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Abstract 
 

Despite efforts deployed by the Republic of Rwandato increase the national water supply 

rate from an approximate of 50% by 2000 to 100% by 2020, Kigali, the capital city of 

Rwanda is facing achallenging problem of water supplyand sanitation. The city is supplied 

with water by three water treatment plants namely: Nzove, Karenge and Kimisagara Water 

Treatment Plant (WTP) which are under WASAC. In this study, water level observed 

during 2011 to 2014 in Yanze River were collected, and the method of variation 

coefficient was applied to analyze the dynamic characteristics of water level. On the other 

side, rainfall, temperature and water production at Kimisagara WTP were analyzed to 

evaluate their relationship with water level fluctuations in Yanze River.  

The results showed that, (1) between 2011- 2014, the maximum average water level was 

0.875143 m in November 2012 and the minimum was 0.453889 m in July 2012 and the 

maximum rainfall, temperature and water production were 304mm in March 2013, 22.83oc 

in January 2012, 71401m3 in July 2013 respectively, and the minimum rainfall value 

observed was 0 mm in June and July for each year except in June 2011while minimum 

temperature and water production were 20.86oc May 2012, and 546957m3 in February 

2011 respectively;(2) correlation between water level and precipitation was positive 

(R=0.75) while that of temperature and water production with water level was negative 

with correlation coefficients corresponding to (R=-0.32) and (R=-0.30) respectively;(3) 

finally, the studied parameters showed small and moderate variability during 2011-2014. 

The plant should find measures of diverting excess of sediments at river diversion intake 

to prevent clogging at the intake. In addition, there is need of extension of the storage 

capacity in accordance with water level variability to prevent the diversion of excess water 

at theintake back to the river and there is also need of sustainable management of Yanze 

watershed in order reduce the effect of erosion on water production.Furthermore, there is 

need for analysis of water level fluctuations of other sources of water used by other water 

treatment plants in particular those which supply water in Kigali city 

 

Keywords: Yanze River, Water Level, Water Production, Temperature, Variability 

 



 
 

iv

List of symbols and Acronyms 
 

EDPRSII:Second Economic Development and Poverty Reduction Strategy 

WASAC: Water and Sanitation Corporation 

RPHC4: Fourth Rwanda Population and Housing Census  

WDS: Water Distribution System 

CWT:Clear Water Tank 

SR:Service Reservoir 

MBR:Main Balancing Reservoir 

WHO: World Health Organization 

UNICEF:United Nations International Children’s Emergency Fund 

MDGs: Millennium Development Goals 

NRW:Non-Revenue Water 

WTP: Water Treatment Plant 

IWRM: Integrated Water Resources Management 

LULCC: Land Use and Land Cover Change 

RWAFA: Rwanda Water and Forestry Authority 

CV:Coefficient of Variation 

USGS: United States Geological Survey 

NISR: National Institute of Statistics of Rwanda 

USEPA: United State Environment Protection Agency 

UNEP: United Nations Environmental Programme 

 

 

 

 

 



 
 

v

Table of Content 
 

Declaration ...................................................................................................................... i 

Acknowledgements ......................................................................................................... ii 

Abstract ......................................................................................................................... iii 

List of symbols and Acronyms ...................................................................................... iv 

Table of Contents ........................................................................................................... v 

List of Figures ............................................................................................................... vii 

CHAPTER1. INTRODUCTION ................................................................................... 1 

1.1. Background .......................................................................................................... 1 

1.2. Justification of the Study ..................................................................................... 7 

1.3. Problem Statement ............................................................................................... 8 

1.4. Research Objectives ............................................................................................. 9 

1.4.1. General Objectives ........................................................................................ 9 

1.4.2. Specific Objectives ......................................................................................... 9 

CHAPTER2. LITERATURE REVIEW...................................................................... 10 

2.1. Water Supply and Distribution ......................................................................... 10 

2.2. Components of Water Supply System ............................................................... 11 

2.3. Need for Water Supply and Sanitation ............................................................. 13 

2.4. Water Supply and Distribution in Kigali .......................................................... 15 

2.4.1. Water Supply ............................................................................................... 16 

2.4.2. Karenge Water Treatment Plant ................................................................ 16 

2.4.3. Nzove Water Treatment Plant .................................................................... 17 

2.4.4. Kimisagara Water Treatment Plant ........................................................... 17 

2.4.5. Water Distribution ...................................................................................... 18 

2.5. Factors Affecting Water Level Variability ........................................................ 19 

2.6. Watershed .......................................................................................................... 21 



 
 

vi

2.7. Hydrological Cycle ............................................................................................. 22 

CHAPTER3. DATA AND METHODS ....................................................................... 25 

3.1. Study Area .......................................................................................................... 25 

3.2. Data Sources ....................................................................................................... 27 

3.3 Methods ............................................................................................................... 27 

CHAPTER4. RESULTS AND DISCUSSION ............................................................. 29 

4.1. Results ................................................................................................................ 29 

4.1.1. Variability .................................................................................................... 29 

4.1.2. Correlation ................................................................................................... 30 

4.2. Discussions.......................................................................................................... 31 

CHAPTER5. CONLUSION AND RECOMMENDATIONS ..................................... 32 

5.1. Conclusion .......................................................................................................... 32 

5.2. Recommendations .............................................................................................. 32 

BIBLIOGRAPHY ........................................................................................................ 40 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

vii

List of Figures 
 

Figure 1: Administrative Map of Kigali city .................................................................. 34 

Figure 2: Types of water transmission systems .............................................................. 34 

Figure 3: Simplified water treatment process and distribution ........................................ 35 

Figure 4: A schematic diagram of various fluxes within the hydrologic cycle ................ 35 

Figure 5: Yanze Catchment ........................................................................................... 36 

Figure 6: Variation of Precipitation and Water Level ..................................................... 36 

Figure 7: Variation of Water Level and Water Production at Kimisagara WTP .............. 37 

Figure 8: Variation of Average Temperature and Water Level ....................................... 38 

Figure 9: Variability of Total Amount of Water Production at Monthly Level ............... 38 

Figure 10: Correlation between water level and precipitation......................................... 38 

Figure 11: Correlation between water level and Temperature ........................................ 39 

Figure 12: Correlation between water level and water production at Kimisagara WTP .. 39 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

1

CHAPTER1.GENERAL INTRODUCTION 

 

1.1. Background 

 

The target of the Republic of Rwanda is to increase the national water supply rate from an 

approximate of 50% by 2000 to 100% by 2020 based on the long-term development plan 

“VISION 2020” and the “Second Economic Development and Poverty Reduction 

Strategy” (“EDPRS II”). In addition, the Government of Rwanda has acknowledged that 

the preparation and renovation rehabilitation of fundamental infrastructures, including 

water and sanitation sector, are the most important issues to be enhanced. Therefore, to 

meet the target, the renovation rehabilitation of the existing aged water treatment plants; 

the construction of a new water treatment plant; the strengthening (extension) of water 

supply network; and the upgrading of water supply pipelines and other facilities; are 

planned [1]. 

Kigali, the capital city of Rwanda has been demographically growing and is expected to 

double from 1.13 million of population in the year 2012 to two million by 2020. Both 

population growth and city surface expansion have caused a burden that the existing 

elementary infrastructures can’t maintain. Among the infrastructures that are in 

limitations, sanitation and water supply is on the leading of challenging constraints that 

this newly growing city is facing. Water needs in Kigali city are only met at 50% or less 

particularly in dry season with urbanization growth rate of more than 9% annually [2]. 

Providing enough water of appropriate quality and quantity has been one of the most 

important issues in human history. Most ancient civilizations were located near water 

sources. Due increased population growth, the challenge to meet user demands also 

increased [3]. 

Water availability is greatly influenced by climate conditions that vary on seasonal, 

interannual, and decadal time scales. Characterization of hydrological variability on 

climatic time scales and identification of connections to climate forcings provide potential 

improvement for hydrological forecasts when these forcings are predictable or slowly 

evolving. On seasonal time scales, anomalous atmospheric conditions are often linked 
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with seasonal variations in the rivers ‘water discharge via variations in precipitation and 

temperature[4]. 

The seasonal and annual water level fluctuation of river is a common phenomenon in 

every river[5].The seasonality of stream flow varies widely from river to river and is 

influenced mainly by the local seasonal cycle of precipitation, the local seasonal cycle of 

evaporation demand, the timing of snowmelt (if any), travel times of water from runoff 

source areas through surface and subsurface reservoirs and channels to the stream gauge, 

and human management. Summer precipitation generally contributes less stream flow than 

does the same amount of winter precipitation due to increased evapotranspiration. Thus, 

not just the timing but the amount of stream flow can depend on, and directly reflect, 

precipitation timing. Due to the seasonality of precipitation, evaporative demand, and, to a 

lesser extent, the contributions of snowmelt commonly are large-scale features, stream 

flow seasonality also exhibits large-scale variations. Because hydrologic channel and basin 

characteristics, travel times, human influences, and snowmelt contributions can have 

notable local variations[6]. In addition to rainfall variability, the distribution of evergreen 

vegetation in temperate regions can be a cause of greater river flow variability[7]. 

Variability and change in stream flow can directly influence water supply (both quantity 

and quality) for domestic, agricultural, industrial, ecological, and other needs. Every 

populated river basin in the world will experience changes in river discharge; some are 

expected to have large increases while other river basins will likely experience the water 

scarcity. Understanding variability of the volume of stream flow is important because very 

high flows can cause damaging floods and erosion, while very low flows can fail to 

provide adequate water supply, diminish water quality, and affect important ecological 

services[8]. 

Water covers about 70% of Earth’s surface, makes up about 70% of your body mass, and 

is very important for life. Water is the only substance which exists naturally on Earth in all 

three physical states of matter gas, liquid, and solid and it is always interchanging among 

these physical states of matter[9]. The problem is that less than 1% of the water on the 

planet is readily available for drinking or for most agriculture[10]. A great part of the 

water on Earth, about 97%, is salt water stored in the oceans that is not suitable for 

drinking; only little percentage of 3% is freshwater. And, of total freshwater on Earth, over 

68 percent is stored in icecaps and glaciers andanother 30 percent of fresh water is found 
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in the ground. Of all the freshwater on earth, only about  0.3% is found in surface waters 

like lakes and rivers[11,12]. 

The system of permanent and temporary watercourse, including rivers, streams and brooks 

forms a hydrographic network on the land surface. According to the slope of the Earth’s 

surface, this network is distributed among the largest waterways discharging to oceans, 

seas or lakes[13]. Rivers are complex systems of flowing waters draining specific land 

surfaces which are defined as river basins or watersheds. River systems represent the 

dynamic flow of drainage water, which is the final product of surface run-off, infiltration 

to groundwater and groundwater discharge. Rivers are the greatest indispensable 

freshwater resource for nature and human life,  being the main source of freshwater supply 

for their diverse daily activities[14]. 

River systems play an important role in a watershed for carrying off a significant load of 

materials in dissolved and particulate phases from both natural and anthropogenic sources 

in one direction [15]. Those materials are from municipal and industrial wastewater and 

run-off from farm land, and rivers are one of the most susceptible water bodies to 

pollutants. The constant discharges of domestic and industrial wastewater and seasonal 

surface run-off due to the climate all have a strong effect on the river discharge and water 

quality. However, rivers are the main water sources for domestic, industrial and 

agricultural irrigation purposes , river water quality is one of important factors directly 

concerning with health of human and living beings[16]. 

Apart from carrying materials, river waters are used in navigation, fishing, boating and 

body contact recreation, industrial and municipal waste disposal, industrial and municipal 

water supply, irrigation of agricultural lands and, especially sources of drinking water 

supply. Sources of freshwater bodies for water supply are inter-connected, from the 

atmosphere to the sea, via the hydrological cycle. Thus water constitutes a continuous 

series, with different stages ranging from rainwater to marine salt waters. The inland 

freshwaters like rivers, lakes and groundwater are closely inter-connected and may 

influence each other directly, or through intermediate stages[14]. 

On a global scale, groundwater represents the world’s largest and most important source 

of fresh potable water. Groundwater provides potable water to an estimated 1.5 billion 
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people worldwide daily and has proved to be the most reliable resource for meeting rural 

water demand in the sub-Saharan Africa[17]. 

Generally, groundwater has been preferred as drinking water. However, aquifers are small, 

typically with an area of only a few km2. Small aquifers cannot satisfy the potable water 

demand in larger cities and, therefore, surface water from lakes and rivers is also used for 

drinking water production[18]. 

Upstream use of water must only be undertaken in such a way that it does not affect water 

quantity, or water quality, for downstream users. Use of river water is, therefore, the 

subject of major political negotiations at all levels. Consequently, river water managers 

require high quality scientific information on the quantity and quality of the waters under 

their control. Provision of this information requires a network of river monitoring stations 

in orderto establish short- and long-term fluctuations in water quantity in relation to basin 

characteristics and climate,to determine the water quality criteria required to optimize and 

maintain water uses, andto determine seasonal, short- and long-term trends in water 

quantity and quality in relation to demographic changes, water use changes and 

management interventions for the purpose of water quality protection[14]. 

Although rivers provide water for various purposes, the available water resources 

throughout the World are becoming depleted[19] due to global changes, such as climate 

change, population growth, urbanization, industrial development and the expansion of 

agriculture, put huge pressure on natural resources, particularly water. In order to manage 

water in a sustainable manner, it is important to have a sound understanding of the 

processes that control its existence, the variability in time and space, and our ability to 

quantify that variability[20]. Nowadays, it is widely acknowledged that water is a major 

limiting factor for socio-economic development in the World, and water deficiency is 

stressing the quantity and quality aspects of the natural systems[19]. 

Cities are the crystallization of highly developed civilization. As an important factor in the 

urban ecosystem, water bodies play a critical role in maintaining stability of the urban 

ecosystem. Their changes are closely related with people’s life. Negative changes may 

lead to disasters, pollution, water shortage, or even epidemics. Therefore, understanding 

the distribution and changes of urban water has become the focus of people’s 

attention[21]. 
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Water is most vital liquid for maintaining the life on the earth as it is very essential 

resource for human health, agriculture, industry, ensuring integrity and sustainability of 

the earth’s ecosystem[12, 22, 23,24]. Water is an indispensable natural resource which 

directly affects economic and social development. Drinking water demands are greatly 

increasing with galloping demographic pressure and economic development[25].Water is 

critically important to the economies and social well-being of the predominantly rural 

populations of southern Africa, where environmental sustainability issues are increasingly 

coming into conflict with human development objectives, and where data are also scarce. 

The local economies and livelihoods of many southern African communities are strongly 

dependent on agriculture and fisheries, and water availability remains one of the main 

constraints to development in Africa[20]. In the middle of the twenty first century, water 

shortage will affect 2 to 7 billion people. Despite this, water management and conservation 

practices are not adequate enough to address this incremental challenge worldwide[25]. 

In many areas of the world, water needs are mainly covered by groundwater abstracted 

from aquifers via numerous wells and boreholes. As a result, negative water balance is 

established in the aquifer systems around the world and water levels are dropping 

rapidly[11]. 

Safe drinking water is a basic need for good health and it is also a basic right of humans. 

Freshwater is already a limiting resource in many parts of the world. In the next century, it 

will become even more limiting due to increased world population growth, growing 

urbanization and high living standards, intensive agricultural activities and industrial 

demands as well as climate change with droughts and floods episodes are a significant 

pressure for the available water resources[12, 11]. 

In developing countries, the drinking quality of water is continuously being contaminated 

and hazardous for human use due to high growth of population, expansion in industries, 

throwing away of waste water and chemical effluents into canals and other water 

sources[12]. Application of fertilizer for agricultural production enhancement continues to 

negatively affect the overall water quality due to chemical contaminant contained in those 

fertilizers like nitrates and ammonia[26]. 

According to recent estimates, the quantity of available water in developing regions of 

South Asia, Middle East and Africa is decreasing sharply while quality of water is 

deteriorating rapidly due to fast urbanization, deforestation, land degradation and also ever 
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increasing population, urbanization and modernization are posing problems of sewage 

disposal and contamination of surface waters like lakes and rivers[12, 27].A simple 

evaluation of surface waters available for regional, national or trans-boundaryuse can be 

done on  basis of evaluation of the total river water discharge[14] 

Access to safe drinking water is key to sustainable development and essential to food 

production, quality health and poverty reduction. Safe drinking water is essential to life 

and a satisfactory safe supply must be made available to consumers. However, developing 

countries, like Rwanda, have suffered from a lack of access to safe drinking water from 

improved sources and to adequate sanitation services. As a result, people are still 

dependent on unprotected water sources such as rivers, streams, springs and hand dug 

wells. Since these sources of freshwater are open, they are highly susceptible to flood, 

animals and human contamination. The supply of piped water is inadequate in most 

communities in terms of quality and quantity of the public water supply[28]. 

The rivers represent the major source of water supply used for human consumption, 

culture irrigation, and industrial purposes. Efficient management of these water resources 

requires information about the river water level and its variability[29]. 

River water level can be obtained using an appropriate gauge placed on the bank, or on 

another suitable structure in the river. It can often be measured automatically giving a 

continuous record (hydrograph) of the changing levels or direct discharge of the river. The 

discharge of a river is the single most important measurement that can be made because it 

provides a direct measure of water quantity and hence the availability of water for specific 

uses. The discharge (m3 s-1) is determined from the velocity (m s-1 or cm s-1) multiplied by 

the cross-sectional area of a river. Cross-sectional area fluctuates with the change in water 

level of a river[14].By convention, river discharge is gauged using continuous 

measurement of stage  that is converted to continuous discharge data using a stage–

discharge curve commonly called a rating curve established for the site[30, 31]. 

Water-level data are collected over various lengths of time, depending on their intended 

uses. Short-term water-level data are collected over periods of days, weeks, or months 

during many types of water level investigations. For example, tests done to determine the 

hydraulic properties of wells or aquifers typically involve the collection of short-term data. 

Water-level measurements needed to map the altitude of the water table or potentiometric 

surface of an aquifer are generally collected within the shortest possible period of time so 
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that hydraulic heads in the aquifer are measured under the same hydrologic conditions. 

Long-term data are fundamental to the resolution of many of the most complex problems 

dealing with water availability and sustainability. Therefore, significant periods of time 

from years to decades typically are needed to collect water-level data necessary to assess 

the effects of climate variability, to monitor the effects of regional aquifer development, or 

to obtain data sufficient for analysis of water-level trends. Statistical evaluations of water-

level data collected for one or more decades can be used to estimate future high, low, and 

medium or “normal” water levels. The accuracy of these water-level estimates improves as 

the length of record increases[32]. 

 

1.2. Justification of the Study 

 

Knowledge of the surface water regime has a wide range of applications in life. Regular 

monitoring and studying of river water level behavior is important from several 

perspectives, meaning supply of drinking water to the population, various industrial 

applications, managing water for sustainable agriculture, especially irrigation and 

drainage, timely forecasting of floods[33]. 

Knowledge of water supply and sanitation services by the community is one of the 

important options for enhancing sustainable access. Ameliorating the water supply 

coverage and quality has a number of consequences in addition to the fact that 

investigating the socioeconomic and other factors affecting household water utilization 

patterns provides guidance for policy makers and those in various agencies implementing 

project[34]. 

In Kigali city, many people from rural area are still relying on water from spring sources 

for domestic purposes like drinking, cooking, bathing and washing. This is due to the fact 

that WASAC (Water and Sanitation Corporation) could not supply water to all population 

of the city. In general, water from spring sources is used at home for domestic hygiene and 

other purposes that may have effect on health and wellbeing. On the other hand, a great 

part of population living in urban area of Kigali use water from Yanze river. The latter, is 

located in Yanze catchment and is the main source of Kigali city water supply system, 

treated at Kimisagara Water Treatment Plant. Taking into consideration of how much 
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Yanze River is very important to Kigali City’s population, as it is the lifeline that provides 

them with water for their daily activities, it is necessary to evaluate its water level 

variability and its impacts on water supply to ensure its proper management.Figure 1 

indicatesAdministrative Map of Kigali city 

1.3. Problem Statement 

 

The most accessible water resources available for human consumption and the ecosystems 

are contained in lakes and rivers[35].Water is the elixir of life and plays a vital role in the 

earth’s ecosystem. It is one of the most critical, scarce, precious and replenishable natural 

resource which cannot be created[36]. However, this precious commodity is now running 

scare in many regions of the world. The report of United Nations states that global water 

shortage represents a -full scale emergency where the world water cycle seems to be 

unlikely to be able to adapt to the demands that will be made of it in the coming decades. 

water consumption has almost doubled from 1962 to 2012[22]. The development of water 

resources and their usage are gaining global importance owing to the increasingly 

prominent imbalance between the demand for and the availability of water resources [23]. 

In Rwanda, Population has increased rapidly since independence in 1952 reaching about 9 

million habitants by 2007. Rural to urban migration is estimated at 4.2% per year with an 

urbanization rate of 4.2% per year. Notably, this has resulted in a water supply deficit of 

>25,000 m³/day in Kigali City by 2007[37]. The Fourth Rwanda Population and Housing 

Census (RPHC4) establish that the population of Rwanda is 10515973 residents, of which 

52% are women and 48% men by 2012[38].Rural-urban migration has also accounted for 

the population increase, with 57.6 per cent being to Kigali. It is projected that the city’s 

population could be about  three million in 2019 with population growth rate of 4 per cent 

a year [39]. There is therefore a challenge in Rwanda on how to improve the water supply 

and distribution systems and ensure adequate and safe water supply to all consumers at an 

affordable cost[37] 

The rapid population growth increases water demand and affects water allocation systems 

as well as water resources management plans to satisfy the basic water needs for both 

human and nature[40, 41]. This rapid population growth is increasing the water demand 

for domestic, agricultural and industrial uses and is causing water scarcity in Rwanda. 

There is also an increasing pressure on all natural resources including water. Identification 
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of hydrological process interactions is essential for the proper management and assessment 

of the water resources within the catchments[27].The water sector in Rwanda was greatly 

affected as a number of sector professional were killed or displaced and vital infrastructure 

destroyed due to the genocide in 1994 where at least 800,000 people died[37]. 

In Rwanda, the main problems include, lack of sufficient studies in this area, lack of 

sufficient data particularly in the post 1994 period because of destruction of hydro-

meteorological stations together with many missing historical data sets, and lack of human 

resources with skills in hydrology and water resources management sectors[27]. 

 

1.4. Research Objectives 

 

1.4.1. General Objective 

 

The main objective of this study is to evaluate interannual variability of Yanze river 

surface level on water supply in Kigali. 

 

1.4.2. Specific Objectives 

 

Specific objectives are to: 

 Investigate the relationship between water level variability and rainfall in Yanze 

River. 

 Evaluate the relationship between temperature and water level variability within 

Yanze River. 

 Assess the effect of water level variability in Yanze River on water supply in 

Kigali. 
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CHAPTER2. LITERATURE REVIEW 

 

2.1.WaterSupplyandDistribution 

 

Water supply anddistribution system is a network of pipelines that deliver water from the 

source to the consumers[42]. The distribution systems of public drinking water supplies 

include the pipes and other conveyances that connect treatment plants to consumers’ taps. 

They are designed to adequately satisfy the water requirement for a combination of 

Domestic, Commercial Industrial and Firefighting purposes[43]. 

In order to satisfy the water demand of the continuously growing population we need to 

provide sufficient and uniform quantity and quality of water through the designed network 

of pipes known as water supply. Infrastructure for the collection, transmission, treatment, 

storage, distribution of water for homes, commercial establishments, industry, and 

irrigation, as well as for such public needs as firefighting and street flushing. Water supply 

systems must also meet requirements for public, commercial, and industrial activities. In 

all cases, the water must comply both quality and quantity requirements[44, 3]. A water 

distribution system acts as a conduit to reliably transport adequate quantities of safe 

drinking water to consumers. The target of a water distribution system is to provide an 

adequate and reliable supply of safe water to its users. Operation and maintenance are 

those activities necessary to continuously fulfill this purpose[45]. 

Water for human consumption comes from a well to supply an individual residence, well 

water for the main building of a farm, and well water for small public sector properties 

that include schools, public buildings, and small commercial enterprises and from Public 

water systems that provide potable water to a wide array of commercial property and 

domestic use buildings including apartments, single family habitation, etc. The aim of 

municipal water delivery systems is to convey potable water from a water treatment plant 

to residential users, for use as drinking water, water for cooking, water for sanitary 

conditions, and other water use in a domestic environment. The demand for water supplied 

by a municipal water system is composed by consumer consumption which is the amount 

of water per day that is used by consumers and an adequate and reliable water supply for 

fire protection[46].  
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Generally, treated water is transported to service reservoirs for distribution to consumers. 

In urban systems, a water transmission system may also be necessary to carry water from a 

treatment plant to a number of service reservoirs located at different convenient locations 

in the city. In some cities, there could be a number of sources and water treatment plants 

supplying service reservoirs and water distribution systems[47]. Piping, storage, and the 

supporting infrastructure are together known to as the water distribution system 

(WDS)[42]. These distribution systems could be separate or connected. Both water 

transmission systems and water distribution systems are networks of pipes. However, 

water transmission systems are of the form of a tree-like configuration, whereas water 

distribution systems usually have loops[47].  

An effective distribution system should provide an adequate water pressure at the 

consumer's taps for a specific rate of flow to satisfy consumer needs. Pressures should also 

be great enough to sufficiently satisfy firefighting requirements[48, 46]. At the same time, 

pressures should not be extreme for the reason that development of the pressure head 

brings important cost consideration because any increase in pressure leads to increased 

leakages too. Also the Purity of distributed water from an effective distribution system 

should be maintained and this is achieved for distribution systems which are completely 

water-tight. Maintenance of a good distribution system should be easy and economical. 

And also, water from a good distribution system should be available during breakdown 

periods of pipeline and distribution system should be designed in a way that if one pipe 

bursts, it does not put a large area under water scarcity. In case a particular pipe length is 

under repair and has been closed in that period, the water to the population living in the 

down-stream side of this pipeline should be obtained from other pipeline[3]. During 

repairs, it should not cause any obstruction to traffic. For this reason, the pipelines should 

not be placed down under highways, carriage ways but below foot paths[48].In general, 

the water system needs to be reliable; the required amount of water needs to be available 

twenty four hours a day, 365 days a year [46].  

 

2.2. Components of Water Supply System 

 

Nowadays, a water supply system consists of infrastructure that collects, treats, stores, and 

distributes water between water sources and consumers[3].Water supply system can be 

continuous, there is continuous water supply for twenty four hours per day. This is 
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possible where sufficient quantity of water is available. It is advantageous due to 

continuous water supply, therefore, water remains fresh and rusting of pipes will be 

low[48] and consumers don’t need to store water, since it is continuously available at the 

tap and water always remains available for firefighting[42]. However, water loss will be 

high in case of any leakage[48]. It can also be Intermittent, in this case, water supply to the 

consumers is either done only in pre-selected hours during the day[42] or water supply is 

separated into zones and every zone is provided with water for fixed hours in a day or as 

per specified day. Such system is applied if the availability of water is insufficient. 

However, this could result in more water wasting due to tendency of consumer for storing 

higher quantity of water than needed. For such system, pipelines are more likely to rust 

faster than continuous system due to wetting and drying. However, repairing and 

maintenance of such system can be easily performed during the hours without water 

supply[48]. 

At some time, water supply from the clear water tank (CWT) at the treatment plant to 

various service reservoirs (SR) is by gravity. Often, treated water is either pumped directly 

to various reservoirs or pumped to a main balancing reservoir(MBR), which, in turn, 

supplies water to various service reservoirs by gravity .Such systems are called complete 

gravity, direct pumping and combined gravity and pumping systems, 

respectively[47].Figure 2 indicates types of water transmission systems. 

Transferring water from the source to the customer requires a network of pipes, pumps, 

valves, and other equipment. To hold  water in storage to accommodate fluctuations in 

demand due to varying rates of usage or fire protection needs requires storage facilities 

such as tanks and reservoirs[42]. 

A typical Village/town water supply system constitutes of a gravity/pumping based 

transmission and distribution system from local/distant water source with needed water 

treatment system[48]. 

In general, raw water from the source is moved to the primary storage and after it is 

treated. The purified water, or finished water, then is pumped to several different storage 

tanks or reservoirs around the city for release into the distribution system piping network 

on demand for consumer need or in the case of a working fire. Depending on the different 

elevations points throughout the city, additional or extra pumping stations are provided to 

keep adequate pressure in the water system during varying periods of consumer use or 
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emergency water supply demand requirements[46].Figure 3 shows Simplified water 

treatment process and distribution. 

  

2.3. Need for Water Supply and Sanitation 

 

Access to sustainable and clean water supply is required to reduce the burden of disease, 

general health, gender equality, economic development, and food security, education and 

poverty alleviation[49]. Inadequate water supply is still one of the major challenges in 

developing countries. The Joint Monitoring Programme (JMP) for Water Supply and 

Sanitation, implemented by the World Health Organization (WHO) and UNICEF, reports 

that 783 million people in the world (11% of the total population) have no access to safe 

water, 84% of whom live in rural areas. About 187 million people use surface water for 

drinking purposes; 94% of them are rural inhabitants and they are concentrated in sub-

Saharan Africa [50]. 

Climate change, increasing population growth and reduced reliable supply of water 

resources have created many challenges to sustainable water supply management. 

Inappropriate management of wastewater from both domestic and industry had led to 

many unfortunate adverse health issues, such as diarrhea and cholera infections. This has 

hindered socio-economic development, especially in developing countries[51, 52]. 

Poor water supply and sanitary conditions due to the lack of adequate water supply 

promote diarrhea, intestinal parasites and environmental enteropathy, and have complex 

and reciprocal links to malnutrition in children. Furthermore, lack of adequate water 

services also impacts the nutritional status indirectly through increased workload (walking 

long distances in search of water facilities) and diverting mothers’ time from child care. 

Malnutrition weakens the body’s defenses and makes children more vulnerable to disease. 

At the same time, diarrhea and intestinal parasites contribute to malnutrition by causing 

decreased food intake, impaired nutrient absorption and direct nutrient losses[53]. 

supplying clean water for all and of evacuating and treating wastewater, it is noticeable 

that over one billion people worldwide are still suffering from inadequate, unreliable (both 

in quantity and quality) and/or difficult to have access to safe cleaned water and nearly or 

more than two billion constitute substandard sanitation[54, 55]. The poor and marginalized 

people existing in rural and peri-urban settlements are most in need for enhanced and safe 
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drinking water, appropriate forms of sanitation and access to water for other domestic 

purposes[34]. The annual number of premature deaths or the persistence of debilitating 

conditions suffered by the poor of the world are due to inadequate water supply [54]. 

Many of the most manifested diseases have a connection within water. Estimation of the 

World Health Organization (WHO) states that water-related diseases account for 4% of all 

deaths and 5.7 % of the total disease burden[56]. 

Access to water is a prior condition for health and livelihood, which is the reason the 

Millennium Development Goals (MDG) target iscommitted to a significant increase of the 

number of people that have improved access to clean water and adequate sanitation, 

particularly to the poor[54, 57]. The availability of improved and quality water supply and 

sanitation infrastructures are widely acknowledged as an indispensable nutrient of human 

rights, social and economic development[34].As well as being physically accessible, water 

should also be reasonably priced and affordable for everyone. Buying water should not 

decrease a person’s capacity to purchase other essential goods. Therefore, the cost of water 

has to be kept low and essential amounts of water must sometimes be provided free. In 

urban environment, where water is supplied by water utilities, people will pay for the 

water they utilize[58]. World health organization (WHO) defines access to water for 

domestic consumption as water used for all usual domestic purposes including 

consumption, bathing and food preparation[59]. 

 

Human being, as well as all living being life on the planet, is relying upon water. We do 

not only need water to grow our food, generate our power and run our industries, but also 

we need water as an essential requirement of our daily lives and our bodies need to ingest 

water every day to continue functioning[44]. The basic needs quantity of water available 

to all people should be between fifty(50)and hundred(100) liters per capita per day, or an 

absolute minimum of twenty(20) liters per capita per day[58, 60]. It includes the need for 

water to sustain basic standard of personal and domestic hygiene required to maintain 

health. The effects of insufficient water supply causes disease, time and energy expended 

in daily collection, high unit costs, etc. provision of basic daily water needs is yet to be 

considered by many countries as a human right[44]. 

 

Water being basic human right, therefore, water must be safe for drinking and other 

household use purposes. Drinking water must be free from pathogenic which are disease-
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causing micro-organisms (visible under microscope), and free from chemical and physical 

contaminants that may harm any person’s health. It must also be free from color and odor.  

Safe water must be within or near the house, school or health facility[58]. Even though 

improved water sources are available, they are often far away from the beneficiary 

households and are located at inconvenient points. The management system of 

stakeholders coupled with water quality problems and difficulties to access water sources 

are some of the main problems. The World Health Organization (WHO) suggests that the 

source water has to be within 1Km of the home and collection time should not be over 30 

minutes[34]. 

 

2.4. Water Supply and Distribution in Kigali 

 

Access to safe and clean water plays a vital role in social and economic development, 

poverty alleviation and public health[52,60]. Therefore, the Government of Rwanda has 

made sustainable water supply one of priorities of the National Development Agenda and 

is establishing supportive policies and legislation. It is a basic need, ranked among the 

highest priority public services by Rwanda’s population. It reduces time spent on fetching 

water and has a positive impact on school enrolment and attendance, particularly for girls. 

The lives of women are strongly affected by unsafe, distant water supply, as women are 

generally responsible for water collection and handling, for household hygiene and for 

caring of the sick[53]. 

 

The population of Rwanda is steadily increasing, especially in Kigali City the population 

growth rate for 2025 is expected to be 4.1 to 5.8 %.The water supply in City of Kigali has 

not been growing up with the rapid pace of population growth. As a result, due to 

insufficient amount of water supply and water outages the daily average water supply time 

is 8 hours, which is extremely short. Consequently, Kigali City has been forced to perform 

constant water restrictions and suspend the water supply to some areas. Moreover, each 

water treatment plant has a fixed water supply area, and no interconnecting water supply 

network has been developed to cover for shortages in another water supply areas. 

Therefore, a planned and efficient water supply is not possible. In addition, many of the 

existing pipe lines were laid in the 1970s or earlier; therefore, significantly aging of the 

distribution facilities can be seen, and also the proper maintenance and management of 
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these pipe lines have not been performed, and has resulted in high rate of the Non-

Revenue Water (NRW) approximately 40%, as of March 2015. Therefore, the Water and 

Sanitation Corporation (WASAC), who has the responsibility for the water supply and 

distribution under the supervision of the Ministry of Infrastructure ( MININFRA), is 

planning to increase the water supply amount in Kigali City based on the construction plan 

of new water treatment plants and the expansion plan of the existing water treatment 

plants through Public-Private Partnerships[1].  

 

2.4.1. Water Supply 

 

Potable water supply in Kigali City is in charge of WASAC a state owned public utility 

Company for the production, transmission and distribution of water in Rwanda[62]. Total 

sectors covered by WASAC are 36 sectors: 32 sectors in Kigali City, two sectors in 

Southern Province, two sectors in Eastern Province. The total number of customers is 

about 83,000 households in 2016. However, three sectors namely Gikomero, Nduba and 

Rutunga are still outside the water supply service area due to the fact that WASAC cannot 

provide water supply service to the whole area. Even in the water supply area, Sectors that 

are away from urban areas have limited water supply service due to the distribution 

network which is insufficiently developed. Sectors located away from urban areas suffer 

from insufficient water supply network, hence, those areas have limited water supply 

service[1] 

There are three (3) water treatment plants that supply potable water to the City 

namely:Karenge , Nzoveand Kimisagara Water Treatment Plant (WTP)[62]. 

 

2.4.2. Karenge Water Treatment Plant 

 

The Plant’s location is in Rwamagana Districtand it was constructed in 1978,expanded in 

1985 and 2000, it produces 16,000 m3/day[1]. The plant draws its raw water supply from 

Lake Mugesera. It uses conventional treatment method that consists of coagulation, 

flocculation and clarification to treat the raw water[62, 63]. Treated water is distributed to 

11 sectors of three districts (Gasabo, Kicukiro and Rwamagana). Water treated at Karenge 

water treatment plant is pumped to the center of Kigali City from Byabubare Reservoir. 

85% of total treated water (13,600 m3/day) is supplied to center of Kigali City, and the 
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remaining 15% (2,400 m3/day) is supplied to Muyumbu sector including rural areas from 

branches on pipe line after Nyabubare pump station[1]. 

 

2.4.3. Nzove Water Treatment Plant 

 

The plant is constructed in Nyarugenge District and it treats groundwater from the well 

field in the flood plain on the east bank of the Nyabarongo River and its capacity was 

25,000 m3/day in 2013[62, 63]. Water supply system of Nzove Water Treatment Plant 

supplies water to 25 sectors of four districts which are Nyaryugenge, Gasabo, Kicukiro, 

and Kamonyi. Nzove II has been increased the amount of water treatedby 15,000 m3/day 

in June 2017. Water production capacity in Kigali City is expected to be strengthened 2.1 

times of the current actual water production capacity due to the ongoing project, New 

Nzove I Project, to construct a new water treatment plant with capacity of 40,000 m3/day. 

Ninety five (95) % of the total production volume treated at the Nzove Water Treatment 

Plant is sent to the Ntora Reservoir by the pumps, and about 10% is distributed to the 

Runda and Karama Sectors on the way. In addition, about 2000 m3/day is sent to the 

Kimisagara Water Treatment Plant[1]. 

 

2.4.4. Kimisagara Water Treatment Plant 

 

The plant is located in Nyarugenge District. A greater part of water consumed in Kigali 

City is abstracted directly from the Yanze River and treated at the Kimisagara Water 

Treatment Plant[37, 63]. The intake is located about 5 km from the center of Kigali and 

the plant provides about 90% of the water supply to Kigali City[64]. Kimisagara water 

supply system and treatment plant with production capacity 22,000 m3/day were 

constructed 1981 and expanded in 1989[1]. The treatment method is based on the 

conventional clarification-filtration-chlorination system[62]. All water production (22,000 

m3) of Kimisagara water treatment plant and 2,000 m3 from Nzove water treatment plant 

are sent to Kimisagara Water Treatment Plant. 92% of Kimisagara water Treatment Plant 

is distributed to adjacent sectors, and 8% is distributed to areas in the immediate vicinity 

by gravity. Kimisagara water supply system is the oldest water supply system in Kigali 

City and this system supplies water to 11 sectors of 3 districts (Nyaryugenge, Gasabo and 

Kicukiro)[1].  
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2.4.5. Water Distribution 

 

Potable water supply from the three (3) water treatment plants is stored at various water 

storage tanks installed within the City. It is then distributed through WASAC piped water 

network to the residents. Pumping stations are in place to maintain the optimum pressure 

in the water network[62]. 

In Kigali water distribution network, there are 63 distribution reservoirs (79 large and 

small reservoirs). Total capacity of these reservoirs is about 34,500 m3 with about 10 

hours of water storage capacity of the total water production volume. However, in areas 

where the population is high, both the number and capacity of the water reservoirs are 

insufficient[1]. 

Urban areas that are closer to the City Centre such as Muhima, Nyarugenge, Gitega, 

Kimisagara, Kimihurura, Gikondo, etc. have the most extensive piped water network so 

that connections to households are available for the residents in this area. Residents 

without indoor plumbing connection get water from the public tap stands using jerry-cans. 

The tap stands water is supplied from the municipal water supply network. The average 

distance from the residential area to the public stands is about 280m. The city-wide goal is 

to increase the number of tap stands so as to shorten the walking distance to 250m.Some 

sectors are located further away from the existing water supply network or have low 

population density that makes it uneconomical for water network extension. The residents 

usually get water from the water kiosks, streams or bore-holes[62]. 

 

2.4.5. Water Consumption 

 

Water consumption is an economic act and provides services and benefits that should be 

quantified to support decision making process. For example, non-manageable water 

consumption like evaporation from forests and grasslands provide services that should be 

valued[63]. 

In Kigali, Sectors like Muhima, Nyarugenge, Kacyiru, Kimihurura, and Remera are 

located in upper reaches of the system areas of each water supply system. Therefore, 

Water consumption of these sectors are relatively high (20 m3/connection/month), and 

middle sections of the systems still have water supply 24 hours a day. It is considered that 
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WASAC prioritizes water supply to these areas because they are the main industry and 

commercial areas of Kigali. On the other hand, water consumption in Nyamirambo, 

Kigarama, Gatenga, and Kanombe sectorsis low (10 m3/connection/month) as they are 

located in the downstream (farthest from source).These areas are not supplied enough 

water, and it is presumed water supply is limited (time limited)[1]. 

Water consumption at larger homes, office buildings and tourism facilities could reach as 

high as 200 lpcd (litre per capita per day). Residents at the informal neighborhoods with 

no access to indoor plumbing such as Kacyiru and Rusororo have lower water 

consumption that ranges from 15 - 25 lpcd. In view of the unbalanced water consumption 

rate in the City, the Ministry of Infrastructure (MININFRA) has initiated a city-wide goal 

of 80 lpcd [62]. 

 

2.5. Factors Affecting Water Level Variability 

 

Water level variability of a given river results from water exchange characteristics within 

its Watershed[5]. Water levels are determined by the combined influence of precipitation, 

upstream inflows, groundwater, surface water runoff, evaporation, diversions into and out 

of the system, and water level regulation[35].Water levels, which are controlled by both 

natural conditions (e.g., meteorological and catchment characteristics) and local human 

activities such as flood-control projects and artificial water transfer[65, 5]. 

Meteorological or climate factors, mainly precipitation, solar radiation, air temperature 

and humidity play a major role in the variability of river water level within watershed. The 

underlying surface of the watershed, i.e. relief, geological structure, soils and vegetation, 

lakes and swamps, watershed area, and slope also contribute to water level variability[13, 

66].Solar radiation (and in particular the radiation balance at the Earth’s surface) is the 

main factor which determines water circulation on the planet and the climate situation in 

any region[13].  

Climate is the principal factor causing large fluctuations in discharge as it determines the 

distribution of rainfall over the year. The variability of natural river flow  is primarily a 

result of variation in precipitation .The variability and resulting non-uniformity of 

discharge is moderate in temperate humid climates, but extreme for rivers in certain sub-

tropical regions[14]. Air temperature, air humidity and wind velocity, which determine 
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evaporation values, thus affecting different characteristics of river runoff and water 

resources. Air temperature affects the amount and distribution of streamflow not only 

indirectly via evaporation but directly too. For example, in regions where a high 

proportion of annual precipitation is snow and it is accumulated during the cold season; 

and also in high mountain areas where rivers are recharged by melting glaciers. In these 

regions air temperature variations directly affect snow and ice melting, and as a result, 

affect streamflow variations during a year and its extreme characteristics [13]. 

Small watersheds usually result in low median discharges with extremely large ratios of 

peak and low discharge. Larger watersheds produce more uniform discharges. Vegetation 

also exerts an influence on the generation of river discharge because it largely determines 

the quantity of surface run-off. In areas with little or no vegetation, rainfall results in 

immediate surface run-off[14, 66]. 

Geological structure and relief are the most stable characteristics of any river basin. They 

determine to a great extent the general structure and density of the hydrographic network, 

river slopes and surface-subsurface water interaction. Elevated areas (highlands) in basins 

lead to higher precipitation, and, consequently, to greater river runoff if compared with flat 

river basins in similar climate condition. The hydrographic network density in a mountain 

river basin is higher, river slopes are steeper and, consequently, water flow velocities are 

higher; this explains intensive and short-term floods caused by rainfall. On flat watersheds 

the river slopes are gentle; closed depressions filled with water during floods are often 

observed in such terrain. Water outflow from such watersheds is difficult; maximum water 

discharges are small; most precipitation is accumulated on the watershed and it is later lost 

to evaporation [13]. 

Discharge characteristics of rivers are greatly modified by the nature of the watershed. 

Changes in the infiltration rate to the groundwater system change the water run-off 

characteristics of the watershed. Loss of forest cover and the proportion of exposed 

bedrock to deep soils and sediments, all have profound effects on discharge 

characteristics. River basins of the same dimensions but different infiltration rates, 

following a storm event of the same duration and intensity experiences different rate of 

discharge. Watershed with high infiltration will have lower discharge than the basin of low 

infiltration. In addition, there is an increased duration of the flood stage indicating that the 
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run-off from the watershed extends over a longer time scale on consideration of watershed 

of high infiltration than in low infiltration[14]. 

The effect of lakes on uniform streamflow distribution during a year is great; it occurs 

because water in lakes is accumulated during wet periods and is released during dry 

periods, as it is in man-made reservoirs. If a watershed is low-lying and swamps occupy 

large areas, maximum discharge during rainfall and snowmelt is greatly reduced and flood 

duration increases. This mainly occurs due to slower runoff and overflows of the swampy 

rivers in wide river valleys[13, 66]. 

 

2.6. Watershed 

 

A watershed, also called a drainage basin or catchment area, is defined as an area in which 

all water flowing into it goes through a common point or outlet[67, 68] toward any water 

body such as Stream, River, Lakes, Sea,  and Ocean[67, 64]. People and livestock are the 

integral part of watershed and their activities affect the productive status of watersheds and 

vice versa. From the hydrological point of view, the different phases of hydrological cycle 

in a watershed are dependent on the various natural features and human activities. 

Watershed is not simply the hydrological unit but also socio-political-ecological entity 

which plays essential role in determining food, social, and economical security and 

provides life support services to rural people[68].It is an ideal unit for planning, 

development and management of land and water resources[25, 64]. 

Water resources availability, management and utilization within a basin is primarily 

impacted by spatiotemporal variability of rainfall and water yield which in turn affects 

agricultural production, food and water security, and ecosystems and ecosystem services. 

The temporal variability analysis of rainfall and river discharge at timescales help in 

determining the likelihood of extreme (drought or flood) event occurrences and 

management of water resources particularly for major consuming sectors; namely 

agriculture, hydropower and domestic water supply within basins[69]. 

Watershed management assumes a comprehensive and rational usage of all natural and 

human resources within a river basin as an ecological system, in order to obtain benefits 

through providing needed goods and services without adversely affecting natural 

resources. management should be aimed at stabilizing the balance between human 
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activities and the environment, and also to maintain the relationship between the upland 

and downstream within the watershed[70].However, lack of management of soil erosion 

by water from watersheds in Rwanda threatens normal recharge of groundwater[25]. 

Since 2006, Rwanda Environment Management Authority (REMA) has invested efforts in 

protecting and managing environment for sustainable development and improved 

livelihoods, where the key activities undertaken is the rehabilitation of river banks, lake 

shores and their watersheds[64].In addition, The Republic of Rwanda and the Kingdom of 

the Netherlands are engaged in an Integrated Water Resources Management (IWRM) 

planning program. The overall aim of the program is to “effectively manage water 

resources to contribute to sustainable socio-economic development and equitably 

improved livelihoods” where the Government of Rwanda, through Water for Growth 

Rwanda (a platform to promote improved, integrated management of Rwanda’s water 

resources), has started the development of catchment plans. One component of Water for 

Growth Rwanda is focused entirely on the introduction of catchment planning and 

management in four so-called “demonstration catchments” namely Upper Nyabarongo, 

Sebeya, Nyabugogo, and Muvumba[63]. 

 

2.7. Hydrological Cycle 

 

The hydrologic cycle is thecontinuing movement of water throughout the various 

components of the Earth’s climate system. Water is stored in the oceans, in the 

atmosphere, as well as on and under the land surface. The transport of water between these 

reservoirs in various phases plays a crucial role in the Earth’s climate. Water evaporates 

from the oceans, and the land surface into the atmosphere, where it is transported across 

the face of the Earth in the form of water vapor. Finally, this water vapor condenses within 

clouds and precipitates in the forms of rain, snow, sleet, or hail back to the Earth’s surface. 

This precipitation can fall on open bodies of water, be intercepted by vegetation, and 

become surface runoff and/or recharge groundwater. Water that infiltrates into the ground 

surface can percolate into deeper zones to become a part of groundwater storage to finally 

reappear as streamflow or become mixed with saline groundwater in coastal 

zones[71].Figure 4 showsa schematic diagram of various fluxes within the hydrologic 

cycle. 
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Global hydrological cycles mainly depend on climate changes whose occurrence is 

predominantly initiated by solar and terrestrial influence, and the knowledge of the high 

water regime is widely applied in hydrology[72]. 

Stream flow, groundwater and lakes are important components of the terrestrial branch of 

the hydrological cycle with their mean state, variability and extremes connected to climate 

via a cascade of processes that link the physical state and dynamics of the ocean and the 

atmosphere with the land surface via the atmospheric branch of the hydrological cycle. 

Some of these process cascades have been posited in conceptual models that attempt to 

articulate the nature of pathways that connect atmosphere and ocean processes to 

hydrological variability in general [73] 

Climate change as a result of increased greenhouse gas emissions leads to changes in 

hydrologic conditions and results in various impacts on the availability of global water 

resources[74].Climate models project a 1-4oC global surface air temperature increase in 

the twenty first century, with even greater increase in the Arctic regions. This warming 

trend will impact the structure, function, and stability of both terrestrial and aquatic 

ecosystems and change the structure of the land-ocean interaction in the Arctic[75] 

.Impacts of climate change on water resources are expected to affect existing and planned 

allocations of water among water users. The reduction in available water resources will 

impact water supplies for the domestic sector and the irrigated agricultural sector. Thus 

affecting the socio-economic conditions of vulnerable communities and potentially slows 

the economic development of poor rural communities[41]. 

 

Understanding of hydrological processes and their causes and mechanisms is crucial for 

effective basin-scale water resource management and the conservation of fluvial 

ecosystems. It also represents the first step for any study of the impacts of climate change 

and human activities on the hydrological cycle at both the regional and global scale. 

Hydrological processes are influenced by both climatic changes such as increased or 

decreased precipitation and human activities such as land use and land cover changes 

(LULCC) and the construction of water reservoirs, although it is important to note that the 

magnitudes of human- and climate-induced impacts on stream flow changes can differ 

markedly from one river basin to another[76]. 
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Climate change intensifies the global hydrological cycle, leading to more frequent and 

variable extremes. Moreover, it is expected that temperatures will rise, and thus the 

hydrological processes driven by them will intensify. Compounding the effect of climate 

change are due the increased pressures on land and water use, owing to increased 

population and the consequent requirements for food, fuel and fiber[20]. 
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CHAPTER3.METHODOLOGY 

 

3.1. Study Area 

 

Yanze River is located in Yanze watershed where the latter is composed of three main 

sub-catchments namely Cyonyonyo and Mulindi in Northern part and Yanze Downstream 

in the southern part. The area covered by Yanze catchment (watershed) is estimated to be 

96.86 km2and this area is extending in two districts of Kigali City (Nyarugenge and 

Gasabo) and Rulindo district in the Northern Province. The elevation of the catchment is 

ranging between 1380m and 2200m above the sea level. The Yanze watershed is extended 

in the area of the traditional region of Buliza high lands. 80% of the total area is covered 

by the highlands having more than 1750m. The highest elevation zones are located in the 

surrounding and extreme belt of the watershed boundary in all direction namely Mount 

Jali and its prolongation towards north-east of the watershed and Shyorongi highland 

alongside the western and northern belt of the watershed. The watershed is characterized 

by steep slope on hillsides prolonged towards down valleys and the steepest slopes are 

occupying very small sectors covered by forest plantation[64]. 

Yanze River is a tributary of the Nyabugogo river and a greater part of water used in 

Kigali City is abstracted directly from it and treated at the Kimisagara Water Treatment 

Plant[77]. The Yanze intake is located about 5 km from the center of Kigali and the 

discharge from Yanze River is of about 2,500m3/h in the rainy season, and 800m3/h in the 

dry season .There is a 4m long by 3m wide and 0.6m deep screening trough upstream of 

the intake screen for trapping sand and other floating matter. The flow through this screen 

is 940m3/h, whilst its design capacity is 1,000m3/h. The screen channels the water into a 

pipe of 700mm diameter which discharges into two pre-sedimentation tanks. The clarified 

water is gravitated to the Kimisagara water treatment plant through a pipe of 600mm 

diameter up to a point called Bwino, where the pipe is divided into four small pipes of 

300mm diameter. Any excess water at the Yanze intake is diverted back into the river[37]. 

Water from Yanze River and its two main tributaries (Cyonyonyo and Mulindi streams) is 

not only used by Kimisagara water treatment plant for domestic water supply in the 

downstream but also it is used for irrigation in the upstream part. However, the water from 

this river is not enough to satisfy the all the user’s needs thus creating conflicts between 
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the farmers in the upstream part and WASAC (former EWSA) which is in charge of 

domestic water supplyand it has an intake on the river at the downstream (Kimisagara 

water treatment plant) which is the main treatment plant supplying the city of Kigali. 

Other tributaries that flow into Yanze Watershed are mainly dominated by streams taking 

source in the surrounding hillsides and these include Nyakabingo, Ruhonwa, Ntakaro, 

Munyarwanda, and Kinywamagana[64].  

 

The Yanze intake had the worst problems with high levels of flooding, erosion, 

sedimentation, and high raw water turbidity levels during periods of heavy rains compared 

to Nyabarongo and Nyabugogo river intakes. The raw water turbidity in general is high 

during the rainy season, especially in September, November and March, and is lowest in 

the drier month of August. Yanze river intake systems is threatened by decreasing water 

levels attributed to surrounding upstream land use activities[37, 77]. 

 

Yanze River has one gauging station located at 1367m of elevation and with width of the 

river of around 7.8m. This gauge station started to function in January 2011 and the station 

records the water level variation not the discharge[64]. 

Rainfall determines Rwanda’s seasons. The climate is divided into two rainy and two dry 

seasons almost throughout the country: long rainy season from February to May with 48 

percent of total annual rainfall; long dry season from June to mid-September; short rainy 

season from mid-September to December with 30 percent of total annual rainfall; and 

short dry season from January to February with 22 percent of total annual rainfall[78].  

The average rainfall in Kigali is 997mm per year .Closer meteorological stations for the 

Yanze watershed are Kigali, Rulindo and Gicumbi. Kigali Airport station data, is used as 

base station in temperature and rainfall estimation in Yanze watershed. The rainfall 

patterns of Kigali and surrounding areas is bimodal having two rainy periods, the first 

from March to May and the less intense second wet season from October to December 

[64]. 

 
The Fourth Population and Housing Census, Rwanda (2012) reported that Gasabo district 

is the most populated with more than 500,000 inhabitants and the least populated are 

Nyarugenge, Rulindo and Nyabihu districts, which has less than 300,000 inhabitants[38]. 

The local population depending on Yanze watershed is estimated at 68,119 inhabitants. 
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Generally, Yanze watershed is characterized by a rural population, largely dependent on 

agriculture and heavily on fuel wood. Land use in the catchment is composed of forest 

plantation, open agriculture dominated by seasonal crop land, closed agriculture mainly 

occupied by intercropping agriculture system where few scattered banana zones are mixed 

with seasonal crops. Maize, Irish potatoes and vegetables are cultivated along the valley 

and low-lying areas while cassava and beans are cultivated on the hillside. Coffee as a 

traditional cash crop is produced in the study area for export. Other land use classes in the 

catchment include perennial crops (dominated by coffee and banana plantations), irrigated 

lands along the main streams,meaning Yanze, Cyonyonyo and Mulindi, built-up areas 

(occupied by rural settlements and part of Gatsata informal settlement) and grazing zone 

represented by farm land in Gako cell within Rusiga Sector along Kigali-Musanze road. 

Several roads connect Kigali City with Ngoma, Mbogo and Cyinzuzi Sectors via Gatsata 

and Jali sectors in the eastern part of the watershed and Shyorongi road with the northern 

part of the watershed via the central and down valley of Cyonyonyo and Mulindi sub 

watersheds[64]. Figure 5 shows Yanze catchment. 

 

3.2. Data Sources 

 

Water levels Dataof Yanze River were obtained from Rwanda Water and Forestry 

Authority (RWAFA) under the Ministry of Natural Resources (MINIRENA), Rainfall and 

Temperature Data were obtained from Rwanda Meteorological Service, while Water 

production Data were collected from Kimisagara Water Treatment Plant under Water and 

SanitationCorporation (WASAC). 

 

3.3Methods 

 

In order torealize this study, the variables analyzed were Yanze river water levels, rainfall 

and temperature and then water production at Kimisagara Water Treatment Plant to get the 

mean, maximum, and minimum values. In addition, the variation coefficient Cv were 

calculated  by using Excel to reflect the dispersion variation degree of water level and 

other analyzed parameters and therefore, It is generally believed that Cv < 0.1 means weak 

variability, 0.1 ≤ Cv ≤ 1 means moderate variability, and Cv > 1 means strong 

variability[19].River water level reflect discharge and the latter, primarily provides 
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information on an integrated response of the entire river basin whereas rainfall contributes 

immensely to the runoff processes[69]. Python programming language for data analysis 

andMicrosoft excelwereused in processing the data, analysis and visualization. And then 

the water levels, rainfall, Temperature and water production time series were aggregated 

Monthly with the aim of observing potential changes at the monthly and annual scale. 

Lastly, the trend analysis was performed using time series plots. 
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CHAPTER4. RESULTS AND DISCUSSION 

4.1. Results 

 

4.1.1. Variability 

 

In this part, we present rainfall, water level, water production and temperature time series 

analysis results at monthly scales. Figure6shows graphical visualization of the monthly 

time series of rainfall and water from 2011 to 2014 where the highest rainfall value was 

recorded in March, 2013(304 mm) and the lowest rainfall values registered, were 

observedin July of2011, 2012, 2013, 2014 respectively and then in June of 2012, 2013 

and2014 respectively (0 mm),and the monthly mean rainfall was found to be 86.25 mm 

between 2011-2014. The variation coefficient Cvof rainfall between 2011-2014 is 

0.696653, which means there was moderate variability over the whole period at monthly 

scale. 

On the other side, the same figure shows thatthe maximum average water level value was 

recorded in November 2012 (0.875143 m) and the minimum average water level value 

was registered in July, 2012 (0.453889 m) and the monthly mean water level was found to 

be 0.628075 m. The coefficient of variation Cvof water level between 2011-2014 is 

0.145917, which indicates moderate variability of water level over the whole period at 

monthly scale. The figure also shows that there is relationship between rainfall and water 

level where any increase in rainfall would also result to an increase of water level.  

The results of monthly time series of water production at Kimisagara water treatment plant 

shown on figure 7, indicate that the maximum value of water produced at monthly scale 

was met in July 2013 with the value of 714101 m3 while the minimum water produced 

was observed in February 2011 with the value of 546957 m3.The mean of monthly water 

production was 640288.7 m3 and the variation coefficient was 0.0733 which shows weak 

variability of water production at monthly level for the considered period of 

study.Evaluation of the relationship between water level from Yanze river and water 

production at Kimisagara water treatment plant, indicates that in most cases an increase in 

water level has resulted in low water production.  
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The analysis of graphical visualization of monthly time series of average monthly 

temperature presented in figure 8 revealed that the highest average temperature was 

recorded in January, 2012 (22.83oc) and the lowest was recorded in May, 2012(20.86oc). 

And mean temperature found was 21.86465 oc.The coefficient of variation for average 

monthly temperature was found to be 0.02188 which means that there was weak 

variability of average temperature for this period at monthly level.The results shown on 

the figure 8, indicate that there is relationship between water level and temperature for 

which an increase in temperature can results in a decrease of water level. 

 

For the figure 9, we present the time series of total quantity of volume of water produced 

at monthly level over the whole period of study by considering the same month.Figure 9 

shows the bar plot of the total water production at monthly scale over the whole period of 

this study.The month of July shows high amount of water produced for the whole period 

while the month of February showed the least quantity of the total water produced in this 

study.The mean was found to be 210000.8 m3 and the coefficient of variation was 

0.046522 which shows weak variability on consideration of the total water production 

over the whole period for the same month of each year. 

 

4.1.2. Correlation 

 

In this part, we present correlation between water level and rainfall, water level and water 

production and then water level and temperature analysis at monthly scales. 

The correlation between water level and precipitation during 2011-2014 was analyzed 

(Figure 10) and we found significant correlation (R = 0.75) between precipitation and 

water level which manifest the direct effect of precipitation on water level and hence on 

water discharge. And Figure 11 shows that there is  negative correlation between water 

level and average temperature in Yanze River was obtained with correlation coefficient 

equal to (R= -0.32). On the other side, Figure12, indicate negative correlation of about to 

(R=-0.30) between water level from Yanze river and water produced at Kimisagara Water 

Treatment Plant.  
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4.2. Discussions 

River Water level variability is the result by hydrological cycles of precipitation, 

infiltration, evapotranspiration and other components of the river watershed, which leads 

to the natural water discharge with periodicity and hydrological anomaly. From these, 

precipitation is the direct source of natural runoff, and provides the material source for 

water level variability which in turn reflect water discharges. As the water level provides 

information of streamflow, in 2009, Miao and Ni have shown that the correlation between 

natural streamflow (in Sanmenxia station) and precipitation (in Yellow River basin) during 

1950–2007 is (R = 0.7014).In our study, the correlation between water level and 

precipitation during 2011-2014 was analyzed (Figure 10) and we found significant 

correlation (R = 0.75) between precipitation and water level which manifest the direct 

effect of precipitation on water level and hence on water discharge. Therefore, as long as 

the rainfall intensity is higher than the infiltration rate of underlying surface, or the 

precipitation exceed the land’s storage capacity, runoff will be produced at high rate 

leading tohigher variation of water level and in turn water discharge. 

Temperature is another critical factor for water level variability, the effect of temperature 

rises on water level and simultaneously discharge is mainly evident as it increase potential 

and actual evaporation, which is not favorable for water level rises, and consequently for 

water discharge[19].The negative correlation observed between water level and 

temperature means that water level in Yanze river is negatively influenced by temperature 

via potential and actual evapotranspiration. 

The discharge of a river is the single most important measurement that can be made 

because it provides a direct measure of water quantity and hence the availability of water 

for specific uses. It is difficult to continuously measure the discharge of a river due to the 

surface area fluctuation with the change in water level of a river. Therefore, the discharge 

of a river is obtained by converting water level (stage) through stage–discharge curve 

commonly called a rating curve. Hence, an increase in water level would result in an 

increase of water discharge.Therefore, the negative correlation obtained between water 

level and water production could be due to high turbidity in rainy season which slows the 

treatment process or at very high turbidity, the treatment process is impossible as this force 

the plant to shut down thusstopping water production until the situation improves and in 

some case, cut of power would result in low water production. 
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CHAPTER5. CONLUSION AND RECOMMENDATIONS 

 

5.1. Conclusion 

 

From our study, it is revealed that water level variability within Yanze River is mainly 

influenced by precipitation and little bit by temperature. On the other side, there is no 

effect observed ofwater level variability on water production at Kimisagara water 

treatment plant. Therefore, variability in water production is associated to rainfall. 

On the basis of historical data of water level of Yanze River from 2011 to 2014, 

interannual variability of water levels of Yanze River were analyzed.  

Monthly water levels and rainfall time series exhibited moderate as thevariation 

coefficient was between 0.1 ≤ Cv≤ 1.From this finding, it can be concluded that water 

levels variability within Yanze River presents moderate variability during 2011- 2014. 

 

On the other hand, the analysis of monthly time series of rainfall, indicated moderate 

variability,while temperature and water production showed very small variability as their 

variation coefficients were less than 0.1. In general, water level and rainfall present 

moderate variability while temperature and water production exhibited weak variability 

during the considered period of this study. 

 

5.2. Recommendations 

 

Water production was observed to be the highest in drier months of the year compared 

with wet months of the year. Therefore, theseshow that low turbidityfacilitate water 

treatment process, hence high production. The low water production in rainy season could 

be due to high runoff processes which results in erosion problem causing the river to 

become very muddy with a lot sand and other suspend materials and therefore, resulting in 

low water productionas these could clog the intake preventing the passage of water to the 

treatment plant.  

As recommendation, the plant should find measures of diverting excess of sediments at 

river diversion intake to prevent clogging at the intake. In addition, there is need of 

extension of the storage capacity in accordance with water level variability to prevent the 
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diversion of excess water at theintake back to the river and there is also need of 

sustainablemanagement of Yanze watershed in order reduce the effect oferosion on water 

production.Furthermore, there is need for analysis of water level fluctuations of other 

sources of water used by other water treatment plantsin particular those which supply 

water in Kigali city.  
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ADDENDUM 

 

 

Figure 2: Administrative Map of Kigali city 

 

Figure 3: Types of water transmission systems 

Where (a) is complete gravity; (b) direct pumping; and (c) combined gravity and pumping 

(Source: Ashbolt et al 2014) 
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Figure 4: Simplified water treatment process and distribution 

 (Source: Jeevan 2012)  

 

 

 

 

Figure 5: A schematic diagram of various fluxes within the hydrologic cycle 

(Source: Thomas Pagano et al 2014) 
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Figure 6: Yanze Catchment 

 

 

 

Figure 7: Variation of Precipitation and Water Level 
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Figure 8: Variation of Water Level and Water Production at Kimisagara 

WTP 
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Figure 9: Variation of Average Temperature and Water Level 

 

 

Figure 10:Variability of Total Amount of Water Production at Monthly 
Level 

 

 

 

Figure 11:Correlation between water level and precipitation 
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Figure 12:Correlation between water level and Temperature 

 

 

 

Figure 13:Correlation between water level and water production at Kimisagara WTP 
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