadCM3 (Wilby et al., 2002). The historical and the 

projections climate data are then downscaled to station level using SDSM. Consequently, the 

predictors of NCEP and HadCM3 were normalized utilizing standard deviations and long-term 

mean of the period 1961– 1990. The normalized predictors for HadCM3 are in such format that 

can be downloaded according to the coordinates of the study areafor direct use in SDSM (Wilby 

et al., 2002).  

 

The MLR enables statistical relationships between large-scale variables (e.g., from NCEP) and 

local-scale variables, (e.g., data at point level from observations at a station) to produce some 

parameters of regression (Hashmi et al., 2009; Lansigan & Salvacion, 2007). These parameters 

which are calibrated, along with GCM predictors and NCEP, are used by stochastic weather 

generation to simulate daily time series and create a correlation with the observed time series.  

4.2.4.1 Predictors Screening 

The techniques of statistical downscaling involve establishing empirical relationship between 

larger scale atmospheric variables that include the predictor and predictand (Khan et al., 2006).  

Therefore, in this method, the predictand verse predictor relationship can be given as:  

 

                         Eq. (4.2) 

 

where R is predictand, the downscaled local climate variable, x is the predictor, which are 

climate variables of large scale and F is a stochastic function that relates to the above mentioned 
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two variables (Khan, et al., 2006). The atmospheric forcing variables (see Table 4.1) are 

obtained from the SDSM data archives. 

 

Table 4.1: Predictor variables for SDSM calibration and HadCM3 time periods (Khan, et al., 

2006). 

Dataset Description  

Calibration  

 

 

The 50 years of predictor data (1950-2000) 

resulting from the  data set reanalysis of 

National Centre for Environmental Prediction 

(NCEP), USA. 

H3A2a  - current and H3B2b  - current 

 

Contains  daily data sets of 139 years 

predictor of GCM data from HadCM3 A2 & 

B2  with resolution 2.5° x 2.75° 

H3A2a  - 2030s and H3B2b  - 2030s 2010 to 2039 daily output from the HadCM3 

A2 & B2 experiments. 

H3A2a  - 2050s and H3B2b  - 2050s 2040 to 2069 daily output from the HadCM3 

A2 & B2 experiments. 

H3A2a  - 2080s and H3B2b  - 2080s 2070 to 2099 daily output from the HadCM3 

A2 & B2 experiments. 

 

As part of downscaling, a blend of the partial correlation and correlation matrix are used. To 

choose the most suitable large scale parameter is not difficult, however, the selections of a 

second, third, fourth, and so on are prone to subjectivity. The predictor variables that are highly 

correlated with predictand (and are statistically significant, low p value, p < 0.05) are selected. 

The model was processed using an unconditional process for the temperature, and a conditional 

process for precipitation depending on wet-day occurrence. 

4.2.4.2 Quality control and data transformations during SDSM procedure 

The default model settings as specified by Wilby, et al. (2002) was used in all the quality control 

checking steps, except for the observed daily precipitation, where a 4
th

 root model transformation 

and variance inflation were applied. The two procedures allow precipitation values are to have 
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normal distribution and to have less skewed distribution to low precipitation values (Wilby et al. 

2002). A summary of the quality control results and modified model settings are presented in 

Table 4.2.  

 

Table4.2: Quality control setting. 

Controls  Rainfall Temperature 

Max/Min 

Total  Values 14958 14875/14880 

Missing Values 0 0 

Bias Correction  1 1 

Variance Inflation 14 12 

Transformation 4
th
 root - 

Event Threshold 0.5 0 

4.2.5 Calibration of SDSM and selection of predictor variables 

From the twenty-five NCEP variables, only a few were used as the predictand variables (see 

Table 4.3). In this downscaling a blend of the partial correlation, P value and correlation matrix 

are used. Choosing the most suitable large scale parameter is simple; however, the selection of 

the second, third, fourth, so on is subjective. Therefore, a quantitative procedure is applied for 

screening large-scale variables for every local-scale variable at each observed climate stations 

(Mahmood and Babel, 2014).  

Monthly regressions of the predictors with the predictand variable are run, a correlation matrix 

and explained variance are produced, and the predictor variables that are the most correlated with 

the predictand (and are statistically significant, low p-value, p < 0.05) are selected. The model 

was run using an unconditional process for temperature and a conditional process for 

precipitation dependent on wet-day occurrence. 

 

The results of the variable screening analyses show that the 500 hPa meridional velocity 

variables (ncepp5_vaf), relative humidity at 500 hPa (ncepr500af), relative humidity at 850 hPa 

(ncepr850af) and near surface relative humidity (nceprhumaf) are more suitable in predicting the 
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precipitation. The near surface relative humidity is observed to be a useful predictor variable, 

followed by relative humidity (RH) at 500 hPa and RH at 850 hPa respectively (see Table 4.3). 

The Addis Ababa Observatory station maximum and minimum observed temperature were 

modeled successfully from the HadCM3 since mean sea level pressure, surface vorticity, 500 

hPa geo-potential height and 500 hPa Geo-potential Height are successfully used to downscale 

the two temperatures through the study period irrespective of season. 

 

Table4.3: Calibration result between Predictand and Predictors. 

Pridictand Predictors Partial r p -Values Pridictand Partial r p -Values

ncepp_faf

.dat

-0.054 0.000 -0.077 0.0000

ncepp8_v

af.dat

-0.041 0.004 -0.039 0.0251

ncepr500

af.dat

0.03 0.045 0.044 0.0012

ncepp8zh

af.dat

-0.037 0.012 -0.045 0.0102

ncepp_faf

.dat

0.072 0.000 ncepmslpaf.dat 0.0000

ncepp_va

f.dat

-0.109 0.000 ncepp5_faf.dat 0.0000

ncepp_za

f.dat

-0.182 0.000 ncepp5zhaf.dat 0.0005

nceptemp

af.dat

0.37 0.000 ncepp850af.dat 0.0000

nceptempaf.dat 0.0000

ncepmslp

af.dat

0.029 0.001 ncepmslpaf.dat 0.0000

ncepp_faf

.dat

-0.119 0.000 ncepp_vaf.dat 0.0000

ncepp_va

f.dat

0.316 0.000 ncepp5zhaf.dat 0.0134

ncepp_za

f.dat

-0.048 0.000 ncepp850af.dat 0.0000

nceptemp

af.dat

0.148 0.000 nceptempaf.dat 0.0000

Addis Ababa OBS Station Addis Ababa Bole Station

Predictors

Rainfall Rainfall ncepp_faf.dat

ncepp_vaf.dat

ncepp.dat

ncepp8zhaf.dat

Min 

Temp. 

Min 

Temp.

0.068

-0.069

-0.031

-0.053

0.134

Max 

Temp. 

Max 

Temp.

0.065

0.093

-0.023

-0.069

0.119

 

4.2.6 Bias Correction 

Bias corrections are applied to the down scaled data (Salzmann et al., 2007). The bias correction 

methods, used in this study are: 
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                                              Eq.  (4.3) 

 

             
           

     
                  Eq. (4.4) 

 

where Tdeb and Pdeb are daily time series of corrected  temperature and precipitation for future 

periods while SCEN represents the downscaled scenario data for the future periods (e.g., 2011–

2099), and CONT represents downscaled data for the observed period (e.g., 1950–2000). Tobs and 

Pobs represent observed temperature and precipitation data for the period (1950-2000). The bar on 

T and P shows the long-term average. The monthly mean of 50 years (1950-2000) are deducted 

as given in Eq. (4.3) for temperature. For precipitation long-term observed monthly mean rainfall 

data is divided by simulated as shown in Eq. (4.4). The major underlying assumptions are that 

the frequency and intensity of rainfall are the two main factors affecting rainfall variability 

(Wilby, et al., 2002). Therefore, the application of this method is to correct the precipitation 

amount and not the frequency with the assumption that frequency is accurately simulated by 

SDSM and also to remove any systematic errors belonging to SDSM during downscaling. The 

assessment of climate change over the city is based on four climate periods, namely: baseline 

climate and climates of the 2030s, 2050s and 2080s (Wilby, et al., 2002). 

4.3 Results and Discussion  

4.3.1 Observed mean climate and comparison with gridded global Worldclim data over 

 the city of Addis Ababa 

Temperature data recorded for Addis Ababa City for the period 1965 to 2009 is presented in Fig. 

4.2 using trend analysis of maximum and minimum temperature anomalies compared from the 

baseline mean 1971-2000 at Addis Ababa Bole International Air-port (AABIA) and Observatory 

stations (AAOBS). Significant warming of minimum temperatures at Addis Ababa Observatory 

and Bole Airport station are observed in the period between1965 to 1983, but the warming in the 

inner parts of the city (i.e., Addis Ababa Observatory station) is higher than that at the rural 

station  (i.e., AABIA) for both minimum and maximum temperatures. The increase in the 

maximum temperature is larger than that of the minimum temperature, and the trend in minimum 
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temperature change for Addis Ababa Bole Airport and Observatory (OBS) stations is 0.19 °C 

and 0.47 °C per decade, respectively (Fig. 4.1a). The warming trend in maximum temperature 

(Fig. 4.1b) for Addis Ababa Bole Airport station and Addis Ababa Observatory Station is 0.27 

°C and 0.55 °C per decade, respectively. 

 

 

 

Figure4.1: Addis Ababa Bole Airport and Addis Ababa Observatory stations (a) Minimum and 

(b) Maximum temperature anomalies compared to the 1971-2000 mean. 
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Fig. 4.2 shows mean climatology of rainfall, maximum and minimum temperatures as revealed 

from observation at Addis Ababa observatory meteorological station and WorldClim data center 

for the 1950-2000 base line periods.  The comparison shows near perfect agreements in all 

variables (minimum temperature, maximum temperature and rainfall).  

 

 

Figure4.2: The baseline means climatology: a) WorldClim and b) observation data for the 

baseline period 1950-2000 at the Addis Ababa Observatory station. 

 

Fig.4.3 (a-c) shows mean rainfall, maximum and minimum temperatures as revealed from 

observation at Addis Ababa observatory metrological station and HadCM3 model data for the 

1961-2000 baseline periods.  The comparison of HadCM3 historic data, and observed Addis 

Ababa OBS data shows good agreements with rainfall, minimum, maximum temperature 

variables.  
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Figure 4.3: The mean climatology of Observed and HadCM3 model data for (1950-2000) a) 

Rainfall b) Minimum Temperature, and c) Maximum temperature for the Addis Ababa 

Observatory station. 
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The long term mean (1981-2010) of annual maximum and minimum temperature maps are 

reconstructed from gridded observation using Arc-Map 10.2 (Fig. 4.4a-b). Addis Ababa city is 

located in central part of Ethiopia and its topography is mountainous (as shown in Figure 3.1) 

and thus topographic feature modulates pressure, temperature, precipitation and wind patterns. 

As a result, over a relatively short distance from Entoto and Menagesha Suba mountains area in 

the north to Akakai Sub-city in the south, there are generally a decrease in rainfall with decreases 

in elevation (Figure 4.4c) and an increase in minimum temperature with decrease in elevation 

(Figure 4.4a). Likewise, maximum temperature follows similar patterns (Figure 4.4b). 

 

The spatial pattern of mean annual minimum and maximum temperature shows decrease from 

Northern uplands of Gulele and Yeka sub-cities to Akaki-Kality sub-city (Fig.4.4a-b). The 

average minimum temperature of the city was between 10.3 ºC to 12.8 ºC, whilst the average 

maximum temperature was between 23.4 ºC to 28.6 ºC. The spatial distribution of annual total 

rainfall shows that Gulele sub-city in the north is the wettest (i.e. about 1160 mm), whereas 

Akaki-kality sub-city is the driest with mean rainfall of about 1010 mm (Fig 4.4c).  The three 

climate variables seem to largely follow the elevation pattern (Fig. 4.4d). Generally patterns with 

high peaks enjoy cold and wet conditions, whereas low lying areas experience warm and 

relatively dry conditions.  

 

 
Temp (ºC) Temp (ºC) 
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Figure4.4: Climate and topography of Addis Ababa: a) mean annual minimum temperature b) 

mean annual maximum temperature c) mean annual total rainfall for the period (1981-2010) and 

d) Elevation map of the city. 

 

The comparison of gridded observation (Fig. 4.4), Worldclim and HadGEM2-AO (Fig. 4.5) 

shows strong agreements in spatial climate pattern of all variables (minimum, maximum 

temperature and rainfall). Rainfall decreases dramatically from the high-lying parts of the city in 

the northwest to the low lying Akaki-Kality sub-city in the south (Fig. 4.4c and 4.5a-b). The 

mean annual rainfall varies spatially from 950 to 1,158 mm per year across a distance of just 30 

km. The seasonal distribution of rainfall at seven locations representing the sub-cities were the 

same except during summer (kiremt) during which August rainfall was high at the high-lying 

altitude of Kolfe-Keranio and Gefersain sub-cities in contrast to the low rainfall at the low-

altitude lying areas of Legedadi and Akakisub-cities (Fig. 4.5g). 

 

d)    Elevation map of Addis Ababa 

Rainfall (mm) 
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Figure4.5: The gridded observed WorldClim and HadGEM2-AO for mean 1950-2000: a-b) 

Annual Rainfall, c-d) Maximum Temperature, e-f) Minimum temperature and  g) Seasonal 

distribution of rainfall at the location of seven sub-cities grid point of Addis Ababa and 

surrounding areas. 

4.3.2 Signature of Climate Change for Addis Ababa under A2 and B2 emission 

 scenarios 

Fig. 4.6a shows the long term monthly mean minimum temperature for the 1950-2000 ranges 

from 8.2 to 11.4 at Addis Ababa Observatory. The minimum temperature anomalies during 

2030s with respect the above baseline period will be -1.4 and -0.9 °C in December under A2 and 

B2 scenarios respectively. During 2050s, the mean monthly minimum temperature is expected to 

be warmer by 1.3 °C in November and 1.5 °C in December under A2 and B2 scenarios 

respectively. During 2080s, it is likely to be warmer by1.6 °C in November and 2.0 °C in 

December under A2 and B2 scenarios respectively (Fig. 4.6a). In general in both A2 and B2 

scenarios an upward temperature trend is expected by the end of 21st century. The long term 

monthly mean maximum temperature for the 1961-2000 periods is in the range from 19.7 to 25.0 

°C. The lowest maximum temperature observed in the month of July. The mean maximum 

temperature anomalies of urban center at Addis Ababa Observatory station during 2030s will 

increase by 0.6 and 1.2 °C in December under A2 and B2 scenarios respectively. During 2080s 

the mean monthly maximum temperature shows warmer anomalies of 2.4 °C in November and 

2.1 °C in December under A2 and B2 scenarios respectively (see Fig. 4.6b). 
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Figure4.6: Departure of down scaled: a) monthly minimum temperature b) maximum 

temperature and c) monthly average rainfall anomalies at Addis Ababa Observatory under A2 

and B2 scenarios with respect to the 1950-2000 mean. 
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Change in precipitation shows increasing trends under B2 in March and decreasing trend in June 

to September during long rainy seasons in A2 and B2 in the 2030s period. B2 scenario shows the 

maximum precipitation during the month of September in the 2050s as compared to A2 scenario 

(Figure 4.6c). The A2 and B2 scenario noted an overall increase in rainfall, however a decreasing 

trend in the monthly precipitation particularly in major rainy season (e.g., June (43-45 mm) and 

August (22 mm)) during the 2030s and 2050s, and a decrease of up to 44 mm in June and 18 mm 

in August in 2080’s while an upward trend in rainfall are expected in the month of September 

(up to 84 mm). Also in Belg or short rainy season, an upward trend is expected mainly in the 

month of April and May (up to 84 mm) during both the 2050s and 2080s periods (see Fig. 4.6c). 

4.3.3 Projections under the RCP 4.5 and RCP 8.5 scenarios 

The output from the National Institute of Meteorological Research (NIMR) with Met Office 

Hadley Centre using the Hadley Centre Global  Environmental Model version-2 coupled with 

Atmosphere-Ocean configuration (HadGEM2-AO) include a bias-corrected midrange RCP4.5 

scenario and RCP 8.5 high range emissions scenario (Baek et al., 2013; Im et al., 2015 ).  

The data covers the period from January 1, 1950 to December 2099. The climatic baseline is 

chosen to cover the 1950-2000 period for evaluation of the projected changes in the mean annual 

and seasonal precipitation, maximum and minimum temperatures. A 50-year data set meets the 

IPCC requirements for a recommended baseline period (Parry et al., 2007). The future periods 

assessed for the changes in climate under the RCP scenarios are 2030s (2010-2039), the 2050s 

(2040-2069), and the 2080s (2070- 2099) (Wayne, 2013). 

 

The projected change in the mean monthly maximum temperature under RCP 4.5 and RCP 8.5 

scenarios with respect to the baseline period mean is shown in Fig.4.7a-b. Projections under both 

scenarios indicate an increase in maximum temperature in each month for all three future 

periods. Compared to present-day conditions, strong maximum temperature change for all three 

projection periods (5.4 °C) appears in June under RCP 4.5, whereas under RCP 8.5, the 

maximum expected change will be 3.8 °C in June 2080’s.  Even though the observed maximum 

temperature is high in April and May for most parts of the city and surrounding areas, the 

temperature change for April and May is expected to be moderate. However, for June, the 
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observed maximum temperature is low, but the expected temperature change is high in the 2080s 

under RCP 8.5 scenario.  

 

 

Figure 4.7: Projected future mean annual changes in (a-b) for RCP 4.5 and RCP 8.5 maximum 

and(c-d) for RCP 8.5 and RCP 4.5 minimum temperature in the 2030s 2050s, and 2080s with 

respect the baseline period (1950-2000) mean.  

 

The mean monthly minimum temperature anomalies increase by 2.9 °C and 3.2 °C in December 

during the 2030s under RCP 4.5 and RCP 8.5 scenarios respectively. During 2050s the mean 

monthly minimum temperature anomalies increase by 3.4 and 4.4 °C in December under RCP 

4.5 and RCP 8.5 scenarios in this order. During 2080s, the anomalies are expected to decrease by 

4.1 and 6.9 °C in December under RCP 4.5 and RCP 8.5 scenarios respectively (Fig. 4.7c-d).  

The box-plots (Fig.4.8) demonstrates that annual change of mean maximum and minimum 

temperatures of HadGEM2-AO during the 2030s, 2050s, and 2080s with respect to the baseline 

mean under  both  RCP 4.5 and RCP 8.5 scenarios. Both projections indicate increase in 

maximum and minimum temperature for all three future periods. It is also evident that (from the 

whisker box-plots) the range of change in annual temperature will increase with the time 
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horizon.  The middle 50 % range of the box represents the value of median. While the two ends 

of whiskers represent the extreme projections.  

The changes in annual maximum and minimum temperature projections under RCP 4.5 are 

higher than RCP 8.5 in all periods with the exception of the 2030s maximum temperature. The 

median value of the maximum temperature in the 2030s, as projected under the RCP 4.5 scenario 

is 1.7 °C, which is higher than projected changes under RCP 8.5 scenario (Fig.4.8). The extreme 

lowest minimum temperature change in the 2030s as projected under RCP 8.5 is 0.6 °C, and in 

the 2080s the lowest change in minimum temperature is estimated to be about 5 °C.  

 

 

Figure 4. 8: Box plot for the mean annual changes in maximum and minimum temperature in 

the 2030s 2050s, and 2080s with respect the baseline period (1950-2000) mean. 
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The RCP 8.5 scenario shows an increase in future maximum temperature by about 1.0 - 2.5 °C 

for the entire city and surrounding areas through 2030s, with the highest change stretching along  

the Bole, Yeka, Lideta, and Akaki sub-cities in the eastern and southern parts of the city (see 

Fig.4.9-b as compared to Fig. 4.9a. By 2080s, average maximum temperatures are projected to 

increase by about 3 - 5 °C over the same areas. Fig.4.10 b-d shows the simulated mean minimum 

temperature during the 2030s, 2050s and 2080s.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: HadGEM-AO Maximum Temperature a) Baseline 1950-2000; b) RCP 8.5 2030s 

(2020-2039); c) RCP 8.5 2050s (2040-2069) and d) RCP 8.5 2080s (2070-2099) 
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Figure 4.10: HadGEM-AO Minimum Temperature a) Baseline 1950-2000; b) RCP 8.5 2030s 

(2020-2039); c) RCP 8.5 2050s (2040-2069) and d) RCP 8.5 2080s (2070-2099). 
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Figure 4.11: HadGEM-AO Rainfall a) Baseline1950-2000; b) RCP 8.5 2030s (2020-2039); c) 

RCP 8.5 2050s (2040-2069) and d) RCP 8.5 2080s (2070-2099). 
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The simulation under RCP 8.5 scenario shows increase in future minimum temperature for both 

time periods since there is a clear expansion from Akaki and Bole sub-cities towards Yeka and 

Gulele sub-cities (see Figure4.10b-d). These areas of the city are expected to experience the 

highest changes in minimum temperature in clear contrast to the maximum temperature change, 

suggesting that in the current estimation a minimum temperature is more sensitive to climate 

change. This is consistent with previous works in the literature (Lobell, et al, 2007).The rainfall 

projection under RCP 8.5 scenario shows that the simulated annual precipitation levels will 

increase from 1332 mm over mount Menagesha Suba during the 2030s to 1454 mm during the 

2080s. Also in the low lying areas of Akaki Kalite sub-city, there will also be an increase from 

912mm during the 2030s to 1044 mm during the 2080s (Fig.4.11a-d). 

 

Fig. 4.12 shows rainfall anomalies over Addis Ababa for both the historical baseline (1950-2000) 

and projections (2006-2099) under RCP 4.5 and RCP 8.5. The wetting trend exhibited in the 

anomalies for the historical period is during the projection is expected to continue at an increased 

rate under both projections. The increase in rainfall is more pronounced under RCP 8.5 than RCP 

4.5. However, there will also be dry periods of which 2042 will be the driest with a dry anomaly 

of up to 417 mm with respect to the baseline period (1950-2000) mean. 

 

 

Figure 4.12: HadGEM2-AO projected Addis Ababa Observatory Station Rainfall Anomaly 

(2001-2099) from the mean (1950-2000). 
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Fig. 4.13a shows during 2050s (2040-2069) the mean monthly minimum temperature anomalies 

in sub-cities like Kolfe-Keranio and Akaki of Addis Ababa will increase by 2.8 and 3.2 °C in 

October and December respectively under RCP 8.5 scenarios. The Mean maximum temperature 

anomaly will increase by 4 °C in June under RCP 8.5 scenario (Fig. 4.13b).  

 

 

 

Figure 4.13: a) Mean monthly minimum and b) maximum temperature anomalies for the period 

(2040-2069) under RCP 8.5 with respect the baseline period (1951-2000) mean. 
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The Bega or dry season of the 2030s and 2050s is highly likely to witness an increase in rainfall 

of about 40 mm under both RCP 8.5 and RCP 4.5 scenarios (see Fig.4.14a-b). But the increase of 

precipitation during the 2030s and 2050s for short rainy season (FMAM) under both scenarios is 

relatively small. A greater increase in projected summer rain (JJAS) under RCP 4.5 is expected 

(Fig.4.14a) whereas during the 2080s under RCP 8.5 scenario, the projection shows a decrease of 

rainfall in September. In general, the future climate in the Addis Ababa and the surrounding 

areas is expected to be wetter (Fig.4.14c) under the two scenarios.  

 

The upward trend in rainfall is likely to affect water catchment area positively. However, when 

the sub-cities are considered separately, there is a difference on the magnitude of changes 

indicating some sub-cities are likely to be affected more than others.  For example, during long 

rainy season (JJAS), projection shows a range of possible outcomes from a 5 % decrease (e.g., 

Akaki, Lagadadi areas) in June to a 7 % increase (e.g., sub-cities to the north of the city centre) 

July-August period by mid-century. The risk of decreasing precipitation appears to be higher for 

the southern parts of the city. During the short rainy season (FMAM), the projection shows a 

decrease from 2 % to 4 % by 2050s (see Fig. 4.14c).  
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Figure 4.14: (a-b) Addis Ababa Observatory mean monthly change in rainfall in the 2030s, 

2050s and 2080s under RCP 4.5 and RCP 8.5 scenarios with respect the baseline period (1950-

2000) mean and (c) mean monthly percent of change in precipitation in the 2050s under RCP8.5 

in sub-cities of Addis Ababa with respect the baseline period (1950-2000) mean. 

Fig. 4.15 shows differences among the minimum, median, and maximum values of rainfall 

projections under RCP 4.5 and RCP 8.5 scenarios. The increase in median value of rainfall under 

RCP 8.5 is not high (about 4 mm) during the 2030s and about 14 mm in the 2080s compared 

with rainfall projections under RCP 4.5. The precipitation changes under RCP 8.5 are higher in 

the 2050s and 2080s compared with those changes under RCP 4.5. 
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Figure 4.15: Box plot for the mean annual changes in rainfall in the 2030s, 2050s, and 2080s 

with respect the baseline period (1950-2000) mean. 

4.3.4 Inter-comparisons of Climate Projection Scenarios 

The projected mean monthly maximum temperature anomalies of A2 scenario shows an increase 

of 0.3 to 0.7 °C during 2030s dry season of November, 0.2 to 1.7 °C during 2050s and 0.3 to 2.4 

°C from November to December in the 2080’s. The B2 scenario also shows an increase by about 

0.2 to 1.12 °C during 2030s, 0.6 to 1.6 °C during 2050s and 0.3 to 2.11 °C during 2080s. The 

projected monthly maximum temperature anomalies under RCP 8.5 scenario exhibited an 

increase of 1 to 2 °C during the 2030s dry season of November, 2.0 to 2.3 °C during the 2050s 

and 2.5 to 3.1 °C from November to December in the 2080s. The projection under RCP 4.5 

scenario also shows increase by about 0.3 to 1.4 °C during the 2030s, 2.0 to 2.2 °C during the 

2050s and 4.0 to 4.9 °C during the 2080s (Table 4.4). The projected maximum temperatures for 

the 2050s and 2080s under both RCPs scenarios are higher than those obtained under A2 and B2 

scenarios.  
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Table 4.4: Inter-climate projections comparisons for selected months of the scenario periods. 

Parameters Projected 

periods 

RCPs Scenarios SRES scenarios Remark 

RCP 4.5 RCP 8.5 A2 B2  

(August)Total 

monthly 

Rainfall change  

(mm) 

2030s 0.0 -2 -17.9 -22.1 Change from 

observed mean of 

August rainfall,  

RCPs  are higher 

than A2&B2 

projections for 

2050s and 2080s   

2050s 4.0 26 -20.7 -17.9 

2080s 7.0 46 -16.3 -18.9 

(December)Min 

Temp change 

(°C) 

2030s 3.2 2.9 -1.4 -0.9 Change from 

observed mean 

RCPs are higher 

than A2&B2 

projections   

2050s 4.4 3.4 1.3 1.5 

2080s 6.9 4.1 1.7 2.0 

(December) 

Max Temp 

change (°C) 

2030s 0.6 1.4 0.6 1.1 Change from 

observed mean 

RCPs are slightly 

higher than 

A2&B2 

projections   

2050s 2.2 2.2 1.7 1.6 

2080s 4.2 3.2 2.1 2.1 

 

In Section 4.4.3, it has been shown that projected mean monthly minimum temperature 

anomalies under A2 and B2 scenarios will increase by 0.2 to 0.4 °C in August during the 2030s, 

by 0.4 to 1.5 °C in January and December during the 2050s and by 0.3 to 1.6 °C in November to 

December during the 2080s under the A2 scenario. On other hand  projected change under RCP 

8.5 indicates that minimum temperature anomalies shows an increasing trend of about 2.1 to 3.0 

°C from August to January 2030s, 2.3 to 3.5 °C from January to December during the 2050s and 

3.6 to 4.2 °C from November to December during the  2080s under the RCP 8.5 scenario. From 

the comparisons, we can conclude that the RCP 8.5 scenario tends to have higher values than 

those projected under A2 emission scenario.  
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The projected monthly rainfall change of A2 and B2 scenarios noted a decreasing trend in June 

(43-45 mm) and August (22 mm) during the2030s and 2050s, and up to a decrease of 44 mm in 

June and 18 mm in August in the 2080s while an increasing trend in rainfall in the month of 

September (up to 84 mm) is revealed. Also in short rainy season, an upward trend is expected 

mainly in the month of April and May (up to 84 mm) during both the 2050s and 2080s. On other 

hand the projected mean monthly rainfall changes under RCP 4.5 scenarios shows increase in 

June during the 2050s (about 12 mm).  However, in April during the 2030s and May during the 

2050s, rainfall shows a decrease by up to 10 to 15 mm. In Kiremt (JJAS), rainfall increases by up 

to 22 mm under RCP 4.5.The rainfall projections under A2 and B2 scenarios are higher than 

those under the RCPs. 

4.4 Conclusion 

The major objectives of this chapter are to assess and present the current change in climate for 

the city of Addis Ababa and to understand spatial variation of urban climate using HadGEM2-

AO model output for present conditions and future climate under RCP 4.5 and RCP 8.5. Analysis 

of observations at the city center indicates existence of identifiable variability in rainfall and 

changes in temperature over time. The notable warm periods in the city of Addis Ababa in the 

1990s and early 2000s, the dry periods of the 1970s and 1990s; as well as the above normal 

rainfall of 1982 and 1995are clearly evident from the anomalies with respect to the selected 

baseline period. 

The mean climatology of simulated rainfall, maximum and minimum temperatures obtained 

from WorldClim data center are in good agreement with observed climatology at Addis Ababa 

Observatory for the same baseline period. The spatial variation in the mean climatology of the 

simulated variables is consistent with existing topographic features as revealed from observed 

distinct differences across north-south transect.  

 

Four future scenarios are considered in this study to assess the climate variability and change at 

urban scale. Two scenarios from emission (A2 and B2) and two from representative 

concentration pathway (RCP 4.5 and RCP 8.5) scenarios are considered in this study. The 

change in rainfall, maximum and minimum temperature over Addis Ababa city and its 

surrounding is determined for three selected future periods with respect to the baseline period 
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that extends from 1950-2000 under the four scenarios. The three future periods are categorized 

as the near term (2030s), mid-term (2050s) and end term (2080s).The observed major change in 

precipitation for all the three future terms for both A2 and B2 emission scenarios is of upward 

trend compared to the baseline period. The magnitude of the change between the two scenarios is 

different. This is also true across the seasons with higher rainfall under A2 than B2 during near 

and end terms. However, the rainfall under B2 is higher than A2 during mid-term. The maximum 

and minimum temperatures over Addis Ababa under A2 and B2 scenarios have shown warming 

future trend. However, if the three future periods are considered separately, both maximum and 

minimum temperature exhibit cooling trend with respect to baseline period. In contrast, the mid 

and end terms are expected to witness warming trends. 

 

The rainfall anomalies over Addis Ababa from the baseline mean during future periods shows 

wetting trends generally under both representative concentration pathways. However, the rainfall 

anomalies are higher under RCP8.5 than RCP4.5 with significant difference during mid and end 

terms.   

 

Downscaled HadGEM2-AO maximum and minimum temperature show warming trend over 

Addis Ababa city under both RCP 4.5 and RCP 8.5 scenarios. However, change in minimum 

temperature is higher than maximum temperature except under RCP 4.5 during the end term. The 

later is consistent with existing literature. Moreover, the change in minimum temperature is high 

under RCP 8.5 as compared to change under RCP 4.5. The overall average temperature is 

warmer under RCP 8.5 than under RCP 4.5. This is consistent with expected wetter condition 

under RCP 8.5 than under RCP 4.5. Though the basis for comparison of the old scenarios with 

the latest RCP scenarios is rather fluid because of different assumptions and the level of 

uncertainties involved, it has been found that the projected maximum and minimum temperatures 

for the 2050s and 2080s under both RCPs scenarios are higher than those obtained under A2 and 

B2 scenarios. However, the rainfall projections under older emission scenarios are higher than 

those under the RCPs. 

Finally, this research chapter is important as it identifies urban scale spatial climate change 

assessment and prediction in the city of Addis Ababa for the first time. Currently, there is very 

little literature that makes reference to such findings under city conditions. This knowledge is 
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crucial information that is useful to urban planners, urban infrastructure authorities and the 

scientists that are involved in application of urban climate modeling. 
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CHAPTER 5 

IMPACT OF CLIMATE CHANGE AND URBANIZATION ON WATER 

SUPPLY AND DEMAND 

5.1 Introduction 

Studies indicate that extreme variability in water resources and significant decreases in stream-

flow will be major threats across sub Saharan African countries in the coming decades 

(Rochdane et al., 2012). Water resources are among the most vulnerable as they are directly 

exposed to climate change (Raskin et al., 2009; Rochdane et al., 2012). This is important as one 

of the major limiting factors of economic growth is the relative availability of water (Yahaya et 

al., 2014). Recent research shows that climate change will increase the pace of the global 

hydrologic cycle with accompanied rise in temperature, variability and changes in precipitation 

patterns (Rochdane et al., 2012; Elala, 2011). Changes in the frequency and intensity of 

precipitation invariably affect stream flow and the resultant storage volumes of reservoirs. For 

example, such changes manifest themselves in the form of increased intensity of floods or 

occurrence of severe droughts which severely affect the water resources at local and regional 

levels (Bahri, 2012). Human induced climate change affects the quality and quantity of global 

water resources and this necessitates changes in the way these resources are managed (Aguilar-

Manjarrez et al., 2010). Sub-Saharan countries are among those most threatened by water stress, 

in view of the likelihood of extreme variability, seasonality, and decreasing stream-flows that are 

predicted to occur in the coming decades (Rochdane et al., 2012). Drought in Sub-Saharan 

Africa is the dominant climate risk; it destroys the livelihoods of farming and pastoral 

communities and shatters their food security, whilst it also has a significant negative effect on 

GDP growth (UN-Water, 2012). On the other hand, floods impact on infrastructure, 

transportation, goods and service flows as well as clean water supplies and health negatively 

(Yahaya, et al., 2014; FDRE Climate Resilient, 2011). 

 

Urbanization is a crucial element that impacts water resources in terms of both quantity and 

quality, at different spatial scales around the world (Zhou, 2014; Bell, 2015). Water resources are 

adversely impacted due to the increasing demands in population and urbanization (Roy et al., 
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2010). Sustainability in water resources refers to the maintenance of natural water resources in 

adequate amount and quality for human use and balanced ecosystems (Costa-Cabral et al., 2011).  

Ensuring adequate and sustainable supply of water and sanitation for sprawling cities is a major 

concern, particularly for developing countries, the achievement of which might be complicated 

due to temporal and spatial change of water supply and demand (UN-Habitat, 2010). Data on the 

worldwide use of water indicates that the total abstraction for urban use is very low. Similar 

trend exists with respect to access to improved sanitation (WWAP, 2009). A study conducted on 

selected Chinese cities has concluded that a significant reduction in water table and degradation 

of water quality had resulted from the excessive use of ground water resources (Stephen et al., 

1998).  

 

As this is linked with increasing level and high rate of urbanization, this can also be taken to 

happen in other developing countries. There is a need to make concerted efforts towards 

effective management of water resources in sub Saharan Africa, which has a very low coverage 

of both potable water and improved sanitation, and which currently lacks the economic, human 

and institutional capacities to manage water resources on a sustainable basis (UN-Water, 2012). 

 

Moreover, due to high population growth water supply pressure is increasing in Africa. Even 

though water resources are plentiful in some regions, water shortage has been a major restriction 

to the economic development in other regions (Brown and Hansen, 2008; IPCC, 2007). 

Countries should thus take into account in their national plans the need to ensure reliable water 

supply and hence the ever-increasing demand for water as well as the financial and physical 

resources that would be required to establish water supply systems. Also countries should take 

defensive approaches in addressing insecurity in water supply. The demand for water tends to 

increase with higher levels of development as the intensity of water use would increase to enable 

as well as sustain economic growth. Studying the water resource management concept is crucial 

in expanding urban development environments (WHO/UNICF, 2012).    

 

The urbanization rate in Sub-Saharan Africa is increasing (George, et al., 2011). Addis Ababa is 

one of these fast growing sub-mega cities in recent times (AACPPO, 2014). As the 

administrative seat and political capital of Ethiopia, the city attracts the highest number of 
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migrants from other parts of the country (ORAAMP, 2002). As the supply of water must be 

assured for all, to meet the basic human needs, there is a need for progressive water supply 

planning and management system for the city in order to bring about fundamental changes in the 

ways water is currently used as well as distributed among different categories of users (AAWSA, 

2012). The importance of demand-side management, in particular,  is vital in view of the fact 

that the supply of water cannot be simply increased indefinitely to meet the otherwise increasing 

demands from the household, commercial, construction, industry and other sectors as well as the 

needs of the ecological reserves (Mulwafu et al., 2003; Buytaert et al., 2012).  

 

Growth in population and economic activities as well as improvements in living standards of the 

population would entail increasing demand for water. In case of Addis Ababa, which is evolving 

into a mega-city, the construction boom including the expansion of condominiums and real estate 

housing developments, the expansion of manufacturing and service sector establishments that 

has occurred during the last decade, and the significant increase in its population that is expected 

to occur in the coming years presupposes a sustainable water supply planning and management 

(AACPPO, 2014). As water resources are susceptible not only to these pressures but also to 

impacts of climate change; environmental managers, urban planners and policy makers need to 

find solutions for climate change and urban development impact and alternative water sources 

for the existing and future pressures (Eriyagama et al., 2010; Yahaya et al., 2014). 

 

Given the relationship between urbanization and water on the one hand and between climate 

change and water on the other, the goal of this work is therefore to investigate the potential 

impact of climate change on urban water supply by taking the City of Addis Ababa as 

geographic study area. 

 

The aim of this chapter is to investigate water demand and supply prospects for the City of Addis 

Ababa by applying the WEAP hydrological model and using scenarios of population growth 

trends and climate change. 

Specific Objectives are: 

o To assess the current situation regarding the supply and demand for water in the 

city of Addis Ababa;  
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o To predict the water supply and water demand balance for the city in relation to 

plausible scenarios with regards to future population growth and climate change. 

o To propose workable adaptation strategies that will contribute towards 

overcoming the negative impacts of climate change on water supply in the city.  

 

This chapter is organized such that Section 5.2 describes the data and methods employed in the 

study. Section 5.3 presents the results and discusses trends in water consumption and the water 

supply system in Addis Ababa. This section incorporates projections of water supply and 

demand under assumed climate scenarios. Moreover, the impact of population growth is one of 

the considerations for the analysis of the water supply, demand and management system. 

Recommendations on management options for the un-met demands for each site are also 

outlined in this section of the chapter. Finally, the conclusion is given in Section 5.4.  

 

5.2 Data and Methods 

5.2.1 Data 

Observed domestic and non-domestic water demand data obtained from AAWSA (2012), 

whereby information on the aggregate amount of water consumption for the year 2012 as 

indicated on the water bills of households at eight demand sites or branches of the city are used. 

The most important sources of water are surface and ground water systems (MESP, 2011). The 

main water supply elements are Legedadi, Dire and Gefersa reservoirs as well as the Akaki 

ground water reservoirs (Fig. 5.1). Daily and monthly data from Legedadi and Gefersa rainfall 

stations and the evaporation pans record of Legedadi and Gefersa for the year 2012 are used. 

Also the monthly inflow, storage capacity, and evaporation data for the year 2012 were collected 

from AAWSA. The preferred modality of water supply is when a given demand site is connected 

to more than one supply source. Water supply data for 3 reservoirs, 63 wells and 5 springs for the 

year 2012 were collected from Addis Ababa Water and Sewerage Authority (AAWSA). 
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Table 5.1: The total water supply data inputs volume of the reservoirs for the year 2012 (data 

source AAWSA, 2012). 

Water Supply System Sub-system Input Volume in (m
3
)  for 2012 

System I (Legedad and Dire) 

Reservoirs  

Gabriel-Saris, Jan-meda, Teferi-

Mekonin, Interconnection of 

Merkato, Entoto / Ras-Kasa and 

Belay Zeleke    

59,425,092 

System II: Gefersa Reservoir  Rufael, Core-Kolfe and St. Paul 11,306,884 

System III: Akaki groundwater 

aquifer and other Ground water 

aquifer (63 wells and 5 Springs)  

Akaki, Sarries and Legedadi west  41,442,775 

Total 112,174,751 

 

5.2.2 Methods 

5.2.2.1 Water Evaluation and Planning (WEAP) model 

The WEAP model is used for this study. WEAP is specifically effective as a proactive 

management tool, while it effectively simulates water demand, supply, flow and storage. The 

WEAP model is being applied at national and international levels as it provides a flexible and 

comprehensive framework for policy analysis as well as a system for maintaining water supply 

and demand information (SEI, 2007).  

WEAP is capable to simulate suitably for the supply of and demand for water as well as the 

pressure on and utilization of surface and groundwater sources. WEAP can be employed in water 

assessments to be conducted at various spatial levels and temporal horizons. The WEAP program 

developers provide technical assistance and the method is in the public domain for academic use 

(SEI, 2007). 

5.2.2.2 Water Supply  

Using the WEAP model the various water supply sources are connected to each demand site by 

creating a transmission link from the various supply nodes to the various demand sites in order to 

satisfy the aggregate demand at each demand site (MESP, 2009). The total amount of water to be 

delivered to the demand site equals the amount to be withdrawn from the source minus the 
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potential amount of losses. However, data on the water loss for each demand site is not available 

at AAWSA. These links are also used to "transmit" from demand sites to destinations such as 

treatment plants or receiving water bodies (MEPS, 2011).Hydrological data that include monthly 

inflow, storage capacity and net evaporation were collected form AAWSA. Projected future 

precipitation described in Chapter 4 is used. The climate model outputs of NIMR-HadGM2-AO 

model data for RCP 4.5 and RCP 8.5 scenarios (obtained from Mengistu Tsidu, 2016 

unpublished work) and the mean precipitation for reservoirs’ respective catchment areas for the 

period 2013 to 2039 were used to make assessments on the impacts of climate change on water 

supply- demand balance in WEAP. There has been an increase in the reservoirs storage capacity 

and number wells in the year 2012 as compared to the situation in 2005, due to upgrading of 

reservoir capacity and construction of new wells. The year 2012 water supply data presented in 

Table 5.2 was used in this study. 

Table 5.2: Reservoirs storage capacity: (data source, AAWSA, 2012). 

Reservoir  Storage  capacity  in MCM  

(2005)
 

Storage capacity in MCM  

(2012)
 

Legedadi and Dire 57.8 60.2 

Gefersa 8.3 11.3 

Akaki well, City springs and 

deep weels 

14.6 33.6 

Total 80.7 105.1 

5.2.2.3 Water demand  

Fig. 5.1 shows the schematic presentation of water demand sites or branches and supply for 

Addis Ababa. The courses of the main rivers are shown in blue lines, whilst the reservoirs are 

indicated with green triangle symbols. Ground water supply from wells and springs is indicated 

using green square symbol. The transmission links (in green lines) and the return flows (in red 

lines) are marked with arrows to show the flow directions. The main demand nodes considered in 

the model (red points) are for domestic and non-domestic distribution centers: For this study, the 

eight customer distribution centers or branches in the city are identified as demand nodes. The 

distribution centers include Arada, Mekanissa, Gulele, Addis Ketema, Megenagna, Akaki, Gurd 
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Shola and Nefassilk. When a demand point is created, it is important to indicate the level of 

priority given to it for allocation of water (MESP, 2011). The model will attempt to supply the 

highest demand priority first, and then move to lower priority points until all the points are 

covered. For the baseline scenario, the demand priority setup is water supply and flow 

requirements for domestic (households) and non-domestic (industry, commerce and 

construction) use. Each demand site is connected with a supply source using a Transmission 

Link (green line in Fig.5.1). Portion of the already used water flows back into the river systems 

(Return Flow - red line in Fig. 5.1). To determine the water demand for each demand node 

indicated in Fig. 5.1, data on yearly demand and monthly variation will be employed in WEAP 

model. 

 

Figure 5.1: The schematic views of water demand branches and supply areas in the city of Addis 

Ababa. 

The demand for water is calculated as follows: 

 

                                                      Eq. (5.1) 

 

 

 

Addis Ababa Water Supply and Demand 

Nodes  
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Using WEAP, demand for water is analyzed as the sum of the demands of demand sites (DS) for 

all the demand site's bottom-level branches (Br): 

 

                                                           

  

 

 

Eq. (5.2) 

Bottom-level branch is the total activity level for the product of the activity levels for all 

branches from the bottom branch back up to the demand site branch (where Br is the bottom-

level branch, Br' is the parent of Br, Br'' is the grandparent of Br, etc.) (SEI, 2014).  

5.2.2.4 Key Assumptions 

The key assumptions refer to user-defined variables that can be referenced for the analysis of the 

water supply and demand systems (Leevite, et al., 2003). The key assumption was made mainly 

because of difficulty to obtain data. Both population growth and climate change have an impact 

on water demand and supply.  It is also important to ensure that the units (for example m
3
 per 

month verses m
3
 per year, etc.) of the parameter value for key assumptions match the units for 

variables in the WEAP data tree (MESP, 2011).  The key assumptions about water demand, 

water supply and water management are given in Table 5.3. The following demand and supply 

management options are considered in the key assumptions:  

 

 The World Bank calculated the Ethiopian gross domestic product (GDP) 8.0 % in 

2010 and 7.0 % in 2012.  Projected Per capita GDP is expected to grow at around 8.5 % 

annually between 2013 and 2030 (FDRE, 2011). This will contribute to the growth of 

Addis Ababa and increase the average amount of water consumption in the city.  

 Price of water (water tariff) from AAWSA (2012):  the average tariff (price / m
3
) for 

customers in the lowest consumption users in Addis Ababa is Birr 2.60 /m
3
 or 0.12 USD 

per m
3
 in 2012 (at the average exchange rate for 2012). The unit price of water in Addis 

Ababa has shown a slight change in the last 6 years. For this study it is assumed the unit 

price has increased and will reach Birr 4.40 / m
3
 by 2039.  
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 Technology innovation: it is assumed that water leakage and other factors that 

contribute to water losses will be reduced from the current 39.85 % to 10 % by 2039 

(AAWSA, 2012).  

 Water use efficiency (leakage improvement and other growth of technology for 

efficiently water supply) is improved by 2 % for the reference year (2012); and annual 

improvement in efficiency expected to increase by 5 % until 2039 (AAWSA, 2012). 

In case of supply management, according to AAWSA business plan (2012), there will be 

addition of new reservoir dam, Gerbi (29.2 million m
3
 by the year 2016), upgrading of Legedadi 

which will add 11 million m
3
 by 2014 and new wells which will start to supply about 90.1 

million m
3
of additional water over  the period from 2014 up to 2020. This addition (a total of 

130.3 million m
3
) will be taken into consideration in management options as one of the supply 

measures. The second option incorporated was the potential impact of decreasing the water 

leakage from 34.3 % to 10 % that will contribute to efforts aimed to cater for the unmet water 

demand.  Dry and wet seasons of a given year influence the rate of water consumption by the 

population. This is in fact the case as shown in Table 5.4. The level of consumption is expected 

to increase during dry climate years sequence. Table 5.3 shows the value of water consumption 

in different climate scenario. 

 

The size of the population is expected to increase and the per capita water consumption is 

supposed to increase from the current level of 110 l/c/day in 2012 to the standard recommended 

by the World Health Organization (WHO) during the period considered by the present study.  

The current level of consumption is already below the WHO standard of 135 l/d, which is 

expected to increase up to 150 litter per day during dry seasons (Rochdane, et al., 2012) (Table 

5.3).The key assumptions about domestic and non-domestic water supply, demand and 

management are outlined in Table 5.3.  
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Table 5.3:  Key Assumptions for water demand and supply system and Model inputs for the 

Management options. 

Key Assumptions Base 

period 

(2012) 

 Scenario period 

(2013-2039) 

Unit 

Population growth  2.1 2.5 and 3.3 Percent / year 

*Annual water use 37.9 65.5 m
3
 

GDPgrowth of Ethiopia for 

living standard  

7.0 GDP Growth  by 

8.5 %  

Percent / year 

Management Options  

Price of water average of 

domestic and non-domestic 

2.60 Growth  by 2 % ETH birr / year 

 

** Water users Technology 

Innovation (water use 

method) 

2 5 Percent / year 

*** Water supply   

Efficiency annual 

improvement (leakage 

control) 

39.85 10 Percent / year 

* Total water use / person / year; ** driver to improve of water use technology for domestic and 

non-domestic customers (e.g. water taps, toilet flush); *** leakage improvement and other 

growth of technology for efficiently supply water by water suppliers.  

 

Table 5.4: Assumptions of water consumption in different climate scenarios at low population 

growth. 

Climate Condition  Water consumptions (litter/day) Rainfall conditions 

Normal climate 135  Normal  

RCP4.5  135 Dry 

RCP8.5  150 Relatively Wet 
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5.2.2.5 Scenario Development for Future Water Supply and Demand 

Scenarios were developed by considering various factors that impact on future water security. 

The essential principle in WEAP is the establishment of scenarios. In WEAP the differences 

among the various scenarios could be considered against the baseline or reference scenarios. 

According to Addis Ababa City Planning Project Office (AACPPO, 2014), the low population 

growth scenario is about 2.5 % and the high population growth scenarios is about 3.3 %. For this 

study, two scenarios for population growth rates are used. The first scenario is the reference 

period or the base scenario, which is 2.5 % per year.  The second scenario is the High population 

growth scenario, which is 3.3 % per year. The 3
rd

 is climate change scenarios with result of urban 

climate projection under both RCP 4.5 and RCP 8.5, which will be used in WEAP as climate 

change impact assessment. The activities performed include (see Fig.5.2 schematic 

representation), incorporation of domestic, non domestic water use demands, and inserting 

climatic and hydrologic parameters. Also the assessment of the different management options 

that correspond to scenarios will be demonstrated using WEAP model. Scenarios method was 

built in WEAP, and then their impacts on water supply and unmet water demands in the city 

were assessed for future planning.  

 

The proposed planning management options for the different scenarios were assessed using 

WEAP model. The interval between 2013 and 2039 were used as the planning period.  The main 

factors of uncertainties for supply of and demand for water are climate change and population 

growth rate as well as socio economic improvements that imply increased level of both domestic 

(or household) and non-domestic consumption including  industrial and commercial uses. 
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Figure 5. 2: Diagram of WEAP model scenarios and the management options. 

5.2.3 Limitation 

Water quality is not included in the study because of lack of data and therefore the study will 

focus on water quantity in relation to urban population and climate change.  

5.3 Result and Discussions 

5.3.1 WEAP comparison of water consumption 

Comparison was made using distribution of total observed water consumptions data from 

AAWSA and WEAP generated data using key assumptions with respect to 2012 base period as 

shown in Fig.5.3. The comparison made between simulated WEAP water consumption data for 
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the year 2012 and the observed data at the various demand sites shows WEAP assumes that all of 

the water supplied will reach the demand site. As there is a data gap regarding water loss or 

leakage for each demand site, WEAP’s result for total consumption of the city is found to be 

112.2 million m
3
. As also confirmed in AWSSA’s year 2012 business plan, from a total of 112 

million m
3
of water produced, only 66 million m

3
 (60.15 %) was actually consumed, whilst the 

remaining 34 million m
3
 (39.85 %) was lost.  

 

 

Figure 5.3: Observed water consumption of Branches versus WEAP generated data for water 

consumption (2012). 

5.3.2  Observed Water consumption 

The data obtained from AAWSA’s water customer’s information (2012) shows an upward trend 

in demand in the year 2012.  The total number of connections has increased by 96,140 between 

2005 and 2010, indicating an annual growth rate of 8.3 %. Non-domestic clients exhibited an 

annual growth of 2 % during the period. The total population of Addis Ababa in 2011 was 

2,979,615 with 697,815 housing units. The 2012 Addis Ababa total connected customers both 

domestic and non-domestic were 327,996.  The total observed domestic and non-domestic water 

consumption for the year 2012 was 66.7 million m
3
. By looking at the total consumption and 

estimated total population of the city, the city’s water consumption (demand) is found to be 110 

l/c/day which is more or less similar with the observed data for 2012 that is obtained from 

AAWSA. 

Table 5.5: Domestic and non-domestic water consumption (m
3
) in 2012 (source AWSSA, 2012). 
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 Sub-cities Number of 

Domestic 

customer 

connected 

Number of 

Non 

Domestic 

customers  

connected 

Total 

connected 

customers  

Estimated 

total Pop. 

of Addis 

Ababa 

Domestic and 

Non Domestic 

water 

customers 

consumptions 

Addis Ketema 40338 5407 45745 407130.5 9,295,491 

Akaki 12825 3307 16132 143574.8 3,278,384 

Arada 35163 7735 42898 381792.2 8,746,697 

Gulele 40462 5363 45825 407842.5 9,312,693 

Gurd Shola 41695 4859 46554 414330.6 9,460,820 

Megenaga 23515 4491 28006 249253.4 5,704,773 

Mekanisa 47010 5181 52191 464499.9 10,629,112 

Nifas Silk 45166 5479 50645 450740.5 10,290,155 

Sum 286174 41822 327996 2919164 66,718,124 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Branches monthly water consumption (2012). 
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Table 5.6 Monthly water consumption (m
3
) in 2012.  

Sub-city Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Addis K 531,914       498,525      557,734       653,794     592,987    573,741      562,435     455,418      528,319    533,808       641,861         534,877      

Akaki 368,161       343,337      374,152       384,833     247,247    372,738      310,225     264,673      271,267    328,524       309,749         328,648      

Arada 866,278       881,406      848,988       976,130     974,766    958,148      856,415     736,657      847,429    848,720       740,671         797,717      

Gulele 594,265       686,447      568,651       590,165     536,932    739,142      800,718     588,269      595,536    526,310       676,582         540,369      

Gurd Shola 921,066       841,611      950,520       863,083     660,043    774,061      713,211     831,751      996,908    736,101       744,924         835,116      

Megenaga 792,043       781,473      860,261       859,054     738,197    816,735      779,419     894,860      764,423    733,140       773,752         962,245      

Mekanisa 492,765       658,163      691,662       599,075     660,753    808,264      837,813     823,164      881,147    846,567       637,738         776,025      

Nifas Silk 895,105       946,922      935,583       966,958     913,178    1,162,725   899,105     977,176      952,182    854,159       878,174         1,003,751  

Total 5,461,597   5,637,884  5,787,551   5,893,092  5,324,103 6,205,554   5,759,341  5,571,968   5,837,211 5,407,329    5,403,451     5,778,748  

 

The consumption levels in September, October, November, December, April, May and June are 

high. This shows that during dry seasons people consumed more than wet seasons. Also in all 

demand sites the consumption during August is much less than that of June (Fig. 5.4 and Table 

5.6). During July and August and May the consumption rates are lowest in January, February and 

March. The combined domestic and non-domestic consumption of all demand sites and the 

monthly variations of rainfall at the demand sites in 2012 are given in Fig. 5.5. At the onset of 

rainy season in June, the consumption rate reaches its peak (Fig.5.5).  

 

 

Figure 5.5:  Monthly observed water consumption versus mean monthly rainfall (2012). 
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5.3.3 The Water Supply System 

Water from Legedadi and Dire reservoirs is treated in Legedadi treatment plant and supplied to 

demand sites as an integrated water supply system. In this study discussions about the Legedadi 

reservoir refer to the Dire reservoir as well. The head flows of Gefersa and Legedadi rivers to the 

two reservoirs are high during July-October (Fig. 5.6a). Head-flow represents the average inflow 

from rivers to the first node of a reservoir.  Input data used to calculate inflow are daily values of 

precipitation obtained from stations representing the catchments under consideration. In this 

study, the inflow is calculated by a reverse water balance approach and calibration for all 

catchments is considered as observed inflow.  

 

 

 

Figure 5.6:  WEAP generated reservoir a) monthly inflow and b) inflow and out flow of 

reservoirs in million m
3
 (MCM) for the year 2012. 

a) 

b) 
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The return flow is the total outflow of water (in percentage) and the amount of water being 

returned into the river or the underground aquifer systems. In the case of Addis Ababa only 7% 

of the waste water is linked to a sewerage system, the remained return to nearby rivers and 

aquifers. Fig. 5.6-b shows the inflow in the reservoir (positive values) and outflows from both 

Legedadi and Gefersa reservoir (negative values) in 2012. The comparison between the inflow 

and outflow values of each month shows that enough water is available in the system with 

distinct seasonal differences between wet and dry seasons of 2012. These results do not take into 

consideration the water cumulative effect of the reservoir.   

5.3.3.1 Elevation Curve of Legedadi  

Elevation-Volume Curves for the Legedadi Reservoir were prepared in 2010 (AAWSA, 2011). 

At the maximum water level, a total volume of 42.17 million m
3
 was obtained for the year 2010 

(Fig. 5.7). For the same elevation in 1998 the volume was calculated to be 43.8 million m
3
. This 

indicates a reduction of 1.7 million m
3
 due to siltation. From the storage elevation graph (Tahel, 

2000), the maximum water level for the 1998 data of Gefersa reservoir is equals a storage 

volume of 12.8 million m
3
. According to AAWSA (2011) Gefersa reservoir was upgraded and 

has the maximum storage volume as 35 million m
3
 in 1994.  

 

 

Figure 5.7: Elevation Curve of Legedadi (2010). 
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5.3.3.2 Reservoir Evaporation  

The reservoir water balance or net evaporation were analyzed using daily and monthly data from 

Legedadi and Gefersa rainfall stations and the evaporation pans record of Legedadi and Gefersa. 

The result shown in Fig. 5.8 presents that a higher rate of evaporation is recorded in February, 

March and November. Evaporation accounts for 918 to 1,100 thousand cubic meters for 

Legedadi reservoir. Negative values indicate increases in water quantities in the reservoirs.  

 

 

Figure 5.8: Monthly Reservoirs Evaporation for both Legedadi and Gefersa (2012). 

5.3.3.3 Return Flow 

In order to inform WEAP the extent to which the demand is satisfied, the user needs to connect 

the return flow from the demand sites. The return flow is a percentage of water for the total 

outflow and this value represents the quantity of water going back into river systems or 

underground aquifers. In the case of Addis Ababa, only 7 % of the waste water is linked to the 

city’s sewage system, whereas the remainder of the return flow from the demand sites enters 

nearby rivers.  

5.3.3.4 Water Balance Legedadi  

Table 5.7 shows the inflow in the reservoir (positive values) and outflows from the reservoir 

(negative values).  The comparison between the inflow and outflow values for all months shows 

the availability of surplus water in the system; however, the water supply is strained during the 
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Bega or the Dry season, especially during April, May and December. These results do not take 

into consideration the cumulative water shortage in the reservoir during the different months.   

 

Table 5. 7: Legedadi Water Inflow with demand in (MCM) for the year 2012. 

Legedadi 

(106 m3) 

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec Sum 

 Inflow 

from up 

stream and 

Dire  

reservoir 6.96 6.26 6.99 6.76 6.93 7.18 14.73 29.19 25.94 12.99 8.03 7.52 139.5 

Out flow to 

all Demand 

site  3.1 5.3 6 6.2 6.1 6.4 7.7 6.2 6.2 7.4 6.9 6.7 74.5 

The 

balance of 

Bulk  

Water  3.86 0.96 0.99 0.56 0.83 0.78 7.03 22.99 19.74 5.59 1.13 0.82 65.0 

 

Based on comparisons made between the amount of inflow and outflow for each month (2012), it 

is observed that sufficient water is available from July till October, but in most other months 

water levels are more stressed due to high consumption. These results do not take into 

consideration the typical cumulative storage effects of reservoirs. This research considered that it 

is necessary to define risk indicator values for each reservoir as a critical threshold values which 

will represent the limit of water available in the case of a very dry year. Based on WEAP 

functions, the inflows of a very dry year represent 50 % less than the inflows of a normal year. 

Comparing the cumulated inflow during the dry season of the year 2012 (blue area) and the 

cumulated out flow (red brown area) affirms that, at the current use and supply ratios, it is not 

necessary to implement new measures for bulk storage of water in order to assure water security 

for Legedadi water supply system.  

5.3.3.5 Water Balance of Gefersa  

The distribution of the inflow and outflow of Gefersa reservoir is shown in Table 5.8 When the 

inflow and outflow for each month are compared, it is observed that water availability is 

sufficient during July till September, but in most other months a water deficit occurs. The net 
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result is a deficit of 0.35 million m
3 

of water. These results do not take into consideration the 

cumulative effects of the reservoir.   As can be seen in Table 5.8, the annual inflow into Gefersa 

reservoir is about 21.45 million m
3
. It was noted that the monthly inflow in the reservoir varies 

from 7.37 million m
3
 (maximum value) in August to 0.48 million m

3 
in February. There is a 

shortage in net water supply availability in 2012 as the total demand is greater than the reservoir 

inflow.  

 

Figure 5. 9: Legedadi reservoir cumulated water balance 2012. 

 

Table 5.8:  Gefersa inflow with demand for the year 2012. 

Gefersa 

(10
6 
m

3
) 

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec Sum 

Inflow  
0.5 0.48 0.5 0.5 0.5 0.6 2.68 7.37 5.83 1.21 0.6 0.5 21.45 

Demand  

-1.2 -1.2 -0.8 -1.3 -1.4 -1.4 -1.36 -4.51 -5.25 -1.28 -1.5 -1.3 -22.73 

Bulk of 

Water  -0.7 -0.7 -0.3 -0.8 -0.9 -0.8 1.32 2.86 0.58 -0.07 -0.9 -0.8 -1.28 
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Figure 5.10:    Cumulated water balance of Gefersa (2012). 

The comparison of the cumulated inflow for the year 2012 (Blue area) and the cumulated 

outflow to demand sites (Red-brown area) affirms that during 2012 there was no water scarcity 

at the Geferssa water supply system.  

5.3.4  Future Water Demand under Low Population Growth Scenario 

With 2.5 % population growth rate, the WEAP predicts the population of Addis Ababa to be 5.5 

million by 2039. The total demand in this scenario would grow from 110 million m
3
 in 2012 to 

664 million m
3 

in the year 2039.  

 

Figure 5.11: Annual unmet demand in million m
3
 (MCM) for low population (2.5 %) growth 

scenario. 
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The key assumption is that the consumption per capita is anticipated to increase from 110 l/c/day 

in 2012 to 135 l/c/d by 2039. In this case, the result shows an increase in demand as the 

population grows. The water availability under low population growth scenario would result in 

insufficient amount of water supply in some sub-cities. As a result, the unmet demand is 

estimated at about 364.77 million m
3 

in year 2039 (Figure 5.11), whereby the supply- demand 

gap will be high in Addis Ketema (68.89 million m
3
), Mekanisa (54 million m

3
) and Nifas Silk 

(53 million m
3
). 

 

 

Figure5.12: Monthly unmet demand in low population (2.5%) growth scenario. 

 

Monthly variation of unmet demand during the period from 2013 to 2039 shows that even under 

the low population growth scenario, the unmet demand is high during May to June in branches 

like Addis Ketema 2025 to 2039. The shortage of water in other branch like Arada, Gulele, 

GurdShola, and Mekanisa and Nefasilk Laafto will be high during April to July 2035 to 2039 

(Fig.5.12).  

5.3.5 Future water demand with high population growth scenario 

According to the WEAP model, the projected population for Addis Ababa under the high 

population growth scenario (3.3 % per year)  is about 7 million by the year 2039 (Fig.5.13). The 

impact of high population growth on water demand is reflected in the increase from 233 million 

 



119 

 

m
3 

in 2025 to 686 million m
3 

in 2039. This high demand also puts significant pressure on the 

storage volume of Legedadi and Gefersa reservoirs.  

 

Figure 5.13:  All Sub-City population growth at 3.3%.  

 

The water availability under high population growth would cause greater insufficiency of water 

in some sub-cities. As a result the unmet demand is estimated at about 430.84 million m
3 

in the 

year 2039 (Fig. 5.14), with the highest supply-demand gaps in Addis Ketema (75.64 million m
3
), 

Mekanisa (65 million m
3
) and Megenaga (34 million m

3
) 

 

Figure 5.14: Projected annual total water demand in high population (3.3 %) growth scenario. 
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Fig. 5.15 shows monthly variation of unmet demand during the period from 2013 to 2039 shows 

that even under the high population growth scenario, the unmet demand is high during May to 

June in branches like Addis Ketema 2021 to 2039. The shortage of water in other branch like 

Arada, Gulele, GurdShola, and Mekanisa and Nefasilk Laafto will be very high and will occur 

during November to March and April to July 2033 to 2039.  

 

Figure 5.15: Projected monthly total water demand in high population (3.3 %) growth scenario. 

5.3.6 Climate Change Scenario 

The rainfall data from NIMR-HadGEM2-AO climate model under a midrange RCP 4.5 scenario 

and RCP 8.5 high emissions scenario for 2030s have already been corrected for possible biases 

(Fig. 5.16). The performance of NIMR-HadGEM2-AO climate model scheme employed has 

been assessed for present climate using historical observational data and it has been reported in 

(Chapter 4). Fig.4.7-j shows the predicted magnitude of rainfall that is used for setting climate 

sequence for the years 2010-2039.  
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Figure 5.16: Addis Ababa average rainfall anomalies (relative to the 1951- 2000 average) for 

1951-2040, under RCP 4.5 and RCP 8.5 Scenarios. 

5.3.6.1 Future Runoff and Reservoir Evaporation  

In order to estimate the future inflow of surface water, one of the input values that need to be 

considered is surface runoff. The result of Legedadi-Dire catchment, estimate the future surface 

runoff for the period 2030s (2010-2039) time horizons to peak during Kiremt (rainy season) with 

an observed catchment runoff of 10.9 m
3 

/ s. This will increase to 11.2m
3 

/ s with the RCP 8.5 

scenario (see Fig. 5.17a). In case of Gefersa, the inflow will also increase up to 2.8 m
3 

/ s with 

the RCP 4.5 emission scenario (see Fig. 5.17b).  
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Figure 5.17: Observed and projected runoff of a) Legedadi and Dire (2011-2039) and b) Gefersa 

(2011-2039). 

 

The created year sequence consists of the sequence of climatic variation for the scenario period. 

Each year of the period is assigned to RCP4.5 and RCP8.5 climate scenarios. Reservoir 

evaporation is also important for future water availability in climate change and negative 

evaporation indicates an increase in water (SEI, 2014). The projected result shows that an 

increase in evaporation is expected during the dry season from November to December and 

February and decrease during rainy season in both RCP 4.5 and RCP 8.5 because of increase in 

rainfall and high cloud coverage during July and August (see Fig. 5.18 a-b).  
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Figure 5.18: Monthly Average Reservoir Evaporation for both Legedadi and Gefersa with a) 

RCP 4.5 and b) RCP 8.5 for 2030s (2010-2039). 

5.3.6.2 Impact of Climate Change on Water Supply 

The comparison between the inflow and outflow values for each month shows that there is 

enough water in the reservoirs under RCP-8.5 scenario during the rainy seasons of July, August 

and September and there will be shortage during the dry months of November, December, 

January and May.  

 

b) 

a) 
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Figure 5.19:  a) Average monthly storage inflow/outflows of Legedadi and Gefersa reservoirs 

under RCP 4.5 scenario and b) Average monthly storage inflow/outflows of Legedadi and 

Gefersa reservoirs under RCP 8.5 scenario 2030s (2010-2039). 

 

The future reservoir inflow of Legedadi and Gefersa (i.e. during 2010-2039 period) calculated 

under both RCP 4.5 and RCP 8.5 scenarios indicate that the offset of the Kiremt or the long rainy 

season inflow in September is slightly decreased. This result will affect the monthly demand in 

the various sites.  

 

Table 5.9: Combined reservoirs inflow and outflow with a) RCP 4.5 and b) 8.5 Scenarios in 

million m
3
. 

(a) Legedadi and Gefersa Reservoirs (2010-2039) RCP 4.5 Scenario 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Sum 

System-

Wide Inflow 9.9 8.9 9.9 9.6 9.9 10.2 22.9 48.2 41.9 18.7 11.4 10.6 212.0 

Outflow to 

Demand site 

(MCM) 
-7.3 -6.4 -5.9 -6.7 -6.6 -6.6 -11.5 -12.2 -14.1 -12.8 -12.9 -9.2 -112.1 

b) 
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A 2013-2039 monthly distribution of the inflow and outflow of Legedadi and Gefersa reservoirs 

under RCP 4.5 and RCP 8.5 scenarios can be seen in Table 5.9. The comparison between the 

inflow and outflow values for each month shows that, with the RCP 8.5 scenario there is enough 

water available in the system during the rainy seasons of July, August and September, whereas   

shortage  occurs between November to December and January to May which are the dry seasons. 

Table 5.9b shows that the inflow under the RCP 8.5 scenario is higher than what is to be found 

under the RCP 4.5 scenario which satisfied all its demands. However, the RCP 8.5 scenario 

shows that there is a shortage of up to 3.9 million m
3
 of water in November.  A comparison 

between the inflow and outflow values of each month, we can observe that we will have enough 

water available in the system only during July, August and September indicating the need for 

more water.  

Net 

Evaporation  

& overflow  -4.5 -4.0 -4.9 -4.0 -4.1 -4.1 -10.2 -24.0 -23.2 -9.4 -5.1 -4.9 -102.4 

Bulk of 

Water 

(MCM) 
-1.9 -1.5 -0.8 -1.1 -0.8 -0.5 1.2 11.9 4.6 -3.5 -6.5 -3.5 -2.5 

(b) Legedadi and Gefersa Reservoirs (2010-2039) RCP 8.5 Scenario in MCM 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Sum 

System-

Wide Inflow 
million m

3
 

10.9 9.8 10.9 10.6 10.9 11.3 25.3 53.2 46.3 20.6 12.6 11.6 234.6 

Outflow to 

Demand site  
million m

3 

(MCM) 

-7.9 -7.2 -5.5 -7.2 -7.3 -7 -10.4 -10.4 -12.2 -10.6 -10.9 -8.7 -105.7 

Net 

Evaporation  

& overflow  

-5.3 -4.7 -6.1 -4.5 -4.6 -4.6 -13.2 -32.8 -31.77 -12.1 -5.6 -5.7 -131.3 

Bulk of 

Water 

million m
3
 

-2.3 -2.1 -0.7 -1.2 -0.9 -0.3 1.7 10 2.3 -2.1 -3.9 -2.8 -2.5 
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5.3.6.3 Population growth and climate change impact on water demand 

Table 5.10 shows the annual unmet demand for RCP4.5 and RCP 8.5 with low (2.5 %) 

population growth scenarios. The result of the RCP 8.5 scenario with low population growth 

shows that the unmet water demand will be 11.75 million m
3
 in 2030, 49.6 million m

3 
in 2035 

and 257.28 million m
3
in 2037. The result of the RCP 4.5 scenario with low population growth 

shows that the unmet water demand will be 76.09 million m
3
 in 2030, 103.23 million m

3
in 2035 

and 314.91 million m
3
in 2037. This indicates that most of the years the unmet water demand 

with RCP 4.5 climate change scenario is higher than that of RCP 8.5 scenario.  

 

However, the projected rainfall for the year 2039 will expected to be very wet in RCP 4.5 and 

very dry in RCP 8.5 (see Fig. 5.16). As the result the annual unmet demand for RCP8.5 and RCP 

4.5 with low (2.5 %) population growth scenarios will be 372.8 million m
3 
and 168.13 million m

3 

respectively for the year 2039. The RCP 4.5 scenario with high population growth (3.3 %) shows 

that the unmet water demand will be 87.42 million m
3
 in 2030, 158.38 million m

3
 in 2035 and 

380.72 million m
3
in 2037. In addition, the result of the RCP 8.5 scenario with high population 

growth (3.3 %) shows that the unmet water demand will be 13.40million m
3
 in 2030, 78.51 

million m
3
 in 2035 and 319.94 million m

3
 in 2037. The annual unmet demand for RCP 8.5 and 

RCP 4.5 with high (3.3 %) population growth scenarios will be 462.77 million m
3
and 261.72 

million m
3
 respectively in 2039. This indicates that the unmet water demand in both high 

population growth and the dry climate of RCP 4.5 & RCP 8.5 climate change scenario will lead 

to substantial shortage of water in the city.  
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Table 5.10: Unmet Demand comparisons with six Scenarios. 

 

Scenarios  

Unmet Water Demand (million m
3
 /year) 

  

  

2012 2015 2020 2025 2027 2030 2035 2037 2039 

Reference (2.5 %) 0.0 0.0 0.0 7.26 11.82 21.41 185.71 266.65 364.77 

High Population 

Growth (3.3 %) 0.0 0.0 0.0 10.54 15.41 67.90 231.02 319.95 430.54 

Climate Change (RCP 

4.5) with pop. growth 

(2.5 %) 0.0 0.0 0.0 3.76 12.62 76.09 103.23 314.91 168.13 

Climate Change (RCP 

8.5) with pop. growth 

(2.5 %) 0.0 0.0 0.0 3.21 6.78 11.75 49.66 257.28 372.87 

Climate Change (RCP 

4.5) with pop. growth 

(3.3 %) 0.0 0.0 0.0 4.35 14.22 87.42 158.38 380.72 261.72 

Climate Change (RCP 

8.5) with pop. growth 

(3.3 %) 0.0 0.0 0.0 3.77 7.65 13.40 78.51 319.94 462.77 

5.3.7 Possible solutions to the projected water supply deficit 

5.3.7.1 Demand-management through water tariffs 

A pricing system based on efficiency criteria does not only aims for this level of service but also 

acts as a built-in regulator of demands and system growth as water supply management. For the 

demand management scenario the price of water starts at 0.12 USD / m
3
 (ETB 2.60 / m

3
), 

proposed to increase at a rate of 2 % per year. Also the demand management option considered 

here promotes water saving through seasonal water price increment. The result of these policy 

measures shows that the unmet demand under the high population growth (3.3 %) scenario and 

dry climate scenario of RCP 4.5 can be mitigated with only 6 million m
3
 deficits. 

5.3.7.2 Supply and Demand Measures 

The impact of climate change on reservoir’s storage volume, which is shown in Fig.5.20, will be 

managed and mitigated by supply measures that consist of upgrading or increasing the capacity 

of existing reservoirs and constructing new reservoirs. The catchment areas of both Legedadi and 
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Gefersa reservoirs are located in areas of high rainfall distribution. However, whilst the Gefersa 

reservoir has smaller capacity than that of Legedadi, the rainfall at Gefersa catchment is found to 

be higher. Thus, the expansion for Gefersa reservoir is highly recommended than that of 

Legedadi. 

 

 

Figure 5.20: Supply Side Management Option for the Impact of Climate Change  on the Storage 

Volumes of Legedadi and Geferssa Reservoirs. 

 

According to AAWSA business plan (2012), an additional new reservoir (dam) will be 

constructed at Gerbi (29.2 million m
3
 per year) by the year 2016,  but not done yet,  the Legedadi 

Reservoir will be upgraded  to add 11 million m
3
 by 2014,  and new wells will be developed that 

will supply about 90.1 million m
3
 from 2014 to 2020.  This additional supply (a total of 130.3 

million m
3
) will be taken into consideration in management options as one of the supply 

measures. Fig. 5.21 shows that after upgrading the capacity of existing reservoirs, reducing 

leakages in water transmission lines from the current 34.3 % to 10 % and constructing new 

reservoirs with full capacity holding of water, there is a possibility to adapt to the future climate 

change impacts. With supply measure, there will be unmet deficit of 174.19 million m
3
 for future 

domestic and non-domestic water demand (see Fig. 5.21).  
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Figure 5. 21: The unmet demand after demand and supply measures are employed. 

5.4 Conclusion 

Based on WEAP model, the population of Addis Ababa will increase to 5.5 million by 2039 at 

2.5 % annual growth rate, which is the low population growth scenario. Given this projected 

population figure, there will be deficiency in water availability in some of the sub-cities. Under 

this scenario, the total demand would grow from 110 to 664 million m
3
 by 2039. The 

consumption per capita is assumed to increase from 110 l/c/day in 2012, which is already below 

the standard set by WHO, to the standard of 135 l/c/day by 2020. As a result, the shortfall unmet 

demand is estimated to be 364.77 million m
3
 in the year 2039, with the shortfall expected to be 

high in Addis Ketema (68.89 million m
3
) and Mekanisa (54 million m

3
). According to WEAP 

model, the size of the city’s population when projected using the high population growth rate 

scenario (3.3 %) will be 7 million by the year 2039. This higher increase in population will have 

an impact on the aggregate water demand of the city that rises to 686 million m
3
 in 2039. The 

reservoirs inflow under the RCP 8.5 scenario is higher than what is to be found under the RCP 

4.5 scenario which satisfied all its demands. However, the RCP 8.5 scenario shows that there is a 

shortage of up to 3.9 million m
3
 of water in November.  Given current capacities and future plans 

to upgrade the city’s water supply system, there will be sufficient water supply only up to 2027.  

 

The results of the WEAP model for the RCP 8.5 scenario combined with the low population 

growth scenario shows that the unmet water demand will be 372.8 million m
3 

by 2037. On the 
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other hand, the result of the RCP 4.5 and low population growth scenarios suggests a deficit of 

314.91 million m
3 
by 2037. The model’s result for the RCP 8.5 and high population growth (3.3 

%) scenario shows that the unmet demand will be 319.94 million m
3 

by 2037. This indicates that 

the highest volume of unmet water demand is expected to occur under the high population 

growth and dry climate years that will have big repercussions on water shortages in the city 

(Table 5.10). 

 

To manage the water shortage, updating water tariffs is suggested as a better option with 

seasonal water price adjustments. Even after implementing the supply measures planned by 

AWSSA the future unmet demand for both domestic and non-domestic use will be 174.19 

million m
3 

(Fig. 5.21). Adopting a seasonal adjustment of water tariffs as well as the construction 

of new reservoirs and wells will contribute towards reducing the future unmet demand. It is 

therefore crucial to take measures aimed at ensuring the sustainability of the water sources by 

using the different research finding and options reported here. Particular attention should be 

drawn to optimize the supply and promote demand side management practices as workable 

climate change adaptation measures.  
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CHAPTER 6 

INFLUENCE OF URBANIZATION-DRIVEN LAND USE CHANGE ON 

CLIMATE 

6.1 Introduction 

Urbanization usually transforms vegetative covered land into impervious gray infrastructure land 

cover (Xian, et al., 2008). These different gray infrastructure urban land cover can have 

significant effects on local climate and weather (Wu and Murray, 2003; Zhou, et al., 2004; 

Grimmond, 2006; Rizwan, et al., 2008; Carter, et al., 2015). Understanding urban landscape 

conversions and interactions between natural phenomena and human activities are important for 

proper land and climate change management (Mantyka-Pringle, et al., 2013). Urban gray 

infrastructure of built up areas (which are basically manmade), the use of air conditioners and 

transportation systems bring additional heat sources into the urban layer (Wilby and Perry, 

2006). Several studies have indicated that urban centers are warmer than their surrounding 

countryside leading to an increased urban heat island (UHI) (Babazadeh and Kumar, 2015; 

Suomi, 2014; Mohan, et al., 2011). In contrast to the countryside, building materials and non-

vegetated surfaces retain more solar energy during the day, and have lower rates of radiant 

cooling during the night time (Santamouris, 2013; Babazadeh and Kumar, 2015; Baklanov, et al., 

2017). In urbanized areas the cooling process is made slower due to higher night-time air 

temperatures (Mohan, et al., 2013; Oladide, et al., 2013).  Different surface types with varying 

physical properties cause different rates of absorbed solar energy and re-radiation (Oke, 1987). 

The UHI intensity is observed to decrease with increased wind speeds and higher cloud coverage 

(Grimmond, 2006; Baklanov, et al., 2006; Fernando, 2013). UHI intensity is high during high 

pressure or anticyclone system or dry summer season (Kuttler, et al., 2007; Morris, et al., 2001). 

Increases in population density of a city will increases UHI intensity (CLUVA, 2010). A 

literature study revealed a scarcity of available studies on Africa in general and the absence of 

published detailed research to understand the impact of urbanization induced land use and cover 

change on climate. Therefore this study aims to assess how land use changes impacts on urban 

scale climate through UHI effects. 
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Urban population and industry growth, results in conversion of the landscape from natural to 

increasingly impervious urban land (Toy and Yilmaz, 2010; Kotharkar and Surawar, 2016). The 

consequence of this change will have major effects on the natural environment and climate.  

Notable spatial expansion that accompanied population growth are developmental activities that 

includes infrastructure in roads, railway, building construction and others. The UHI resulted 

from an increase in urbanization of land modifying the micro-climate of the city (Hoffmann, et 

al., 2011). Therefore a study of the existing and possible future occurrence of UHIs in Addis 

Ababa could provide information that will prevent further negative developments.  

The main aim of this chapter is to determine how urban land cover change influences climate in 

the city of Addis Ababa by means of Remote Sensing land cover data and spatial gridded climate 

data. 

 Specific objectives are: 

1) To generate and classify land cover for the city through the use of remote sensing 

data and to determine the land cover change of the city within different time 

periods.  

2) To explore the influence of urban land cover change and population density on 

climate through analyzing the urban heat island (UHI) of the city and assess 

future UHI scenarios using statistical downscaling method (SDSM).  

The structure of this chapter is as follows: Section 6.2 describes data and the methods employed. 

Section 6.3 presents result and discussion on the finding of land use and land cover changes 

using Land-sat images; investigations of the observed urban climate change and future Heat 

Island effects. Section 6.4 presents chapter conclusion and recommendation.   

6.2 Data and Methods 

6.2.1 Data 

To assess land cover changes, three Land-sat images taken on clear cloud-free days were 

selected. Accordingly, images from Land-sat 5 Thematic Map (TM) sensors taken on: December 

23, 1986; January 25, 1999 and January 10, 2011 were selected. All Land-sat TM images were 

accessed free of charge from U.S. Geological Survey (USGS) Center for Earth Resources 

Observation and Science (EROS) via http://glovis.usgs.gov web site. The data supplied by EROS 

http://ascelibrary.org/author/Kotharkar%2C+Rajashree
http://ascelibrary.org/author/Surawar%2C+Meenal
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are geo-referenced using the Universal Transverse Mercator (UTM) map projection (Zone 37), 

WGS 84 datum and ellipsoid. The Land-sat TM grid cells size are 30 meter by 30 meter pixels. 

Climate data of Addis Ababa observatory and Addis Ababa Bole International Air-port stations 

for the period 1960 -2001 are obtained from NMA. The spatial climate of Addis Ababa city is 

assessed using rainfall as well as minimum and maximum temperature data at 10 km by 10 km 

grid  for a 20 years period from 1981-2010 obtained from the National Meteorological Agency 

(NMA) of Ethiopia. UHI is calculated for the years 1961-2001 using data obtained from NMA 

for Addis Ababa observatory (AAOBS) (an urban site) (9.01° N, 38.75° E)and Bole International 

Airport(8.98° N, 38.798° E) (AABIA) (for rural site) (see Fig. 2.6). For the future UHI, data 

from Global Circulation Model (GCM) HadCM3 under A2 and B2 scenarios for the period 

1960-2099 were employed.A2 represents a diverse world with increasing global population and 

economic growth that is disjointed and slow (Nakicenovic & Swart, 2000); whilst B2 represents 

a scenario under which population grows on a continuous basis, accompanied by intermediate 

level of economic development.  

6.2.2 Methodology 

6.2.2.1 Land use change  

Land cover denotes the physical land type such as forest or open water, whereas land use refers 

to how people are using the land (Carlson and Arthur, 2000). Land cover change in general and 

land use change in particular would have either direct or indirect impacts on the extent and 

conditions of changes that occur in the land surface as a whole. The changes could be 

transformation of land cover to land use or vice versa. The rate of change was calculated for each 

type of land use and land cover using the following formula: 

 

      
       

 
 

    Eq. (6.1) 

where: Re = Recent area of land use and, or cover in km
2
,  Pr = Previous area of land use and, or 

cover in km
2
 and Y = interval between X and Y in years.  
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6.2.2.2 Land use classification 

There are two land use classification process methods, namely supervised classification and 

unsupervised classification techniques. In supervised classification process, spectral signatures 

are developed from a priori identified locations in the image. These specified locations are given 

the generic name (e.g., 'forest') and are defined by the user. In general a vector layer is digitized 

over the raster scene. This vector layer will consist of different polygons overlaying on different 

land use types (Rai, et al., 2011; Jensen & Lulla 1987; Jensen, 2004).  

The unsupervised classification techniques, on the other hand, do not require the user to identify 

any information about the features enclosed in the images; the user identifies which bands of 

Land-sat-5 TM image should be used to create the classifications, and determine the number of 

classes to categorize the land cover features. The method of classification of land use in this 

study was done based on a method by Anderson identifying residential land, water bodies, 

agricultural land, bare land and forest land (Anderson et al., 1976).  Following the image 

classification from each year, change detection algorisms of post classification were used to 

determine changes in land cover for three periods: 1986-1999, 1999-2011 and 1986-2011. This 

approach was also followed by Jensen, (2004) to monitor land use changes in Atlanta, Georgia.  

In this study the unsupervised image classification method was employed in parallel with 

Google-Earth map for identifying the actual feature and to evaluate the ground truth observation. 

In order to create a sample set, a set of test points was randomly selected. The tools mentioned 

above were used to identify the rate of change of land use and, for image classification, ENVI 

4.2 and Arc-Map10.2 software were employed. The final out puts were maps at 1: 150,000 scale 

of land use changes and Normalized Differencing Vegetation Index (NDVI). 

 

Table 6.1: Land use and, or cover classes used in this study. 

Classes  Definition 

Urban and, or built up areas Residential, industrial and commercial complexes, transportation 

and road networks, communication and utilities.  

Water All areas of streams and reservoirs  

Bare land  Areas of soil, sand, or rock, almost without vegetation.  

Agriculture & Tree Vegetation  Trees, grassland, shrubs, crop fields and cultivated lands 
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Forest Land  Deciduous, evergreen and mixed forests (natural and manmade 

forests).  

6.2.2.3 Analysis of Vegetation Change 

Urban vegetation cover reduces climate change by reducing the temperature of urban areas 

(Makhelouf, 2009; Bottya¨n et al., 2005). Hence monitoring of vegetation cover is vital despite 

requiring synoptic and representative coverage of satellite imagery (Bikneh, 2007). In doing the 

assessment, the Normalized Differencing Vegetation Index (NDVI) method is used as the most 

ordinary ratio indices of vegetation. The NDVI is empirical formula intended to stress the 

spectral difference between the red (Band-3) and near infrared (Band-4) regions of spectrum of 

electromagnetic waves. NDVI varies between zero and one. The closer NDVI is to one the more 

the vegetation is active photo-synthetically (Jenson 2004). NDVI is evaluated as: 

 

                              Eq. (6.2) 

 

where NIR is near infrared band for a given pixel, RED is the red band response. Atmospheric 

adjustment methods credit for one or more of the twist effects of the atmosphere and thereby 

change the values of brightness of each pixel to reflectance’s which is actual as they would have 

been calculated on the ground  

6.2.2.4 Observed and Projected Urban Heat Island (UHI) 

One of the major problems to be faced in the investigation of observed and future urban climate 

is the absence of a dense and long-term station network in a city. For this reason, data from only 

two stations (Addis Ababa observatory and Addis Ababa Bole International Air-port station) 

covering the period 1960 -2001 were analyzed.  

 

a) Observed UHI 

Minimum temperature data from Addis Ababa observatory (AAOBS) and Bole International 

Airport (AABIA) stations are used for UHI assessment. The population density of Bole sub-city 

is about 2,753 and the corresponding density of OBS station area is about 23,900 inhabitants per 
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square kilometer. AAOBS serves as the urban reference station in the calculation of UHI, whilst 

Station AABIA serves as rural station. Addis Ababa UHI is then defined as:  

 

                                         Eq. (6.3) 

 

where,      is urban heat island intensity  (UHI) and                          are the daily 

minimum temperature at the station Addis Ababa observatory (AAOBS) and Addis Ababa Bole 

Airport (AABIA), respectively.  

 

b) Projection of UHI using Statistical Downscaling Model (SDSM) 

Wilby (2008) used SDSM to predict future UHI for the city of London. The same method was 

applied for predicting UHI for Addis Ababa. A statistical variables relationship was developed in 

downscaling nocturnal urban heat island. The variables are daily minimum temperature 

difference between the Addis Ababa Bole rural site and that of Addis Ababa observatory urban 

site. The predictors of large scale indices were obtained from the reanalysis of data from the 

National Centre for Environmental Prediction (NCEP) (Wilby et al., 2002). 

The predictand UHI intensity      is given as: 

 

                        Eq.  (6.4) 

 

where, aX is a Predictor of minimum temperature variable and p is correlation values.  

6.3 Results and Discussions 

6.3.1 Land Cover Change 

The land cover pattern of the city has to be assessed before dealing with the temporal and spatial 

climate results of the city, Fig 6.1 shows the land cover classification agriculture and grass land, 

built-up, forest and bare-land for the three Land-sat images of 1986, 1999 and 2011. During the 

year 1986, the city’s land use and land cover was dominated by forest cover in the Northern and 

Northwestern part, while agricultural and grasslands dominated the Southern and Southeastern 

parts. The built-up area was concentrated in the central part of the city. The 1999 and 2011land 
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cover maps show an expansion of built-up areas, shrinkage in the forest and agricultural lands in 

all direction of the city.  

The land cover changes that occurred due to land use change during the period under 

consideration is summarized in Table 6.2. Water bodies were not detected in the analysis. 

However, meandering forest corridors are noticed and the rivers of the city are associated with 

these network .About 43 %, 32 % and 11 % of the total area were under forest cover in 1986, 

1999 and 2011, respectively. The bare land covers about 7.7 %, 13.04 % and 21.9 % of the total 

geographical area of the city in 1986, 1999 and 2011, respectively. About 32 %, 33 % and 27 % 

of the area was agricultural, grass or vegetation land in 1986, 1999 and 2011, respectively. About 

17 %, 22 % and 40 % area was under built-up in 1986, 1999 and 2011, respectively. In general, 

the remote sensing satellite data and the results of the geographic information system (GIS) 

analysis have shown built-up areas have increased by121.88 km
2
 within 25 years. 

 

Table 6.2:  Summary of Land-sat classification area statistics for 1986, 1999 and 2011. 

Land cover class 1986 1999 2011 

 Area (Km
2
) % Area (Km

2
) % Area (Km

2
) % 

Forest 225 43 166 32 55 11 

Urban/ Built-up 87 17 114 22 209 40 

Agriculture & 

grass/vegetation  

167 32 171 33 141 27 

Bare land 40 8 68 13 114 22 

Sum total 519 100 519 100 519 100 

 

6.3.1.1 The annual percent of change of land use and land cover  

The rate of change for forest lands was negative, which implies a decline in areal coverage, 

whereas settlements and degraded land increased their areal extent at the expense of the forest 

and agricultural lands. Over the study period, the extent of built-up areas has increased by 4.8 

km
2
 per year against 76 % decrease of forest cover and 61 % decrease of agricultural land areas. 

Bare-land has increased mainly because of large-scale extraction of construction materials. 
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Figure 6.1: Addis Ababa Land use/Land covers a) 1986, b) 1999 and c) 2011. 

 

Areal statistics in Table 6.3 shows the amount of land in km
2
 converted to or gained from other 

categories of land use. For instance, 1.03 square kilometers of agricultural and tree cover land 

b) a) 

c) 
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and 6.81 square kilometers of forest lands of 1986 were transformed to built-up land. Thus, built-

up cover of 2011 gained 4.88 square kilometers of land.  

 

Table 6. 3:  Land cover rate of change in Addis Ababa (km
2
) (1986 to 2011).  

  1986-1999 1999-2011 1986-2011 

 Area Area Area 

 Km
2
 % Km

2
 % Km

2
 % 

Forest -4.55 -0.84 -9.25 -1.75 -6.81 -1.28 

Built-up 2.05 0.38 7.93 1.5 4.88 0.92 

Agriculture& Tree/Grass 0.36 0.07 -2.53 -0.5 -1.03 -0.2 

Bare land 2.13 0.38 3.85 0.75 2.96 0.56 

6.3.1.2 Vegetation Change  

General assessment of vegetation cover change could be assessed using NDVI values, which 

allow making comparisons between different dates of imaging; NDVI implicitly shows the 

overall change in vegetation cover of a given place. The results of NDVI for two different years 

(images taken on January 25, 1999 and January 10. 2011) were used to detect changes in 

vegetation cover. The original images of Land-sat images of Band 3 (RED) and Band 4 (NER-

INFRARED) for NDVI were atmospherically corrected for final NDVI images.  

 

Table 6.4: NDVI values before and after Atmospheric Correction. 

Land Cover NDVI-Before correction  NDVI-After 

correction 

Forest 0.276 0.389 

Urban  -0.333 -0.239 

Agriculture and vegetation  -0.15 -0.05 

Bare land -0.246 -0.146 

 

The outcome in Table 6.4 shows that the NDVI of the original values is less than the surface 

reflectance. This eliminates the negative effects of gaseous observation, molecular scattering and 

aerosols improving the quality of the images. Vermote et al., (1997) identified that the NDVI 
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values, on average, increased from -0.33 to 0.38 after atmospheric correction and also indicated 

that bare-land values are less than 0.5 and dense vegetation is greater than 0.75. The NDVI 

density of vegetation showed a radical decrease from 0.82 in1999 to 0.66 in 2011; this shows 

how the degradation of vegetation cover increased from time to time (see Table 6.5 and Figure 

6.2). The major change in vegetation cover occurred in the central and eastern parts of Addis 

Ababa.  

Table 6.5: NDVI differences (1999 and 2011). 

Pixel Statistics 1999 2011 

Maximum 0.82 0.82 

Minimum -0.50 -0.50 

 

 

Figure 6.2: NDVI Images for the city of Addis Ababa for the two periods (1999 &2011). 

Note:  Bare Land: < 0.5 & Dense Vegetation: > 0.75 (Source: Vermote et al., 1997). 
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6.3.2 Population Distribution in Addis Ababa 

The demographic, social and policy issues are among the major causes for land-cover changes of 

a given area (Carlson and Arthur, 2000). During the previous century, Addis Ababa’s population 

had exhibited substantial increase. The city has been undergoing rapid rate of urbanization 

triggered by rural-urban migration and socio-economic development. The city’s population had 

tripled between 1961 and 1984 and almost doubled between 1984 and 2008. Such an increment 

rise in population requires additional space for settlement and construction of auxiliary services 

and infrastructure. In the year 2000 the population was 2,112,737, while the population was 

projected to be 2,980,001 for 2011. The average population density of the city is about 5,654 

persons per kilometer square, which shows an increase of 1,624 person / km
2 

between 2000 and 

2011 (CSA, 2011).  

The population distribution in the city shows that the highest percentage, 15.7 % or 466,539, of 

the city’s population live in Kolfe Keranyo sub-city (west), occupying an area of 61.25 sq km 

(Table 6.6).  It is followed by Yeka sub-city (east) that accounts for 12.7 % or 377,091 of the 

city’s population and occupying an area of 85.98 sq km. The third largest sub city is Nefas silk 

Lafto (south west) with 11.5 % or 344,043 of the city’s residents living in an area of 68.30 sq 

km. Population size by density of sub cities is indicated in Table 6.6.  

High population density was observed in the central parts of the city including Addis-Ketema, 

Arada, Kirkos and Lideta (16,000-23,900 persons / km
2
) and in contrast with that of Bole, Yeka, 

Nifas Silk Lafto and Akaki sub-cities (1,669.9 - 5,037.2 person / km
2
).  

 

 

Figure 6.3: Addis Ababa Population Density. 
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Table 6.6: Population size of the 10 sub-cities in Addis Ababa by area and density (CSA, 2011). 

 

 

 

 

 

 

 

 

6.3.3  Urban Heat Island (UHI) 

The analyses made on the time-series data on daily nocturnal urban heat island (UHI) for the 

selected coldest period of 1967-1968 showed that, the warmest days in the city center was in 

November which was warmer by about (+6.0 ºC) than Bole Airport site, whilst the coldest day 

was in April which was colder by about (-5.8
 
ºC) than Bole Airport site (Fig. 6.4a). The urban 

warming was high during the dry season from October to January and low during the wet season 

from June to September (Fig. 6.4b).  

Sub-City (Name) Total Population (n) Area (km
2
) Density (pop/Km2)  

Addis Ketema 277,786 7.41 37,488 

Akaki Kality 197,180 118.08 1,669.90 

Arada 230,065 9.91 23,215.40 

Bole 336,115 122.08 2,753.20 

Gullele 291,113 30.18 9,645.90 

Kirkos 240,651 14.62 16,460.40 

Kolfe Keranyo 466,539 61.25 7,617.00 

Lideta 219,418 9.18 23,901.70 

Nefs Silk Lafto 344,043 68.3 5,037.20 

Yeka 377,091 85.98 4,385.80 

Total (Addis Ababa) 2,980,001 526.99 5,654.8 
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Figure 6.4: Mean Daily nocturnal UHI intensity for the coldest period (January 1967 to 

December 1968) (a) and Mean Monthly Nocturnal UHI for the period (1960-2001) (b) which is 

the difference of minimum temperature between Addis Ababa OBS and Bole International 

Airport. 

6.3.4 Climate and Urbanization 

Long term mean (1981-2010) of annual maximum and minimum temperature maps are 

reconstructed from gridded observation and HadGEM2-AO climate model using Arc-Map 10.2 

(Fig. 6.5a-f). The change in the mean annual minimum and maximum temperature and rainfall 

for 2001-2005 is evaluated with respect to the 1981-2000 average. The comparison of the 

climate data between observed grid and HadGEM2-AO climate model shows generally similar 

spatial patterns despite difference in the magnitude of the climate variables, with notable 
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difference in rainfall (Fig. 6.5). The observed grid data is about 10km resolution and HadGEM2-

AO is a very high resolution (1 km) data.  This difference in resolution has somewhat 

contributed to the discrepancy between the two data sets as reflected in smoother spatial patterns 

in observations than in HadGEM2-AO. 

The minimum temperatures increases from 1.02 to 1.99 ºC  in the sub-city of Arada, Addis 

Ketema, Kirkos, southern Gulele, Yeka and Bole) to the southern low-lying sub- city of Akaki 

Kality (Fig. 6.5a-b). The maximum temperature change also increases from (-0.32 to 1.3 °C) (see 

Fig. 6.5c-d). The highest increase of maximum temperature is in the Yeka and Akaki sub- 

cities(up to 1.3 ºC) (Fig. 6.5c-d). The HadGEM2-AO and observed grid mean rainfall change 

shows increasing range from 12 to 95 mm. The rainfall gradient increases from north-east part of 

the city to southern part of the city (Fig. 6.5 e-f).   

 

 

 

 

a) b) 

Temp (ºC) Temp (ºC) 
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Figure 6.5: Addis Ababa (2001-2005) observed grid and HadGEM2-AO Anomalies (a-b) mean 

annual minimum; (c-d) maximum temperature; (e-f) rainfall from the mean (1981-2000). 

 

c) d)  
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HadGEM2-AO projected temperature for Addis Ababa City under RCP4.5 and RCP8.5 scenario 

for the period 1951 to 2099 is presented in Fig. 6.6. Significant warming of minimum 

temperatures under RCP8.5 scenario at Addis Ababa Observatory and Bole Airport station will 

be expected in the period between 2063 to 2099, but the warming in the inner parts of the city 

(i.e., Addis Ababa Observatory station) will be higher than that at the rural station (i.e., Addis 

Ababa Bole International Airport) for both minimum and maximum temperatures. The projected 

future Addis Ababa Observatory (AAOBS) mean surface-minimum temperature expected to 

increase for the period 2071 to 2099 from 4.6 to 5.3 °C for RCP 4.5 and from 6.4 to 8.5 °C for 

RCP 8.5 with respect the base period (1951-2000) mean. The increase in the minimum 

temperature in RCP8.5 scenarios will be larger than that of the maximum temperature, and the 

trend in minimum temperature change for Addis Ababa Observatory (AAOBS) and Bole 

International Airport stations is 0.63 °C and 0.59 °C per decade, respectively (Fig. 6.6a). The 

warming trend in maximum temperature under RCP8.5 scenario (Fig. 6.6b) for Addis Ababa 

Observatory station and Addis Ababa Bole Airport Station is 0.42 °C and 0.39 °C per decade, 

respectively. 
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Figure 6.6: Addis Ababa Bole and OBS annual mean a) minimumand b) maximum temperature 

anomalies (compared to 1951–2000 mean) for the period 1951–2099. 

6.3.5 Temperature Change and Population Density 

Fig. 6.7 shows the scattered diagram of minimum and maximum temperature change with 

population density. The line indicates the quadratic fit to the data. Results from the fitting shows 

that population density considerably influences the minimum temperature change as reflected by 

strong correlation (R
2
=0.93). Since higher population density requires higher building density 

and, therefore, results in enhanced radiation trapping and high thermal inertia (Steeneveld, et al., 

2011). Also anthropogenic emissions enhanced in densely populated areas. The strong 

correlation of UHI with population density as indicated in this analysis confirms earlier findings 

from Oke (1987) and this builds our confidence in the grid observation data. However, the mean 

annual maximum temperature change had weak relation with population density (see Fig. 6.6b). 
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Figure 6.7: Scatter diagrams of (a) minimum temperature change, (b) maximum temperature 

change with population density data for at ten sub-cities in Addis Ababa. Lines indicate the 

fitting to the data. 

6.3.6 Projected change in Nocturnal UHI under emission scenarios A2 and B2 

The study indentified major predictor and predictand relationships for UHI using  

     Eq. (6.3). The SDSM model was calibrated using the difference of daily minimum 

temperatures (Bole Airport and OBS stations) of 1961 to 2000 and the reanalysis of the National 

Centre for Environmental Prediction (NCEP) climate variables centered on the nearest grid 

location in the study area (Y= 31 and X= 11 or Latitude: 9.01 °N and Longitude: 38.74 °E) to 

downscale UHI as per Eq. (6.4).  The predictors of large scale indices are obtained from the 

outputs of the GCM of HadCM3 model scenarios of A2 and B2 in the manner described in 

Chapter 3.   
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Table 6.7: Atmospheric predictor for UHI. 

Partial correlation with Minimum Temperature (1961-2001). 

Pridictand Predictor (X) ᵖ 

Nocturnal UHI 

1961  -  2000 

      

Ncepmslpaf.dat Mean sea level pressure  0.000 

Ncepp5_faf.dat 500 hpa airflow strength 0.0012 

Ncepp500af.dat 500 hPa geopotential height 0.000 

Ncepp8_faf.dat 850 hPa airflow strength 0.0001 

Ncepp8_vaf.dat 850 hPa meridional velocity 0.0013 

 

To develop a statistical model five variables, as shown in Table 6.7, were screened and the 

analysis shows that the mean sea level pressure, 500 hPa airflow strength, 500 hPa geopotential 

height, 850 hPa airflow strength and 850 hPa meridional velocity or wind are more influencing 

the UHI. The pressure is related to cloud cover, and, high cloud cover with low pressure system 

reducing UHI (Morris et al., 2001; Schlunzen et al., 2010).  The variables exhibit high 

correlation values, with p-values less than 0.005, implying that predictor-predictand relationship 

is statistically significant.   

Fig. 6.8 shows mean climatology of Nocturnal UHI comparisons between observed and National 

Centre for Environmental Prediction (NCEP) reanalysis data with respect to the 1961-2000 base 

periods.  The agreements between the UHI from the two data sets is extremely good. However, 

this is expected as the reanalysis is partly measurement and partly model. 

 

Figure 6.8:  Addis Ababa Observed and Downscaled Nocturnal UHI. 
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Changes in Nocturnal UHI show an increase of night time temperature during the dry seasons of 

October to January in all projected periods (2030s, 2050s and 2080s), whereas,  during June to 

September,  the rural site is warmer than the inner city (See Figure 6.9a). Under A2 scenario the 

highest urban warming will occur in the period from October to December (2.5 ºC and 3.2 ºC) 

during the 2050s and 2080s. Interestingly, weakening of the mean UHI intensity occurs in 

summer (the Kiremt or the long rainy season).  

 

 

 

 

Figure 6.9 a) monthly mean nocturnal UHI; (b) change from the mean UHI of (1961-2000). 
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Both A2 and B2 scenarios suggest more intense UHI events to occur in the period from October 

to December. The mean nocturnal UHI change also shows increases in Addis Ababa's nocturnal 

UHI and a high occurrence of intense heat island incidences during winter (see Fig.6.9b). These 

changes are expected to be more persistent and intense during drought periods.  Because 

downscaling makes an immediate connection between synoptic circumstances and the UHI, 

compounding effects from drought time are misjudged in the present analysis. Though, even a 

conventional outlook supports the view that there will be an increase in higher intensity of UHIs. 

(Wilby, 2008) 

6.3.7 Projected change in Nocturnal UHI under RCP 4.5and RCP 8.5 scenarios. 

Fig. 6.10 (a) shows minimum temperature anomalies of HadGEM2-AO for both Addis Ababa 

OBS and Bole Airport station for the period (1951-2005).In both stations mean surface-

minimum temperature anomalies vary between 0.6 °C to 2.0 °C. 

 

The mean monthly nocturnal urban heat island (UHI) of Bole Airport and OBS stations shows 

higher UHI in April and reaches 0.4 °C (See Fig.6.10b). The projected mean annual UHI will 

increase under RCP 4.5 and RCP 8.5 scenario (See Fig.6.10c). The projected mean annual future 

UHI under RCP 8.5 scenario will increase from 0.5 to 1°C. Whereas the RCP 4.5scenario also 

shows an increase by about 0.2 to 0.5 °C (see Fig.6.10 c-d). Changes in Nocturnal UHI show an 

increase of nighttime temperature during the dry seasons of March, July, October to December in 

all projected periods (2030s, 2050s and 2080s).  The highest urban warming will occur in the 

period from October to December (0.5 ºC and 0.7 ºC) during the 2030s, 2050s and 2080s. In both 

RCP4.5 and RCP8.5 scenario, weakening of the mean UHI intensity occurs in July (see Fig. 

6.10e).  
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Figure 6.10 a)Minimum Temperature Anomaly (1951-2005), b) Sesonal Nocturnal UHI (1951-

2005), c) Mean monthly minmum temperature trend (2006-2099), d) monthly nocturnal UHI e) 

change in Nocturnal UHI on RCP4.5 and RCP8.5. 

6.4 Conclusion 

This chapter examined temporal changes in land-use and land cover in Addis Ababa using Land-

Sat data obtained for the years 1986, 1999 and 2011. This chapter also investigated the 

consequential modifications urbanization would make on the main climatological elements of the 

city within the general climate of a nocturnal temperature.  The results indicated that built-up 

areas substantially expanded, while forest areas, vegetation covers and agricultural lands 

exhibited a sharp decline. As a result, the extent of bare lands had increased, mainly in the 
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southern and eastern parts between forest areas and agricultural fields, especially in mountain 

and quarry areas.   

 

The observed changes in land covers were largely attributed to urbanization, which also impact 

on the urban heat island effect. The minimum temperatures increases from 1.02 to 1.99 ºC  in the 

sub-city like, Arada, Addis Ketema, Kirkos, southern Gulele, Yeka and Bole to the southern low-

lying sub- city of Akaki Kality. The maximum temperature change also increases from (-0.32 to 

1.31 °C). 

 

The investigation made on Addis Ababa's projected nocturnal heat island shows that, the UHI 

will be intense in winter (dry seasons). By the 2050s and 2080s the change in mean nocturnal 

temperatures from October to December could be 2.5 ºC and 3.2 ºC, respectively. Also the mean 

annual future UHI under RCP 8.5 scenario will increase between 0.5 and 1 °C. The RCP 4.5 

scenario shows an increase by about 0.2 to 0.5 °C.  

 

This suggests the need for more urban greening by creating urban city parks and urban trees. The 

dry season has the highest frequency of hot conditions at both sites of Addis Ababa observatory 

station and Addis Ababa Bole Airport station, while the wet season recorded the lowest 

frequencies of hot condition. This indicates that the influence of urbanization on the climatic 

conditions (climatological elements) is much higher during the dry season. This has its own 

implications for thermal comfort planning and decision-making in the city. Higher frequencies of 

high temperatures observed in the city center suggest a heat stress and potential health risk. 

Hence measures that are capable of mitigating impacts of the increasing temperatures associated 

with the UHI are required in order to improve the city climate.  
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CHAPTER 7 

CONCLUSION AND RECOMMENDATIONS 

The overall aim of this research was to create a body of knowledge on climate change and 

urbanization impacts on surface water supply together with adaptation measures for policy 

makers and scientific community. The study was conducted for the city of Addis Ababa focusing 

on the assessment of spatial and temporal observed climate and land use change; prediction of 

climate change and the Urban Heat Island (UHI) as well as water supply and demand of the city. 

The literature study provided an in-depth understanding of the interaction between the different 

levels of urbanization and climate at local, regional, Africa and global, contexts. The reviews 

also included intervention on the impacts of climate change on water supply and demand. The 

land use change impacts on urban climate were assessed by means of the urban heat island 

effect.  

7.1 Assessment of present climate and future trends in climate over the city 

Analysis of observations at the city center indicates the existence of identifiable variability in 

rainfall and changes in temperatures over time. The notable warm periods in the city of Addis 

Ababa in the 1990s and early 2000s, the dry periods of the 1970s and 1990s as well as above 

normal rainfall in 1982 and 1995 are definitively evident from the anomalies with respect to the 

selected baseline period. 

 

The mean climatology of simulated rainfall, maximum and minimum temperatures obtained 

from WorldClim data center are in good agreement with the observed climatology at Addis 

Ababa Observatory for the same baseline period. The spatial variation in the mean climatology 

of the simulated variables is consistent with existing topographic features as revealed from 

observed distinct differences across north-south axis.  

 

Two scenarios from the Special Report on Emission Scenarios (SRES) emission scenarios of (A2 

and B2) and two from representative concentration pathways (RCP 4.5 and RCP 8.5) are 
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considered to investigate potential future changes in climate variables at the city level in this 

study. The change in rainfall, maximum and minimum temperature over Addis Ababa city and 

its surrounding was determined for three selected future periods with respect to the baseline 

period that extends from 1950-2000 under the four scenarios. The finding of the study reveals 

that projected minimum temperature anomalies during 2030s with respect the above baseline 

period will be -1.4 °C and -0.9 °C in December under A2 and B2 scenarios respectively. During 

2050s, the mean monthly minimum temperature anomaly is expected to be 1.3 °C in November 

and 1.5 °C in December under scenarios A2 and B2 respectively. During 2080s, it is likely to be 

warmer by 1.6 °C in November and 2.0 °C in December under A2 and B2 scenarios respectively. 

In general in both A2 and B2 scenarios an upward temperature trend is expected by the end of 

21
st
 century. The mean maximum temperature anomalies of the urban center at Addis Ababa 

Observatory station during 2030s will increase by 0.6 and 1.2 °C in December under A2 and B2 

scenarios respectively. During 2080's the mean monthly maximum temperature anomalies shows 

a warming of 2.4 °C in November and 2.1 °C in December under A2 and B2 scenarios 

respectively. 

 

On the other hand projected change under RCP 8.5 indicates anomalies of the mean monthly 

minimum temperature increasing by 2.9 °C and 3.2 °C in December   during the 2030s under 

RCP 4.5 and RCP 8.5 scenarios respectively. Also during the 2050s the mean monthly minimum 

temperature anomalies shows an increase of 3.4 °C and 4.4 °C in December under RCP 4.5 and 

RCP 8.5 scenarios in this order. During the 2080s, the anomalies are expected to decrease by 

4.1°C and 6.9 °C in December under RCP 4.5 and RCP 8.5 scenarios respectively.  

 

The A2 and B2 scenario noted an overall increase in rainfall, however a decreasing trend is noted 

in the monthly precipitation particularly in major rainy season (e.g., June (43-45 mm) and 

August (22 mm)) during the 2030s and 2050s, and a decrease of up to 44 mm in June and 18mm 

in August in 2080’s while an upward trend in rainfall are expected in the month of September 

(up to 84 mm).Furthermore, the rainfall over Addis Ababa from the baseline mean during future 

periods shows a wetting trend generally under both representative concentration pathways. 

However, the rainfall anomalies are higher under RCP 8.5 than RCP 4.5 with significant 

difference during mid and end terms.   
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7.2 Investigation in water supply and demand 

The water supply and demand is investigated using the WEAP hydrological model under 

different scenarios as the relational scenario between water supply-demand and population 

trends, climate change and unmet demand. The result revealed that the water availability for the 

projected future 5.5 million people will be insufficient in some sub-cities. The total demand of 

2.5 % population growth would increase from 110 to 390 million m
3
. The assumption is that the 

consumption per capita is anticipated to increase from 110 l/c/day in 2012 to 135 l/c/d by 2039. 

The water availability under low population growth scenario would result in insufficient amount 

of water supply in some sub-cities. As a result, the unmet demand is estimated at about 364.77 

million m
3
 in year 2039.  

 

According to the WEAP model, in the case of high population growth rate (3.3 %) the population 

of the city will be 7 million people by the year 2039.The water availability under high population 

growth would cause much more insufficient water in some sub-cities. As a result the unmet 

demand is estimated at about 430.84 million m
3
 in the year 2039 (Fig. 5.14), with the highest 

supply-demand gaps in Addis Ketema (75.64 million m
3
), Mekanisa (65 million m

3
) and 

Megenaga (34 million m
3
).  

 

The results of the WEAP model for the RCP 8.5 scenario combined with the low population 

growth scenario shows that the unmet water demand will be 372.87 million m
3
 by 2039. On the 

other hand, the result of the RCP 4.5 and low population growth scenarios suggests a deficit of 

168.13 million m
3
 by 2039. The model’s result for the RCP 8.5 and high population growth 

(3.3%) scenario shows that the unmet demand will be 462.77 million m
3
 by 2039. This indicates 

that the highest volume of unmet water demand is expected to occur under the high population 

growth and the dry climate years that will have big repercussions on water shortages in the city. 

7.3  Assessment spatial and temporal urban land use and land cover change and its 

impact on climate for the city of Addis Ababa 

The spatial and temporal urban land use and land cover change and its impact on climate for the 

city of Addis Ababa is investigated using land cover data from remote sensing satellite and 

spatial gridded climate data. 
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The result reveals that human activities have intensely changed land cover in urban area during 

the last decades. In the city the built-up areas have increased by121.88 km
2
 within 25 years. The 

statistical result of the NDVI images over the subsequent periods show decreases in vegetation 

biomass. 

 

In the year 2000 the population size was 2,112,737 and in the recent census of 2011 the 

population was 2,973,004, with an urban density of 5,608 persons per kilometer square. This is 

as compared to the year 2000 with a density of 1624 persons per kilometer square. 

The result of historic daily nocturnal urban heat island (UHI) for the selected coldest  year period 

of 1967-1968 shows that, the strongest warmest days in the city center in the month of 

November (about 6.0 ºC) and the month of April shows a reduction by about 5.8 ºC.  

 

The population density influences the minimum temperature change as reflected by strong 

correlation (R
2
=0.93). The minimum temperature increases from 1.02 to 1.99 ºC in most parts of 

the city. Under the A2 scenario, the highest urban warming will be occurring in October to 

December (2.5 ºC and 3.2 ºC) during the 2050s and 2080s. Interestingly, a weakening of the 

mean UHI intensity is expected during summer or Kiremt (long rainy season). Also the mean 

annual future UHI under RCP 8.5 scenario will increase by about 0.5 to 1 °C. The RCP 4.5 

scenario also will increase by about 0.2 to 0.5 °C. In all A2, B2, RCP 4.5 and RCP 8.5 prediction 

scenario suggests more intense UHI events, in the months of October to December. The mean 

nocturnal UHI change also shows increases of Addis Ababa's nocturnal UHI and a high 

occurrence of intense heat island incidences in winter. Despite higher warming rate under the 

latest RCP scenarios as compared to SRES emission scenarios, UHI is more intense under SRES 

A2 and B2 scenarios than under RCP4.5 and RCP8.5 scenarios. This notable difference emanates 

from the fact that weaker warming spatial gradient under RCPs. 

 

The research findings indicate that the urbanization influence on the climatological conditions is 

much higher during the dry season and have implications for thermal comfort planning and deci-

sion-making in the city. Hence measures that are capable of mitigating impacts of the increasing 

temperatures associated with the UHI are required in order to improve the city climate. One 
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possible intervention could be to increase in urban green infrastructure including parks and other 

open spaces.  

7.4 Recommendations for adaptation strategies  

Ethiopia is a signatory to UNFCCC and ratified the Kyoto Protocol on climate change. This 

obligation resulted in strategy named “Climate-Resilient and Green Economy” (2011).  Urban 

areas are the largest contributors to climate change through conversion of green cover like forest 

and grassland to other land use. From one of the result of this study the city of Addis Ababa will 

face climate change-related disputes on water supply. In chapter five, it was indicated that a 

rapid growth of the city projected to reach about 7 million people by 2039, most of the newly 

constructed mixed use buildings (commercial and residential) and new condominium housing in 

all sub-cities demands high water supply. From the WEAP water management results, this 

current study presents new methods for Addis Ababa on how water usage can be reduced to 

attain safe yields when planning for the projected population growth and change in climate. The 

future city water demand could be reduced through increased seasonal water prices, leakage 

reduction and technological water conservation measures. The results show that strict demand 

and supply policies can prevent even in the worst or dry climate and high population growth 

conditions including the unmet water demand which is about 449 and 516 million m
3 
under both 

RCP 8.5 and RCP 4.5 scenarios. 

 

From the result of water management options, Addis Ababa Water and Sewerage Authority 

(AAWSA) need to formulate a variety of adaptation plans, together with encouraging a culture 

of reducing water losses and rationing water use. However, community participation and 

awareness creation in planning and implementation need to be considered. Participatory water 

planning should be prioritized and recognized adaptations methods such as rainwater saving 

technologies (Pauw, et al., 2011; Faramarzi, et al., 2013). For example in New-South Wales, 

Australia, new houses in urban area required to use 40 % less potable water, through measures of 

water saving such as alternative shower heads, dual flush water-efficient toilets, grey water 

treatment systems and rainwater tanks (Werner and Collins, 2012).  
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Storm and waste water management adaptation strategies require increased focus on the impacts 

of heavy rainfall events. In the city of Addis Ababa the seasonal water supplies shortage 

occurred frequently. Reservoir expansions and new reservoir construction were proposed in the 

20 years business plan of AAWSA. 

 

Addis Ababa Water and Sewerage Authority Business Plan was developed in 2011 and  

identifies the most pressing water management issues and challenges facing the city and also 

present available opportunities and assets to achieve reliable water supplies through 2020. The 

AAWSA mission statement state that the agency will provide sufficient and reliable potable 

water supply and modern sewerage service to the City of Addis Ababa by exploiting available 

water sources and by developing sewer infrastructure in collaboration and with an integrated 

approach with stakeholders to satisfy the fast growing demand of the City for improved 

infrastructure. But with this AAWSA business plan did not consider climate change as part of the 

plan. It is recommended that the planning goals of AAWSA need to incorporate climate change 

impacts and leverage resources opportunities. It is recommended that Addis Ababa city 

government authorities act to improve drought or shortage of rain contingency planning to adapt 

to the climate change. Based on research finding of this current study it is strongly recommended 

that the future AAWSA Business plan incorporate water management framework and linkages to 

climate impact reduction.  

7.4.1 Climate Change Management Plan for Adaptation for Water Sector 

From the resent AAWSA Business Plan and from the results of this study (chapter 4-6) it is 

concluded that a new approach necessary for improved water resource and land use change 

management. The upcoming strategic water business plan for the city should incorporate as part 

of its Vision and Mission, the following four major points; 

 Climate consideration: Shortage of precipitation and increased frequency of droughts are 

expected to create a shortage in water supply for some years. However, for other years 

rainfall expected to increase leading to higher volumes of water that resulted in increased 

price of water treatment due to an increase of sludge treatment.  The short and long-range 

forecasts and information from national meteorological agency (NMA) could be used by 

AAWSA to optimally manage these aspects. 
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 Harvesting water treats rainwater as a resource rather than as a waste stream. The two 

main rainwater harvesting practices are disconnection downspout and the use of rain 

barrels. Disconnection of downspout is the process of directing roof runoff for irrigation 

purposes. Using rain barrels collects rainwater, diverting it from roof runoff directly into 

the storage containers. The collected water can be used for multiple purposes such as 

irrigation and flushing toilets. It is important to creating awareness among different 

stakeholders on vulnerabilities, impacts and adaptation options.  

 Information exchange: Improved information exchange and data integration between 

development and investment stakeholders of the city (including AAWSA) and all sub-

cities, notifying communities and stakeholders of all water plan actions and decisions 

through different media on the status of water supplies in the city.  

The immediate, ongoing and changing conditions outlined above require that Addis Ababa 

fundamentally change how water use is managed as well as to account for future uncertainty. 

Efficiency of water use and conservation should become a priority at household level, as well as 

to other sectors of society, communities, industries and business. Action is required to deliver 

integrated, sustainable, reliable and secure water management systems for the current and 

growing economy as well as next generations. To accomplish this, a new business plan in 

AAWSA is required which includes climate change as integrated within its vision and goals, 

implementation plan with objectives and near-term and long-term actions removing water 

shortage obstacles.  

7.4.2  Green Infrastructure as UHI adaptation intervention. 

Several studies have anticipated that trees and other vegetation within building areas will reduce 

temperatures by about 2.7 °C when compared to non-green space areas (Akbari, et al., 2001; 

Kleerekoper et al., 2012; Onishi, et al., 2010; Pitman, et al., 2015). At larger scales, differences 

between non-vegetated city centers and vegetated areas have been shown to be as high as 5°C 

(Rosenzweig, et al., 2006; Wilby and Perry, 2006; Gerstenberg and Hofmann, 2016; Shishegar, 

2014). Similarly, recent studies permeable (water) pavement have found that it reduces the 

negative impacts of UHI through its porosity that serves to protect the ground water better and 

allow more evaporative cooling (Oke, 2004; Chan, et al., 2008; Bowler, et al., 2010; Johns, et 

al., 2011; Garrison and Horowitz, 2012; Nuruzzaman, 2015). Both of these effects help in 
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cooling temperatures and mitigating the effect of UHI (Technology, 2010; Carmin, et al., 2012; 

Pitman et al., 2015). Climate change will alter ecosystem functions through changes in 

temperature of Urban Heat Islands (UHIs), precipitation regimes, evapo-transpiration, 

evaporation, humidity, soil moisture levels, vegetation growth rates (and allergen levels), water 

tables and aquifer levels, and air quality (IPCC,2013). These negative impacts accentuate the 

value of ecosystems services and green infrastructure for adaptation of UHI for the city of Addis 

Ababa.  

“Green infrastructure” refers to interventions to preserve the functionality of existing green 

landscapes in the city of Addis Ababa and peripheral areas (including parks, forests, river-

corridors and green belts), and to transform the built environment through remediation of river 

corridors and water-management techniques and by introducing productive landscapes including 

parks and vegetated open space. For UHI management, ecosystem based adaptation has 

relevance in urban areas of increased temperature as part of the climate change adaptation 

strategy seeks to move beyond a focus on street trees and parks to a more detailed understanding 

of the ecology of  indigenous ecosystems, and how biodiversity and ecosystem services can 

reduce the vulnerability of ecosystems and people.  
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