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CHAPTER 1: INTRODUCTION 

1.1. Background 

In the literature, many definitions and classifications of flood, based on either their severity 

(Douben, 2006), the source of excess-water (Palmino-Reganit, 2005) or their induction nature and 

physical characteristics (Tarekegn, 2009); are provided. However, the common rationale is that 

flood is the overflowing of water from its natural or artificial confinement to normally dry lands. 

Floods are the most commonly experienced form of hazards, mostly caused by extreme wet 

weather conditions. 

Due to the locational preference of developing industrial and urban settlements in flood prone 

areas, most urban areas vulnerability to flooding is usually high. As a consequence, the risks of 

flooding increases with the increasing population and economic development (Padi, Baldassarre, 

& Castellarin, 2011). 

Floods affects a large number of people in many cities across the world, causing damages that 

significantly affect the Gross Domestic Product (GDP) of a nation(Stephane Hallegatte, Green, 

Nicholls, & Corfee-Morlot, 2013). Nowadays, floods are becoming more frequent, more intense 

and less predictable for local communities.  However, even though some cities have a greater 

ability to cope with climate change challenges, many struggle to do so, particularly in cities in 

developing countries(Leal Filho et al., 2019). In most of these cities, the poor are most at risk as 

rapid urbanization has pushed them into the most vulnerable neighborhoods, often in unplanned 

settlements and flood-prone areas.  

East Africa as one of the most rapidly developing regions in the world is a good example of human 

–nature conflicts as it is a  region with large populations vulnerable to frequent floods as well as 

droughts(Kalantari, Ferreira, Keesstra, & Destouni, 2018). For example, the city of Dar es Salaam 

in Tanzania is one of the fastest growing cities in Sub-Saharan Africa and approximately 70% of 

its population reside in unplanned settlements and flood-prone areas. For the case of Rwanda, the 

urban population is expected to increase from 1.7 million in 2012 to 4.9 million in 2032, a near 

doubling in terms of percentage, from 16.5% in 2012 to 30% in 2032(NISR, 2012). The patterns 

of urban growth and change associated with climate change may increase the risk of extreme 

natural events such as floods (MIYCT, 2019). In this regard, the Government of Rwanda is 

investing in multiple flood adaptation and mitigation projects especially infrastructure-based 

options as measures for reducing flood risks. 

In Rwanda, frequent flooding is increasingly becoming one of the major problems nowadays, 

especially in city of Kigali due to the combination of population growth, rapid urbanization and 

economic development. Many assessments on the behavior of flooding in the City of (Manyifika, 

2015; MIDIMAR, 2015; Mugisha, 2015; RNRA, 2015) indicated that rapid hydrologic responses 

of highly urbanized sub-catchments like the Mpazi sub-catchment, poor management and 

maintenance of existing urban water conveyance system leading to its conveyance capacity 
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reduction, and a lack of knowledge and practice in the country towards flood prediction and 

management were the major causes of increased flooding. 

The list of key documents that were consulted to understand the background of the study area are 

shown in the table below: 

 

Table 1: Key consulted documents 

Title Author Year 

Fate of Heavy Metals in an Urban Natural Wetland: The 

Nyabugogo Swamp (Rwanda) 

Christian 

Sekomo Birame 

2010 

Nyabugogo Catchment Study, Hydrology and 

hydraulics. Kigali, Rwanda 

RNRA 2015 

Identification of flood prone areas in Kigali City. Case 

study: Mulindi watershed, a tributary of Nyabarongo 

River 

Eric M. Muhire 2015 

Diagnostic assessment on urban floods using satellite 

data and hydrologic models in Kigali, Rwanda 

Marc Manyifika 2015 

Assessment of Meteorological Remote Sensing Products 

for Steam Modelling using HBV-light in Nyabarongo 

Basin, Rwanda 

Mpundu Ignace 

Sendama 

2015 

Integrated Flood Modeling for Flood hazard Assessment 

in Kigali City, Rwanda 

Herve V. 

Habonimana 

2015 

Modelling and Assessment of Urban Flood hazards 

based on end-user requirements. Kigali, Rwanda 

Fred Mugisha 2015 

TR90-Catchment plan and SEA development manual RWFA/Water 

for Growth  

2019 

Flood mitigation and protection structures in Mpazi and 

Sebeya-karambo rivers 

Phase 2 – Feasibility Study and Preliminary design 

RWFA/Water 

for Growth 

2019 

Urban Design Handbook- Part of Green City Kigali Mid 

Term Feasibility Study 

FONERWA 2019           

A landscape analysis and pre-feasibility study of urban 

NBS to reduce flood risk and strengthen resilience in the 

CoK, Rwanda (Diagnostic report-version3) 

World Bank  2020 

Flood and Landslide Risk Assessment and Mitigation in 

some sub-catchments of the city of Kigali, Rusizi, Huye 

and Kamonyi 

GGGI 2021 
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1.2. Flooding in Mpazi sub-catchment 

Mpazi sub-catchment drains water from Gitega, Kimisagara, Nyakabanda, Rwezamenyo, 

Nyamirambo, Nyarugenge, and Muhima Sectors. The sub-catchment experiences heavy flash 

floods during the rainy season that results in overflowing of water on the main road of Muhima 

and Poids lourd at the outlet. The observations describing the severe and regular flooding in Mpazi 

are i). Torrential flow in the Mpazi channel with extremely high velocity (above 5 m3/s), ii). 

Inadequate shape of the channel, iii). Limited conveyance capacity downstream, iv). Steep 

longitudinal profile of the channel and v). Heavy sedimentation in the channel.  

 

Figure 1: Mpazi outlet overtopping during a heavy rainfall (left) and sediment deposit on Mpazi channel (right) 

(RWFA, 2019). 

The configuration of the informal settlement in Mpazi sub-catchment, subjects to high risk of 

flooding the housing built at the edge of the channel from downstream to upstream, but also the 

whole area of Muhima Market and its surrounding economic activity and the Nyabugogo bus park. 

In addition to that, the confluence of Mpazi channel and the Nyabugogo River is perpendicularly 

joined such that a change in the water level in the Nyabugogo river, result in major backflow 

obstructing the flow out of the channel and hence flooding the surrounding area. 

1.3. Economic losses due to Mpazi channel flooding 

Floods are among the most economic damaging hazards in the city of Kigali, affecting businesses 

in different areas of the City. More specifically, the Nyabugogo commercial area is regularly 

disrupted by the Mpazi channel flooding, as usually reported in different media platforms. 

A policy analysis (CDKN, 2015) done through surveys conducted in the Nyabugogo commercial 

area flood hotspot, indicated that floods affected the local population, interrupted operations and 

enterprises and damaged premises as well as goods of businesses. An example of the damages that 

occurred in 2013/2014, as a result of severe flood events, were that 77 percent of businesses in the 

Nyabugogo area were affected with a direct cost estimation of approximately 200,000 USD 

(equivalent to around 144,800,000 Rwf). These events led the Government of Rwanda (GoR) to 
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invest approximately 265,000,000 Rwf for the reconstruction of Mpazi channel, which ultimately 

had positive impact in 2014 in terms of flood reduction, however it was not still not enough since 

45% of businesses suffered from being flooded at least once and 27% had flood damages worse in 

2014 than in 2013. 

In addition to the direct damages above mentioned, the indirect damage costs through business 

interruptions for the enterprises in the area were estimated to be 25,800 USD (equivalent to around 

18,558,000 Rwf), mostly due to the lack of access for customers and employees to the premises 

during and after flooding, the state that did not allow sale of products or services, and lack of 

electricity. 

The times reported on multiple occasion about the flood damages in the Nyabugogo commercial 

area. People lives were lost, damaged properties increased and business losses for many years. The 

latest extreme event claimed 19 human lives, paralyzed businesses and halted transport in the area. 

In the Nyabugogo commercial area, small businesses loses at least a cumulative 178.2 million Rwf 

annually due to recurrent flooding according to the 2016 survey conducted in the City of Kigali. 

Businesses in Nyabugogo are always affected during the rainy season due to the lack of sustainable 

management of the floods. 

These figures demonstrate that flooding have seriously affected the economic welfare of 

businesses in the area. There is a need to address flood risks in the area to avoid these damages 

sustainably. 

1.4. Ongoing flood control interventions 

Up to date all the assessment and interventions related to flood control have focused on structural 

measures, mostly aimed at enlarging the outlet of Mpazi channel. Many studies have been 

conducted since 2014 in this respect. 

The latest study was conducted in 2018. The Rwanda Water and Forestry Authority through the 

Water for Growth Program commissioned a study on flood mitigation in Nyabugogo/Mpazi sub-

catchment with its main components being: (i) Hydrologic modeling for the Mpazi sub-catchment 

using HEC-HMS, (ii) Hydraulic modeling of the downstream section of Mpazi channel using 

HEC-RAS, and (iii) Detailed design for upgrading the two main bridges and the channel section 

at the downstream part of Mpazi channel. 

The re-designed of the main bridges and the downstream channel section are currently under 

implementation by the City of Kigali with funding from the Rwanda Green Fund (FONERWA). 
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Figure 2: Ongoing interventions in Mpazi channel. 

It is reported by the City of Kigali that construction activities are at 54% completion. Two major 

bridges on Mpazi drainage channel downstream section including one located on “Muhima” road 

and the other on “Poids Lourds” will be completed at a cost of 7.9 billion Rwf. 

 

Figure 3: Expansion of the section of the channel between the two main bridges, behind the Nyabugogo bus park 

(left) and construction of the upgraded downstream bridge at Poid Lourds Avenue. 

1.5. Nature based flood control measures in the context of Mpazi sub-catchment 

The potential of nature-based solutions as a valid alternative to grey infrastructures to mitigate 

climate  risk have been demonstrated in recent  studies(Giordano, Pluchinotta, Pagano, Scrieciu, 

& Nanu, 2020; Kalantari et al., 2018). In addition, Nature –based  Solutions approach can assist 

countries specifically East African Countries in making cities and human settlements more 

inclusive, safe, resilient and sustainable(Kalantari et al., 2018). 

In many countries across the world, practitioners and policy-makers have come to realize that grey 

infrastructures or structural measures for coping with water-related risks such as floods, may not 

be the most suitable solution alone to reduce flood risk, and that a shift from grey infrastructure to 

nature-based solutions would be required(Santoro et al., 2019). Furthermore, recent studies also 

demonstrated that effective strategies for coping with flood risks require not only a deep 

understanding of the main physical phenomena to be addressed, but also an unprecedented level 
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of cooperation between different levels of Institutions, the Civil society and the Private sector. 

This means that flood risk management is no longer an exclusive matter for Public 

Institutions(Broto & Bulkeley, 2013; Stéphane Hallegatte & Corfee-Morlot, 2011). 

Nature based-solutions not only seek to manage downstream flooding by intervening upstream 

mostly, but they also promote integrated and sustainable surface water management by enhancing 

landscapes and biodiversity, and promoting the amenity value of the built environment, making 

them more resilient to climate change. 

Nature based-solutions mainly target slowing down and reducing the quantity of surface water 

runoff from developed areas as means to manage the downstream flood risk, as well as reducing 

the risk of pollution caused by the runoff. To achieve this, nature based-solutions provide systems 

that enable infiltration, reduction of flow energy, storage and effective conveyance as well as onsite 

treatment of surface water runoff. Besides the mitigation of downstream flood risk, nature based-

solutions play a pivotal role in the provision of spaces that promote natural habitats and 

biodiversity, as well providing benefits to the local community in terms of improved well-being, 

quality of life for individuals (livability), which in turn have a positive knock-on effect to the local 

economy. 

In Rwanda, the potential of nature-based solutions as a valid alternative to grey infrastructures to 

mitigate climate risk have been demonstrated in recent studies by the Word Bank and the Global 

Green Growth Initiative. These studies are in agreement that the application of green 

infrastructures and nature based-solutions cannot only complement grey flood reduction measures, 

but also improve the urban quality and strengthen livelihoods and flood resilience of the local 

population specifically in urban neighborhoods. 

In the context of Mpazi sub-catchment, different studies have indicated that the potential of nature 

based-solutions lies in the reduction of flow energy and increase of infiltration. Additionally, these 

nature based-solutions can only be implemented in small scale interventions and integrated in the 

remaining open spaces and the Mount Kigali in the forest. 

This study will contribute in sustaining the current flood mitigation infrastructural measures being 

implemented in the downstream part of Mpazi sub-catchment. These measures were designed at a 

peak discharge of 110 m3/s corresponding to a 100-year return period while the calculated 1000-

year return period was 145 m3/s (RWFA, 2019). The conceptualization of nature based-solutions 

aiming at minimizing the design peak discharges as much as possible while positively impacting 

the livelihood of the local population is of interest to this study. 

1.6. Problem statement 

Mpazi channel experiences heavy flash floods during rainy days, causing inundations in the 

downstream of catchment, mainly the Nyabugogo commercial area. Currently, the main approach 

towards addressing the issue is focused on implementing expensive structural based measures such 

as urban drainage structures. This approach has proven to be shorthanded in a sense that it is 
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difficult to operate and maintain the implemented structures as climate change, population growth 

and land degradation put increasing pressure in the downstream of the catchment, hence resulting 

in recurrent investments in the downstream structural measures. From this perspective, the current 

approach is more of a solution-caused problems with an increasing inefficient to sustainably solve 

the problem. The observations are that the problem is not solved but rather transferred downstream 

as it is the case for many part in the City of Kigali. 

Structural measures on their own are incomplete and need to be supported with a combination of 

non-structural measures and nature-based control measures, with the aim to sustainably address 

the flooding issues in the Mpazi sub-catchment. Nature-based solutions have the advantages, on 

one hand, to control the flow and amount of runoff from the upstream through their multi-

functionalities such as increased infiltration and evapotranspiration, temporal retention of runoff, 

increase of opportunity harnessing of rainwater, etc.; and on the other hand easy to implement, 

operate maintain due to their cost-effectiveness. 

The understanding and opportunity to implement nature-based solutions in Mpazi catchment to 

improve the efficient of the downstream implemented structural measures to control flooding, is 

yet to be analyzed and conceptualized. This is a knowledge that this study ought to bring to light 

and steer policy decision towards sustainably addressing the flooding issues in Mpazi catchment. 

1.7. Project’s objectives 

1.7.1. Main objective 

The main objective of this project is to conceptualize nature-based flood control measures in Mpazi 

sub-catchment based on scientific facts and assessment of the hydrological behavior of Mpazi sub-

catchment. 

1.7.2. Specific objectives 

To be able to achieve the main objective of the project, a number of steps were required. These 

were: 

 To develop a rainfall-runoff model of the entire Mpazi sub-catchment to estimate the runoff 

from upstream areas; 

 To establish numerical boundary conditions of the 1D2D hydrodynamic flood model of 

Mpazi sub-catchment; 

 To develop a 1D2D hydrodynamic flood model of the Mpazi sub-catchment to assess flood 

characteristics in the area; 

 To produce flood map of Mpazi sub-catchment; 

 To conceptualize the potential nature-based flood adaptation measures that would have an 

impact on the flood mechanisms in Mpazi sub-catchment; 

 To assess the impact of Nature based solutions using the developed hydrological and flood 

models of Mpazi sub-catchment; 
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 To raise awareness of the community living in the Mpazi sub-catchment on the potential 

benefit of Nature Based Solutions. 

1.8. Scope of work 

This project will focus on conceptualizing and pre-designing nature-based interventions in the 

upstream of Mpazi catchment to achieve sustainable and resilient flood control. In this study, the 

spatial scope will be limited to Mpazi sub-catchment, while the activities’ scope will be limited to 

setting up the hydrological and hydraulic models, to support the conceptualization and testing the 

impact of potential nature-based solutions susceptible to contribute to flood control. 
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CHAPTER 2: STUDY AREA 
Mpazi sub-catchment is a micro-catchment located between 1°56´15´´S and 1°58´45´´S, and 30° 

02´00´´ E and 30° 03´45´´E; with an approximated area of 8.45 sq.km, located in the City of Kigali, 

in the Nyarugenge District. The main Mpazi channel is a tributary of the Nyabugogo River. Mpazi 

sub-catchment drains 8 sectors. The spatial distribution of the sectors drained by the Mpazi channel 

is as follows: i). 4.74% of Mpazi sub-catchment falls in Kigali Sector, ii). 9.48% falls in 

Nyarugenge Sector, iii). 14.1% falls in Gitega Sector, iv). 29.27% falls in Kimisagara Sector, v). 

2.01% falls in Muhima Sector, vi). 28.32% falls in Nyakabanda Sector, vii). 11.49% falls in 

Rwezamenyo Sector and viii). 0.59% falls in Nyamirambo Sector. An illustration of the study area 

is provided in figure 4. 

 

Figure 4: Study area. 
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2.1. Study area Topography and Climate 

The topography of Mpazi sub-catchment varies 

approximately between 1370 m and 1866 ma.s.l. The 

outlet of the catchment is characterized by gentle 

slope, as the outlet is located in a wetland. The 

topography becomes complex with abrupted changes 

on short distances resulting in very steep slopes in the 

middle and upstream section of the catchment. 

The climate of Mpazi sub-catchment has a similar bi-

modal pattern to the climate of the City of Kigali and 

the country in general. The climate is characterized by 

both the long rainy season that occur from March to 

May and the short rainy season from Mid-September 

to Mid-December, the rest of the year has two dry 

seasons, where the main dry season occur from June to 

August. The annual average temperature varies from 

19,5 °C to 19,9 °C, whereas the annual average rainfall 

ranges approximately between 995 mm and 1074 mm. 

 

 

 

Figure 6: Climate Map of Mpazi sub-catchment. 

Figure 5: Topographic map of Mpazi sub-

catchment. 
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2.2. Study area land use/land cover 

The land use/land cover of Mpazi sub-catchment is 

characterized by a high rate of urbanization, mostly 

poor and unplanned settlements forming a slum as 

illustrated in figure 8 on the left. Agricultural activity 

is also observed on a large area in the catchment. The 

available data (refer to figure 7) indicates that 

settlements occupy 425.81 Ha, croplands 320.92 Ha, 

forests 94.3 Ha and grasslands 0.88 Ha.  

 

Based on field observations, it is clear that the 

combination of steep slopes, fragile soil, high rainfall 

and poor agriculture practices are the main source of 

sediment clogging Mpazi channel. In addition to that, 

boulders and masonry blocks, mixed in the sediment 

(refer to figure 1 on the right), are a result of upstream 

degradation of the channel, which is poorly 

maintained as illustrated on figure 8 on the right. 

 

Figure 8: Unplanned settlements in Mpazi sub-catchment (left) and upstream degradation of the Mpazi channel 

(right). 

 

 

Figure 7: LULC map of Mpazi catchment. 
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2.3. Study area Soil and Geology 

The geological structure of Mpazi catchment is composed of meta-sedimentary and granitic rocks 

such as schist, sandstones and siltstones (Bizimana & Schilling, 2010). From the available soil 

database (Birasa et al., 1990), the taxonomy, the texture and the parent material characterizing the 

soil in the Mpazi sub-catchment was analyzed as illustrated on figure 9. It is observed that a 

predominance of humoxic sombrihumult mainly and lithic troporthent soils, with a clay loam and 

sandy loam texture respectively and parent materials composed of shale and quartzite. This 

combination covers more than 80 percent of the area of Mpazi sub-catchment.  

Normally, humoxic sombrihumult are humus-rich ultisols more or less freely drained (also known 

as humults), which are made of sombric horizon whose upper boundaries are within 1 m of the 

soil surface, and have an isothermic or cooler temperature regime. Also, clay loam texture is 

composed approximately of 43 percent of sand, 28 percent of silt and 29 percent of clay; while 

sandy loam is composed approximately of 70 percent of sand, 24 percent of silt and 6 percent of 

clay. These type of texture containing a large percentage of sand particle are highly prone to soil 

erosion. In addition, shale are fine-grained sedimentary rocks that form from the compaction of 

silt and clay-size mineral particles and quartzite are metamorphic rock formed when quartz-rich 

sandstone has been exposed to high temperatures and pressures. 

These types of soils, with characteristics described above, are mostly mechanically fragile and 

when combined with steep slopes, they become at very high risk of soil erosion. From field 

observations, soil erosion in Mpazi sub-catchment is high and therefore affecting the capacity of 

the catchment to absorb and retain runoff from within. 

Geologically, in Mpazi catchment, lateritic soils rich in iron and aluminum cover the hillside 

surfaces, while alluvial and organic soils found in lowlands and wetlands (Mureithi, Shrestha, & 

Kingma, 2015).From the available geological database(Theunissen, Hanon, & Fernandez, 1991), 

the predominant geological formation in Mpazi catchment are the Bb/Ng1mainly and the Mh2 

formations, both making more than 80 percent of the area of the Mpazi sub-catchment. In addition 

to these two, important layers of the Nd3 as well as the Ho4 formations are also observed in the 

Mpazi catchment. 

                                                 
1Bumbogo formation. Alternation of sandstone or quartzite and schist to phyllite with fine sandstone dominance in small benches. Nyabugogo 

formation. Benches of fine quartzite to very coarse and alternation of fine sandstone beds. 
2Musha formation (300m). Homogeneous schist. Thick membranes of regular alternation of fine sandstone and schist; rare fine sandstone benches 

towards mountain peaks. 
3Nduba formation (150-200m). Benches of quartzite and fine to medium sandstone; rare schist beds. Shyorongi formation. Homogeneous schist 

and regular alternation of fine sandstone beds and schist beds. 
4 Alluvial of valley, lower & middle terraces, cones of dejection. Holocene & Pleistocene undifferentiated. 
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Figure 9: Soil and Geological Map of Mpazi sub-catchment. 
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2.4. Study area Conceptualization 

The approach used in this study is based on a combination of rainfall-runoff and hydrodynamic 

modeling. In this approach, since the overall project goal was to understand the hydrology of 

Mpazi sub-catchment to enable analysis of nature-based flood control measures in the upstream, a 

similar model domain was adopted for both model (hydrologic and flood models respectively). 

To properly understand the hydrological connection of the upstream and downstream parts of 

Mpazi sub-catchment, the catchment was subdivided into 8 hydrologic sub-units, for which each 

unit was assessed in details to allow an estimation of its runoff contribution and its response time, 

hence providing detailed understanding of the behavior of these units independently and as a whole 

Mpazi sub-catchment. 

Table 2: Mpazi catchment hydrologic sub-units. 

 

 

 

 

 

 

 

 

 

  

# Hydrologic Sub-

Units 

Area 

Ha 

Downstream 

connection 

1 Mpazi Upstream 124,07 Mpazi Upper Middle 

2 Mt Kigali Gully 127,38 Mpazi Upper Middle 

3 Mpazi Upper Middle 261,83 Mpazi Lower Middle 

4 Umukoki 59,72 Mpazi Lower Middle 

5 Mpazi Lower Middle 100,78 Mpazi Upper Outlet 

6 Kove 96,88 Mpazi Upper Outlet 

7 Mpazi Upper Outlet 60,94 Mpazi Lower Outlet 

8 Mpazi Lower Outlet 10,62 Nyabugogo 

Figure 10: Study area conceptualization. 
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CHAPTER 3: DATA COLLECTION AND PRE-PROCESSING 

3.1. Rainfall data 

3.1.1. Data collected 

The rainfall data collected were daily data. In this 

study, four stations were selected as illustrated on 

figure 11. Among the selected stations, one was 

used as the target station, while other were used as 

surrounding stations. The selected station was the 

Gitega rainfall station. The selection was based on 

the proximity of the station to the centroid of the 

catchment and the assumption that events occurring 

in the Mpazi sub-catchment covers the whole 

catchment. The daily data were extracted from the 

gridded rainfall dataset(Siebert et al., 2019), which 

were obtained using the existing discontinuous 

rainfall datasets from ground station observations to 

bias correct the ENACT gridded dataset. The 

gridded dataset covers a period of 1981 to 2017. In 

addition to this, the last 2 years (2018 and 2019) 

were obtained from field observations, which are 

maintained at the same standard as the gridded dataset for consistency by the RMA5 also known 

as Meteo-Rwanda. 

3.1.2. Data pre-processing 

Before using the collected rainfall data, a consistency check of the data was done. The consistency 

of the rainfall stations records was tested in order to assess its degree of similarity with the 

surrounding stations. The consistency was checked using the double mass curve analysis (Searcy 

& Hardison, 1950) based on the daily cumulative of rainfall data of the target station plotted against 

the average daily cumulative of the surrounding stations. Figure 12 illustrates the double mass 

curves of Gitega rainfall station. A very high consistency was observed with a very high regression 

coefficient (R2 = 0.9764) despite minor irregularities which can be associated to topographic 

influence in the data or errors remaining in the gridded data after bias correction. 

                                                 
5 Rwanda Meteorological Agency. 

Figure 11: Selected rainfall station. 
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Figure 12: Gitega double mass curve. 

The rainfall dataset used int his study are illustrated in figure 13. In the dataset, extreme events of 

more than 120 mm per day could be observed on multiple occasions in 1993, 2004, 2006 and 2019. 

 

Figure 13: Gitega Rainfall dataset. 

3.2. Topographical data acquisition 

Topographical data are very important for hydrologic and hydraulic modeling. The accuracy of 

these data in representing the terrain is of significant importance for proper modeling. For rainfall-

runoff modeling, topographical data are used for catchment delineation, hydro-geomorphological 

parameterization, etc.; and for flood modeling, these data are used for terrain representation mostly 

in a 2D grid compatible with the coding of the modeling tool. 

A locally produced digital terrain model (DTM) of 10m spatial resolution was used. The DTM 

was produced from a 0.25m spatial resolution digital orthophoto imagery as described in the 

technical report (SWEDESURVEY, 2010). The DTM was used to extract the hydro-

geomorphological parameters of the hydrologic sub-units of Mpazi sub-catchment, which were 

used in setting up the rainfall-runoff model in HEC-HMS as summarized in table 2 and 3. In 
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addition to the above, the DTM will be used to develop the 2D grid for the flood model in HEC-

RAS 1D2D. 

3.3. Channel Geometry 

An adequate representation of the channel is of 

significant importance in flood modelling and 

especially in this study since a coupled 1D2D 

modeling approach was applied. It is common practice 

to collect information on the channel geometry on site 

through topographical surveying as it was done in this 

study (refer to figure 14). The collection of these data 

was done using a differential GPS as illustrated on 

figure 15. The cross sections and longitudinal profile 

of the river were the main target of the topographical 

survey done. 

 

  

Figure 14: Mpazi channel topographical points. 

Figure 15: Technicians manipulating a DGPS. 
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CHAPTER 4: MATERIALS AND METHODOLOGY 

4.1. Modeling conceptual framework 

This study used a combination of hydrologic and hydrodynamic flood models to analyze the 

hydrological behavior and runoff mechanism of the Mpazi catchment with the aim of increasing 

understanding of the flooding mechanism in the area. The upstream boundary conditions of the 

hydrodynamic model were estimated using a hydrological (rainfall-runoff) model of the study area. 

To overcome the data scarcity problem, careful and detailed analysis of hydro-geomorphological 

parameters of both models were conducted. An illustration of the conceptual framework of this 

study is provided in figure 16. 

 

Figure 16: Conceptual framework. 

4.2. Extreme rainfall analysis 

In this analysis, 2 methods were combined to estimate the extreme rainfall events at various return 

periods at sub-daily time steps. The Gumbel distribution was used to estimate daily maxima at 

various return periods. While estimating the design storm events at various return periods and 

durations (sub-daily time steps), was based on the rainfall IDF6 relationship developed by 

Wagesho and Claire (2016). The analysis of Wagesho and Claire (2016) served as basis to derived 

                                                 
6 Intensity-Duration-Frequency. 
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the coefficients a and b of the Montana’s relationship(I = a*Tc(-b)with I in mm/min) thus defining 

the rainfall intensity. 

4.3. Rainfall-runoff modeling 

4.3.1. Hydro-geomorphological parameterization 

A combination of different methods were used to estimate the hydro-geomorphological parameters 

required for rainfall-runoff modelling in this study. These methods were the Curve Number 

method and the DTM hydro-processing. 

4.3.2. HEC-HMS model development 

A detailed description of the HEC-HMS model is provided in its technical reference (Feldman, 

2000). HEC-HMS is a conceptual model, which represents the watershed components in separate 

sub-models simulating the watershed behavior in an uncoupled manner (Hoyos Goez, 2011). A 

simpler approach, proposed and available in HEC-HMS, was adopted in this study because it is a 

flood study, i.e. the interest was focused on estimating peak flows at various return periods. For 

this case, a detailed accounting and reporting of the water amount stored in the upper soil layers 

was not required. Simpler representations of the watershed behavior were adopted as shown in 

figure 17, where only the necessary components for predicting runoff were detailed while the rest 

were lumped. Because of lack of calibration data, detailed and systematic parameterization of the 

model was done to ensure an acceptable performance through a stepwise calibration. 

 

Figure 17: HEC-HMS model architecture and selected modules, customized for this study. 
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In this study, 3 HEC-HMS modules were set up with the appropriate parameters for i). Land 

surface saturation - runoff volume estimation, ii). Overland flow-direct runoff, and iii). Channel 

Flow.  

 Land surface saturation-runoff volume 

This module determines runoff volume by computing 

the volume of water infiltrating and subtracting it from 

the precipitation. Infiltration represents the movement 

of water to areas under the land surface. Precipitation 

on pervious surfaces is subjected to losses.  

In order to account for these losses, the SCS curve 

number (CN) model has been applied based on the land 

use land cover data and soil data, illustrated on figure 

7 and 9 respectively. From these data the land cover 

and hydrologic soil group (A, B, C and D) were 

derived and used to estimate the Curve Number. 

 

 

 

 Overland flow-direct runoff  

This module simulates the process of direct runoff 

from excess precipitation on the watershed by 

transforming precipitation excess into point runoff. 

In this study, the parametric unit hydrograph proposed 

by the Soil Conservation Service (SCS) was selected 

to perform rainfall-runoff transfer. The key parameter 

that leads to the estimation of SCS unit hydrograph is 

the lag time, which is approximately 80 percent of the 

time of concentration. 

To estimate the concentration time, 4 formula were 

used (the Kirpich, Giandotti, Dujardin and Desbordes 

formulas), that appeared to be appropriate for the size 

and type of the concerned Mpazi sub-catchment. From 

these equations, a sensitivity analysis to the runoff 

coefficient was performed to enable a selection of the formula to apply in this study. To estimate 

the runoff coefficient needed for the time of concentration of each sub-units, the land use land 

cover data was used.  

Figure 18: HEC-HMS runoff volume estimation 

module. 

Figure 19: HEC-HMS overland flow module. 
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 Channel Flow  

A routing model is used to route the computed direct 

runoff at sub-units outlets in the main channel. The 

Muskingum-Cunge model was used in this study and 

is a function of hydraulic and morphologic 

characteristics (obtained from the DTM hydro-

processing) of the main channel (longitudinal slope, 

channel roughness (Manning’s coefficient) and the 

channel geometry (the average width of the channel 

reaches were estimated using the topographical data 

collected on the ground). 

 

 

 

 

4.4. Flood modeling 

4.4.1. Model approach and objective 

HEC-RAS was used to execute hydraulic modeling, and its detailed description can be found in 

its technical reference. The software is capable of simulating one dimensional steady, one and two-

dimensional unsteady flow, sediment transport, and water quality modeling (US Army Corps of 

Engineers & Hidrologic Engineering Center, 2016). The goal of hydraulic modeling is mainly to 

provide information on the flood extent, inundation depths, and flow velocities for the different 

return periods in the Mpazi catchment that can be used to determine the requirements of flood 

control measures and potential sites for NbS development.  

The hydraulic model of the Mpazi channel starts approximately upstream of the bridge close to 

Nyamirambo market at KN190 St. It goes along the way and ends just upstream of Nyabugogo 

bridge at KN3rd Road (Avenue de Poids lourd) for a length of 4554 meters. Tributaries considered 

for the hydraulic model, include Kove, Ruhurura (1, 2, and 3), and Umukoki. Cross-sections are 

spaced differently according to their location. It is required to have many cross-sections in steep 

parts for the calculations to converge. The existing bridge at the catchment outlet was included in 

the model. 

4.4.2. River geometry 

The next step after starting a new project is building a HEC-RAS model to add geometric data. 

Geometry details to be defined are the river network, cross-sections geometry including rivers’ 

centerline, bank stations and flow paths, hydraulic structures such as bridges and culverts, 

Figure 20: HEC-HMS routing module. 
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Manning’s n roughness coefficients. HEC-RAS is coupled with the HEC-GeoRAS geospatial pre-

and post-processor, allowing for an iterative calibration process using GIS data. Hence the 

Geometric data (stream centerline, bank lines, flow path centerlines and XS Cut lines) needed for 

a 1D or 2D model were pre-processed in ArcGIS using HEC-GeoRAS.   

 

Figure 21: ArcGIS with HEC-GeoRAS. 

River channel geometry is an essential input to hydrologic and hydraulic models. The river and 

reaches centerlines have been pre-processed using satellite imagery and the topographic survey 

data. Drawings started from upstream to downstream part to consider positive flow direction, and 

connection of reaches is considered as junction. Figure 21 shows one segment of the Mpazi channel 

and some of its tributaries to indicate how the river network is represented in HEC-RAS.  
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Figure 22: River system graphic 

Cross-section information was collected through surveying using a differential GPS. Each cross-

section consists of the toe on the left and right banks which represent the river bed, the top of the 

left and right banks, and the side of the model for the overbank points on the left and right banks. 

The required data for each cross-section include the river name and reach station where the cross-

section is located, a description box where additional information about a cross-section can be 

added, X and Y coordinates describing the distance and elevation of each point across the cross-

section respectively, downstream reach lengths, roughness coefficients, main channel bank 

stations, and contraction and expansion coefficients; is also available. The cross sections were first 

created using tin layer and then the elevations were updated using the topographic surveyed data. 

An example of this described information is shown in figure 23. 
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Figure 23: Cross-section with corresponding data 

Manning’s n coefficients were used to estimate surface roughness, indicating water flow resistance 

in flood model boundary (Manyifika, 2015). Many reference books provide a table of manning’s 

n coefficients that are related to land cover domains. The manning’s n roughness coefficient has 

been estimated to be 0.025 for the Mpazi channel as it is a stone masonry channel and to account 

for debris in the channel. The flood plain was also given a manning’s roughness coefficient of 

0.025 because flooding is mainly directly along the channel and does not have much vegetation. 

4.4.3. Flow characteristics 

When all the geometric data are entered in the model, the user can then specify if the flow 

computation will be done with either the steady or unsteady flow mode. Because of the very steep 

nature of the catchment’s terrain the attenuation of the flow hydrograph as water moves from 

upstream to downstream is negligible. Therefore, steady flow was judged capable of simulating 

correctly the water flow and was hence the one used.  
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Figure 24: steady flow data 

When the boundary condition editor button is pushed, the table shown in figure 24 will appear as 

illustrated by Figure 24. Flows from HEC-HMS were used as boundary conditions. The inflow in 

each reach was defined based on the river network definition in HEC-RAS and sub-basins division 

in HEC-HMS (see Table 3). In this study, normal depth was selected as the downstream boundary 

condition to describe the energy slope at the catchment outlet. A slope of 0.03 was set to calculate 

the normal of depth at the specified location. An example of boundary conditions data editor is 

shown in Figure 25.  

Table 3: boundary conditions 

# Reach Reach, junction or sub-basin that provides flow 

1 Mpazi main Total flow from sub-basins W170 and W180 

2 Umukoki Flow from sub-basin W bridge 

3 Mpazi_most u/s Total flow from Mpazi main and Umukoki 

4 Ruhurura 3 Flow from sub-basin W 160 

5 Mpazi_most US2 Inflow in junction 5 

6 Ruhurura 2 Flow from sub-basin W 150 

7 Kove Flow from sub-basin W 110 

8 Mpazi midstream Inflow in junction 3 

9 Ruhurura 1 Flow from sub-basins Mpazi west_RB and Mpazi east_LB 

10 Mpazi downstream Flow in reach 4 
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Figure 25: Example of steady flow boundary conditions 

4.4.4. Digital terrain modeling 

The Digital Elevation Model (DEM) has been pre-processed in GIS for its effectiveness during 

flood mapping. The houses have been digitized so that they can be used for the training of the 

DTM. The Mpazi channel and its tributaries have also been digitized to recondition the DTM. The 

following map describes the post-processed DEM. The terrain used was an elevation model based 

on the available 10-meter DEM in most of the basin, supplemented with the digitized houses and 

river. 
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Figure 26: Post-processed DEM 

4.5. Nature based flood control pre-design 

The conceptualization of potential nature-based flood control sites within the Mpazi sub-catchment 

was done using two main approaches: 

4.5.1. Site identification using satellite imagery (Google Earth) 

In this study, the first stage in identifying the potential sites was done with imagery of September 

2020 using Google Earth Pro 7.3. The identification focused on all areas that seemed usable on the 

image, within Mpazi sub-catchment. 

4.5.2. Validation of identified sites 

In order to validate the potentiality of the identified sites on satellite imageries, extensive field 

visits were conducted in Mpazi sub-catchment. These visits consisted of: i). assessing the 

suitability of the identified potential nature based flood control sites, and ii). assessing the existing 
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anthropogenic activities impacting the hydrologic behavior of the area and leading to flooding 

downstream. 

4.5.3. Conceptualization of nature based flood control measures 

Mpazi sub-catchment is a flood prone area. Therefore, the concept of proposed nature-based 

interventions was focused on increasing the infiltration and reducing the flow energy from 

upstream. These concepts are based on knowledge and experience available in numerous 

literatures. 

4.5.4. Impact assessment of the proposed nature based flood control 

The analysis of the impact of the proposed NbS was done using the hydrological model (HEC-

HMS) to estimate the potential for the peak flow reduction if the measures proposed are 

implemented. In order to be introduced in the model, the NbS were first categorized based on their 

approach of mitigating flood as allocated in the existing NbS categories. The first category 

included infrastructure related approaches and the second one as ecosystem-based approach which 

includes rainwater harvesting as well. These categories are well detailed in Chapter 5.7. 

Infrastructure related measures were applied in the model using a simple approach whereby Curve 

Numbers were changed based on the planned measures to improve water infiltration into the soil 

while the rainwater harvesting introduction in the model involved in disconnecting the estimated 

rooftops surface area from the storm water runoff conveyed to a drainage system.  

4.5.5. Stakeholder Engagement 

One of the key outputs of the project was to engage with local leaders and local communities to 

raise awareness on the proposed nature-based adaptation measures, however due to COVID-19 

precautions, public gatherings were restricted and only one on one meetings with local leaders 

were implemented. The stakeholder engagement activity was conducted between the dates of June 

10th to June 11th, 2021. The local leaders consulted were Land managers, Infrastructure and 

Community Settlement officers in the five Districts where most nature-based solutions were 

proposed, namely Gitega, Muhima, Kimisagara, Nyakabanda and Rwemezamenyo. The main 

objective of this outreach was to share with local officials the concept of nature-based flooding 

adaptation measures that were identified in the study and to get their feedback and inputs on the 

suggested solutions. In addition, engagement with local leaders of the study area were conducted 

to ensure that the solutions proposed align with the Kigali Master plan and Sectors goals 

(IMIHIGO) on managing flood risks in the area, and to encourage that once the conditions allow, 

the information will be transferred to the local communities.  

4.5.5. Cost estimation of the proposed nature based flood control 

The estimation of the budget that would be required to implement the proposed nature based flood 

control measures in Mpazi catchment was estimated based on past experience of costs that were 

used in different projects by different stakeholders. For each proposed NbS, a reference was found 

and the cost adopted.  
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CHAPTER 5: RESULTS AND DISCUSSIONS 

5.1. Mpazi model typology 

Mpazi model was subdivided into 8 hydrologic sub-

units within its divide. However, for more accuracy 

the flow contributions from the drainages of Muhima 

road were captured as well. This led into including 2 

external sub-units representing the left and the right 

drainage respectively. An illustration of the typology, 

as set in HEC-HMS is provided in figure 21. 

 

 

 

 

 

5.2. Hydro-geomorphological parameters 

Curve Number: 

Figure 22 illustrates the HSG, CN and Composite CN 

map used in this study.A predominance of the 

hydrologic soil group C and D were observed in the 

catchment. The Curve number varied between 32 and 

91. These two extremes are respectively representing 

the outlet, which is the confluence with the Nyabugogo 

River and the tarmac material making the Muhima road 

in the lower part of the Mpazi sub-catchment. 

A composite curve number was estimated from the 

computed curve number using the aerial average 

method. The composite curve number varies between 

74.24 and 83.85. However, the external sub-units 

representing the left and right drainage of the Muhima 

road were assigned a value of 93. 

 

 

 

Figure 27: Mpazi sub-catchment HEC-HMS 

model typology. 

Figure 28: Mpazi sub-catchment Curve Number. 
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Morphological parameterization of the Mpazi HEC-HMS sub-units and channel reach: 

Table 2 and 3 provide a summary of the HEC-HMS morphological parameterization of Mpazi 

hydrological sub-units and channel reach respectively. 

Table 4: Mpazi HEC-HMS sub-units morphological parameters. 

Sub-units Area (sq.km) 

Average slope 

(m/m) 

Longest path 

(m) 

Mpazi Upstream 1,41 0,06 2450 

Mt Kigali Gully 1,16 0,06 2400 

Mpazi Upper Middle 2,67 0,04 2700 

Umukoki 0,60 0,07 2100 

Mpazi Lower Middle 1,00 0,04 2300 

Kove 1,03 0,18 1700 

Mpazi Upper Outlet 0,66 0,02 1882 

Muhima Right 

Drainage 0,10 0,06 926 

Muhima Left Drainage 0,27 0,07 1500 

Mpazi Lower Outlet 0,06 0,01 319 

 
Table 5: Mpazi HEC-HMS channel morphological parameters. 

Channel 

reach 

Length 

(m) 

Slope 

(m/m) 

Manning's 

coefficient 

n 

Cross-section 

shape 

Cross-

section width 

(m) 

Reach 1 1600 0,0340 0,025 Rectangular 8 

Reach 2 850 0,0417 0,025 Rectangular 8 

Reach 3 1081 0,0200 0,025 Rectangular 6 

Reach 4 10 0,0160 0,025 Rectangular 9 

Reach 5 309 0,0160 0,025 Rectangular 9 

Lag time: 

The lag time was estimated by means of the runoff coefficient. Figure 29shows the sensitivity 

analysis function of runoff coefficient performed on Mpazi catchment in order to choose the time 

of concentration proper formulation. 

Table 6: Mpazi sub-catchments time of concentration comparison (in minutes). 

Formula 

Runoff Coefficient Variation 

Observations 0,70 0,75 0,80 0,85 0,90 0,95 

Time of Concentration 

Kirpich 48,19 48,19 48,19 48,19 48,19 48,19 

Developed from 

observation of 7 steep rural 

catchment 
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Giandotti 110,0 110,0 110,0 110,0 110,0 110,0 For Rural catchments 

Dujardin 58,01 56,63 55,37 54,20 53,13 52,13 For Rural catchments 

Desbordes 36,64 35,52 34,50 33,57 32,72 31,93 For Urban catchments 

 

The sensitivity analysis indicated that Desbordes formula was highly sensitive to changes in runoff 

coefficient in the Mpazi sub-catchment, and was therefore selected for application in this study. 

 

Figure 29: Mpazi catchment time of concentration. 

From the above results of time of concentration, the lag time were estimated as 80 percent of the 

time of concentration. 

5.3. Extreme rainfall events 

As described in Section 4.2, the analysis of extreme rainfall was based on the Gumbel distribution 

to compute daily maxima at various return period, as illustrated on figure 30, and the GitegaIDF 

curve’s Montana parametersdeveloped by Wagesho and Claire (2016), since the reference station 

selected for this study was the Gitega Station.  
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Figure 30: Gitega station Gumbel distribution function. 

Figure 31 illustrates the IDF curves for Gitega Station, obtained using the rainfall time series from 

1981 to 2019. 

 

Figure 31: Mpazi sub-catchment applied meteorological model. 

5.4. Upstream inflow boundary conditions 

This section presents the main results obtained from the rainfall -runoff modeling. The results are 

presented considering that the flood event is generated by the storm located over the whole sub-

catchment. The 24 hour design storm was simulated at 3 different return periods (T10, T50 and 

T100) to compute the upstream inflow boundary conditions of the flood model. The figures 32, 33 

and 34 provide the upstream inflow boundary conditions for each return period. 
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Figure 32: T10 Upstream inflow boundary conditions. 

 

Figure 33: T50 Upstream inflow boundary conditions. 
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Figure 34: T100 Upstream inflow boundary conditions. 

In all these simulated events, the largest upstream contributor of runoff is the Mpazi Upper Middle 

unit, which is followed in half by the Mpazi Upstream unit. Figure 35 provides the peak runoff 

value to illustrate the previous statement. In addition, rapid response are observed for the 

downstream units with an important contribution of runoff from the Muhima road drainage. 

The information obtained from this study is key to strategizing nature based flood control measures 

to improve the resilience of downstream infrastructural interventions. The results re-emphasize the 

concept of nature based solutions that should focus on reducing the runoff peaks and increasing 

the retention time of water to control the downstream recurrent flooding. With these results, a 

prioritization of intervention can be designed as well. 
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Figure 35: Simulated peak discharges at various return periods for each Mpazi HEC-HMS sub-units. 

5.5. Flood Simulation 

For flood simulation, the 100-year return period was considered. Results obtained from HEC-RAS 

show that the most significant flood happens in the downstream part of the of Mpazi channel. As 

example, the cross-section along the Mpazi channel depicted in Figure 36 shows how water 

overtops the channel’s banks hence leading to flood in the surrounding area. Other areas to be 

flooded are along the upstream of Mpazi channel (Mpazi main reach), Ruhurura 3, confluence of 

Ruhurura 2, Mpazi and Kove and some other locations along the reaches.  
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Figure 36: Water level graphic filled with water 

Water depth and inundation boundary are automatically generated and can be viewed in the RAS 

Mapper Layer List. The water Depth is calculated based on water surface elevations. The flow 

velocity layer presents the computed velocities at each cross-section. Obtained water depth for a 

100 year flood event is shown by Figure 37; the figure shows the flood extent from the upstream 

to the downstream. In previous studies it was observed that the channel in its upstream straight 

part was not flowing full. This increase was caused by the sudden increase of 100-year peak flow 

estimated in the Hydrological model and this was caused by the heavy rain period from November 

to December 2019 in which rainfall depth of 148 mm was recorded in Kigali. 
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Figure 37: Flood map in the downstream 

The flood extent was used in the flood mapping where the inundation boundary was exported in 

GIS and used as shape file to map the flood across and along the Mpazi Channel (see Figure 38). In 

the upstream, the channel is able to convey the flow smoothly but when the tributaries start to drain 

into Mpazi channel the flow becomes turbulent and the velocity increases at the confluence causing 

scouring and damages to the channel and the surrounding structures.  

In the downstream part of the model, the bridge at Avenue de Nyabugogo is overtopped by water 

with flood extending in the tarmac road. The simulated flood does not affect the Nyabugogo Bus 

Park, this is mainly because the Nyabugogo River which is the main source of water that inundates 

the bus park is not part of the study area. Based on the narrow channel cross-section at the 

confluence of Nyabugogo River and Mpazi channel, it is assumed that the water flooding the bus 

park originates from that confluence. However, further studies that include the Nyabugogo River 

are needed to validate this assumption.  
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Figure 38: Flood Map. 

5.6. Nature based solutions conceptualization 

Nature-based solutions provide an opportunity to better integrate the agendas of flood risk 

reduction/water quantity management, water quality improvement, biodiversity, and amenity into 

a coherent package as described in figure 39. 

 
Figure 39: Coherent package offered by NBS. 
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Nature Based Solutions contribute to a positive management of each of the four dimensions 

captured under Figure 39 as follow: 

 

Table 7: NbS functions. 

Desired agendas NBS contributions 

Flood risk reduction/ 

Water quantity 

management 

 Manage on-site and downstream flood risk 

 Protect downstream river morphology 

 Protect local ground conditions for landslide risk 

management 

 Maintain as much as possible the natural water cycle on site 

 Utilisation of surface water as a resource 

 Drain the area effectively 

Water quality 

improvement 
 Protect quality of downstream rivers and streams 
 

Biodiversity 

 Preserve local landscapes and protect natural local habitats 

and species 

 Maintain local biodiversity 

 Provide educational materials 

Amenity 

 Provide recreation facilities; 

 Promote the greening aspect of the local built environment 

 Enhance liveability and visual character 

 Deliver incentives for local development 

 

A preliminary literature based assessment of various types of nature-based solutions provided a 

list of potential/suitable measures for Mpazi sub-catchment. Their potential functions as well as 

the number of sites identified within the sub-catchment are provided in table 7. 
 

Table 8: NBS relevant for Mpazi sub-catchment. 

No NBS Potential functions Number of sites Area (m2) 

1 Reforestation 

Flood risk reduction, water quality 

improvement, amenity and 

biodiversity conservation 

1 961,571 

2 
Conservative 

agriculture 

Flood risk reduction and water 

quality improvement 
1 290, 784 

3 Green spaces 

Flood risk reduction, water quality 

improvement, amenity, and 

biodiversity conservation 

37 266,140 
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4 

Detention 

basins/ Bio 

retention 

systems 

Flood risk reduction, water quality 

improvement, amenity, and 

biodiversity conservation 

7 - 

5 
Permeable 

paving 

Flood risk reduction, water quality 

improvement and amenity 
4 48, 532 

6 
River buffer 

zone areas 

Flood risk reduction, water quality 

improvement, amenity, and 

biodiversity conservation 

Along the main 

channel and 

tributaries 

467,267 

7 

Rainwater 

harvesting 

systems 

Flood risk reduction 
All the 

settlement areas 
- 

8 
Flow control 

structures 
Flood risk reduction 

All concrete and 

stone masonry 

drains, 

excluding the 

main channel 

- 

9 Net-Tech 
Flood risk reduction, water quality 

improvement, 
8 - 

Total 58  

 

An illustration of the identified potential NBS sites within the Mpazi sub-catchment and their 

corresponding NbS types, is provided in figure 40 and 41. 
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Figure 40: Proposed NbS solutions in Mpazi sub-catchment. 
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Figure 41: Satellite image showing the potential NBS Sites in Mpazi sub-catchment 

Most of the identified NbS sites are located in Kimisagara and Nyakabanda sectors where open 

spaces have been found. A brief description and illustration of each of the nature-based solutions 

relevant for Mpazi sub-catchment is provided below. 

 

5.6.1. Reforestation 

The reforestation aims at increasing the vegetation cover. A reduced number of trees has been 

identified in the upstream part of the sub-catchment, Mont Kigali (Nyakabanda 2), and that area is 

characterized by soil erosion. In this regard, improved land cover such as increasing the number 

of trees and other agroforestry practices are highly recommended in order to reduce the runoff 

upstream and sediments deposit downstream.  
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Figure 42: Pictures illustrating the reduced vegetation cover in the mount Kigali forest (Kimisagara Sector) 

5.6.2. Conservative agriculture 

The intensification and diversification of agroforestry techniques that can enhance conservative 

agriculture will involve extending the range of species diversity and increasing the intensity of 

planting of agroforestry trees already being used to stabilize slopes of terraces and improve soil 

fertility. Use of perennial species, tree‐crops (including tea, shade coffee, fruit trees, etc.), 

intercropping or planting of ‘in‐field trees’, and shelter‐belts can be promoted as well as suitable 

local species. 

 

Google earth was used to identify different agricultural sites that need to be rehabilitated and smart 

agricultural practices. Around 30 hectares of agricultural land in Kimisagara sector, Kimisagara 

cell, Muganga village were found to be characterized by poor agricultural practices such as 

frequent and intensive tillage of soil, combined with the absence of anti-erosion measures. 
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Figure 43: Agricultural sites located in Kimisagara sector, Kimisagara cell, Muganza village 

Conservative agriculture involves farming practices that improve farm productivity and 

profitability, help farmers adapt and mitigate to the negative effects of soil degradation and 

climate change. Conservative agriculture contributes to improve productivity but also to water 

quality improvement and to runoff reduction resulting in flood risk mitigation downstream. 

 

5.6.3. Green Spaces 

Green spaces consist of open areas planted with appropriate tree species and /or grasses. These are 

normally appropriate within settlement neighborhoods and provide very positive impacts in terms 

of runoff reduction, water quality improvement, biodiversity conservation and beautification. 

 

5.6.4. Detention basins/ Bio retention systems 

Detention basins are vegetated depressions that are normally dry and provide storage of peak 

runoff, releasing it in a controlled manner while bio retention systems are shallow landscaped 

depressions that allow runoff to pond temporarily on the surface, before filtering through 

vegetation and underlying soils. Both systems will be applied depending on the suitability at each 

of the identified seven (7) sites in the sub-catchment. 
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Figure 44: Illustration of a detention basin (left) and a bio retention system (right) 

 

Figure 45: Gullies in Mpazi sub-catchment. 

5.6.5. Permeable paving 

Permeable paving is a paved surface through which water may pass. However, the water does not 

pass-through individual blocks or flags, but through gaps between these elements. Permeable 

paving includes a variety of surfacing techniques for roads, parking lots, and pedestrian walkways, 

unified under the common goal to allow for infiltration of stormwater runoff. Permeable pavement 

surfaces typically include pervious concrete, porous asphalt, paving stones and interlocking 

pavers. There are different types of designs for permeable paving and they will all be presented to 

the beneficiaries accordingly. From google earth and field visits, some churches and big buildings 

in Mpazi sub-catchment have been found to be having large car parking’s especially in Kimisagara, 

Rwezamenyo and Nyamirambo sectors where the establishment of permeable paving’s could 

largely reduce the runoff. 

 

The following are examples of permeable paving’s that can be applied:  
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Figure 46: Illustration of permeable paving. 

5.6.6. River buffer zone areas 

River buffer zones are a space covered with a belt of trees and/or grasses planted along river 

systems on both sides which protect the riverbanks and contribute in minimizing the extent of the 

overflow during flood events but also reduce the accumulation of sediments and other solid 

materials into the river. From the field observations, it was found that people are living very close 

to the river channel which destabilize the riverbanks and this being a serious risk to the 

communities as can be illustrated in figure 47. 

 

 

Figure 47: Pictures illustrating a highly disturbed riverbank along Mpazi River. 

A proper buffer zones of at least 10 meters and 5 meters along the main channel and tributaries, 

respectively, are highly recommended to maximize the above-mentioned functions of a buffer 

zone. The buffer zone will be designed to be suitable for an urban set-up. 
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5.6.7. Rainwater harvesting systems 

Rainwater harvesting systems are systems that collect and use surface water runoff from roofs or 

other impervious surfaces. Broadly there are two ways of harvesting rainwater, namely surface 

runoff harvesting and rooftop rainwater harvesting.  

Considering that Mpazi sub-catchment is densely populated, the rainwater harvesting methods that 

can be used are divided into communal and individual tanks and of course by considering different 

factors such as types of the roof, its slope and its materials, the capacity of the storage tanks, 

features of the catchment and influence on the environment. From the field observations, it was 

found that most of the houses do not have rainwater harvesting systems as illustrated by the below 

pictures. 

 

 

Figure 48: Pictures illustrating dense houses in Mpazi sub-catchment with no RWH systems. 

Operating the water tanks for rainwater harvesting 

The water tanks were found to be one of the adequate NbS measures that can be used to address 

the flooding of Mpazi. However, the limitation of this method is that as soon as the tank is full 

during any hydrological event, this method immediately becomes inactive to hold water for future 

events. To address this challenge, there should be a standard procedure to operate the tanks so that 

they can be used for other events. Therefore, the solution would be to open the tank to avail water 

for different uses to the communities in Mpazi catchment in order to prepare this very same tank 

to harvest rainwater from other rainy events. 

The successful operation of this system will depends on two factors that should work in harmony, 

which are reliable weather prediction and community participation. First, the primary purpose of 

the tank is to store water that can be used for domestics and other purposes such as gardening. The 

reliable weather predication would ensure that the community can trust the Meteorology Agency 

so that even after emptying their tanks, they are sure it is going to rain again so as to benefit from 

installing the tanks. Second, the community should be well sensitized on how and when to operate 

the tank. This is also a core pillar in the success of rainwater harvesting for flood reduction 

purposes because the tank should be emptied on regular basis, especially in rain season, based on 
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the weather prediction. The community should have a will to participate and well understand why 

they are doing so and how it is going to benefit the downstream community.  

In some areas, it may be challenging for adopting rainwater harvesting because the houses are 

small, there is not enough space to put the tanks and most of roofs are dirty which may cause health 

issues. Still, rainwater harvesting will be considered as a nature-based solution in Mpazi mostly 

because Kigali master plan indicates that all new buildings should have rainwater harvesting 

system to prevent excessive runoffs. Currently there is an ongoing Swiss project in partnership 

with the City of Kigali that is encouraging grouped housing of people living in high risks areas of 

Gitega Sector and rainwater harvesting will be adopted. 

5.6.8. Flow control structure/Flow energy dissipation measures 

The flow control structure is a precast concrete fitted into an existing storm sewer with an opening 

that allow a steady flow and a spillway to drain overflow in the case of heavy storm.   

 

Figure 49: Flow Control Structure that transforms storm sewers into check dam and controls discharge entering the 

main channel. 

In Mpazi sub-catchment, surface rainwater harvesting would be an ideal solution to tackle the 

flood challenges. But the area is overpopulated, and the topography is questionable whether it can 

allow the construction of detention dams. However, considering the fact that there are already 

constructed storm sewers, they can be exploited to detain certain amount storm water for a short 

period of time by increasing the concentration time of the catchment. To achieve this, flow control 

structure should be introduced into the existing drainage network that transform storm sewers into 

check dams. 

The advantages of flow control structures are that they would permit micro-catchment to contribute 

a known amount of water into the main channel. All drains have design capacity, and the flood 

occurs when the stormwater exceed the design capacity. However, the contribution of each 
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catchment can be regulated by using the flow control structure that only allow certain discharge to 

enter the main channel. 

On the other hand, the shortcomings of flow control structure would be that the drains were 

constructed in past and the potential to hold water was not taken into account. As a result, only 

concrete and stone masonry channels can be used for water detention purposes while other kinds 

of drains would not fit the purpose. Besides, those made of concrete would have to undergo further 

strength analysis to make sure they can stand addition forces that water would impose.  

5.6.9. Net-Tech  

The sediments are considering to be among the leading factors that trigger floods in Mpazi channel 

when trapped in the waterways. Net-Tech are designed to trap the sediments before entering the 

main channel. These are stainless-steel net-like structure that are placed on the outlet of culvert 

pipes to trap particles of bigger sizes although they can as well trap fine particles (Urban Assets 

Solution 2019). Net-tech has a potential to serve as primary treatment and should be cleaned on 

regular basis especially in the rainy season where high flows are expected.  

Net tech has several other benefits including easy installation, cleaning, and maintenance. In the 

case of Mpazi sub-catchment, one should expect that this structure would trap some of the recycle 

materials such as plastic bottles and domestic solid wastes as it was observed that the population 

don’t have a sustainable waste management systems and the existing company that collects 

household wastes don’t reach to their houses due to the informal settlements and inappropriate 

roads. Therefore, they get tempted to throw the wastes in the drainage systems and water channels. 

In this regard, Net-tech would resolve this issue especially in Kigarama and Kabeza cells of Gitega 

sector, Kamuhoza and Nyakabanda 1 cells of Kimisagara and Nyakabanda sectors respectively 

which was found to have poor hygiene. 

In addition, on several occasion textile materials are trapped in the conveyance systems especially 

on the inlet structure of the bridge. This process changes the shape of inlet structure that is normally 

designed to allow smooth flow of storm water. This causes gradual decrease of water being 

discharged in real time, hence allowing a buildup of water upstream of the bridge by which after 

a certain period of time led to overtopping of the banks of the main channel. Nevertheless, this 

process would not happen if the sediments were to be collected well before entering the channels, 

therefore Net-tech stands to solve these challenges. 
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Figure 50: Net-Tech structure to entrap the sediments such as plastics and textile materials (Urban Assets Solution 

2019). 

5.7. Impact assessment of proposed nature based flood control 

In our study the natural flood management measures that were considered were referred to as the 

natural water retention measures. These measures can improve water infiltration hence potentially 

reducing the peak discharge which can help to decrease water flow in the channels. These measures 

include the reforestation of the Mount Kigali Forest, the Greening of open areas and introduction 

of the permeable paving where possible. The nature-based solutions were categorized in 

accordance to the approach of mitigating flood therefore two categories of NBS exist; the first 

class includes infrastructure related approaches involving the use of vegetation and soils practices 

to restore the natural processes required to manage water while creating a healthier environment 

and the second class is the ecosystem-based management approach which involves the integrated 

water resources management (Cohen-Shacham, Walters, Janzen, & Maginnis, 2016). 

To apply these measures in the model a simple approach was used whereby Curve Numbers were 

adjusted based on the planned measures to improve water infiltration into the soil. These solutions 

were applied in the Hydrological model to evaluate what will be the impact of measures on the 

flow hydrographs in reaches across the catchment. To apply these solutions the Technical Release 

(TR) 55 was used. TR 55 presents simplified procedures to calculate storm runoff volume, peak 

rate of discharge, hydrographs, and storage volumes required for floodwater reservoirs. This report 

was released for small urban watersheds by United States Department of Agriculture (USDA, 

1997). Generally, the steps involved specifying the areas of the proposed nature-based solutions 

in each sub-basin and then change the old curve number of that area in which the measure will be 

implemented to a new curve number based on the new land use in case that the proposed solution 

is implemented. After this process, composite Curve numbers were obtained from each average 

Curve number computed and used as the new Curve number value for that specific sub-basin back 
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in HEC-HMS. The Nature based flood mitigation in table 8 is an example of the steps involved in 

changing the Curve Number to lower flows in the catchment.  

Table 9: Curve Number Improvement Table 

Sub-Basin 
    

Name Mpazi Upper 

Middle Unit 

 
  

Area 2.67 km2   

CN-Existing 80.96 -   

CN-New 77.94 -   

Nature-Based Flood mitigation 

Improvement Area (Ha) old CN new CN 

Green Space (Site 3) 1.83 98 35 

Green Space (Site 4) 0.63 85 35 

Porous Pavers 2.4 98 45 

Green Space (site 6) 1.2 89 80 

Green space (site 10) 0.34 84 80 

Green space (site 20) 1 89 80 

Green Space (Site 22) 0.15 84 80 

Green Space (site24,32,36,39) 0.68 89 80 

Reforestation 46 43 32 

Total Improvements 54.2 
  

 

After updating the new Curve Numbers in the hydrologic model, the peak discharge at the outlet 

of Mpazi reduced by 8 m3/s (see table 9), which is expected from hydrological system such as 

Mpazi sub-catchment with very steep topography and soils characterized by mainly C and D group.  

Rainwater harvesting is another alternative in reducing the peak flow rate at the outlet of Mpazi 

sub catchment, while also serving as a complement to the existing water supply. To evaluate this 

alternative in the model, the estimation of the rooftops surface area in each sub units of the 

catchment with an estimated area of the disconnected rooftops of 1 Km2, was done. This analysis 

was extended in complementing the infrastructure related approaches and the effect on peak 

reduction was observed to be up to 20 m3/s.  

 

Table 10: Impact of NBS on flow reduction 

Nature-Based 

Solutions Approach 

Location of 

discharge 

measured 

Discharge (m3/s) Discharge after the 

Nature based solutions 

introduction (m3/s) 

Infrastructure related Outlet 181.5 173.8 

Rainwater Harvesting Outlet 173.8 153.2 
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The peak flows obtained from HEC-HMS after incorporating NbS were added in the HEC-RAS 

model under a new profile. The difference in the inflow is illustrated by Figure 51. It can be 

observed that the discharge did not decrease significantly because of the terrain’s steepness and 

soil typology as explained above. Consequently, the flood extent obtained after implementation of 

NbS is quite similar to the initial flood extent. The black line delineates the inundation boundary 

after the implementation of NbS while the orange line indicates the initial flood extent.  However, 

the impact of NbS is undeniable; they helped to alleviate flooding because the new inundation 

boundary is within the boundary of the initial flood extent which shows clearly that the flow has 

reduced.  

 

Figure 51: Flow before and after implementation of NBS 
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Figure 52: Flood extent before and after implementation of NbS. 

5.8. Stakeholder Engagement  

This section summarizes feedback received during the stakeholder outreach activity. For each of 

the meetings, a brief presentation of the project and nature-based solutions identified and their 

potential impact was given. After the presentation, feedback on the proposed solutions was given 

by the sectors officials. As mentioned above, discussions were conducted with Land managers, 

Infrastructure and Community Settlement officers to ensure that the technicality of the concept of 

nature-based flooding adaptation measures is well captured. Below is the feedback including 

concerns presented by sectors officials, further classified by sectors in the table below:  

 The implementation of rainwater harvesting is challenging: It was expressed that it 

may be challenging to adopt rainwater harvesting in the current settlement of Mpazi sub-

catchment because the houses are small, there is not enough space to put the tanks and most 

of toles are very old which may cause health issues. This is mainly due to dense and poor 

settlements in the area. However, these measures can be considered for new or upgraded 

settlements since the Kigali Master Plan requires all new buildings to have rainwater 

harvesting system to prevent excessive runoff. In addition, it was revealed that since there 

is enough access to piped water that people don’t see the need of capturing rainwater, hence 

more awareness raising is needed to ensure that the people understand the benefit of 

rainwater harvesting systems.  

 Inappropriate solid waste dumping in the area: When it rains, people throw domestic 

solid wastes in the channel causing the blockage of water in Nyabugogo which results into 

flooding. Net tech was proposed in this study to be a solution to this specific problem, and 
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it was highly appreciated by the sectors’ representatives. It was recommended to them to 

identify other potential places with culvert structure where this technic can be applied. 

 The need to incorporate green spaces in the Master plan of the area: There are almost 

no green areas planned in the MP of the Nyakabanda and Rwezamenyo sectors, hence the 

need to incorporate them. 

 Focus needed downstream as well: It was suggested that there is a need to focus on 

preventing flooding by also implementing measures downstream, because when all debris 

are concentrated downstream obstructing the water flow and leading to backflow causing 

more damages downstream around the channel. In this study, Net-Tech was recommended 

for this case as a solution that can be implemented upstream and can solve the issue.  

 It is imperative to respect the river buffer zone areas: Sectors’ officials expressed that 

the main issue of flooding in Mpazi sub-catchment flood is linked to people living in high-

risk zones (the channel buffer zone) which leads to several deaths during the rainy seasons. 

Hence the need to keep relocating people living in the buffer zone areas. It was expressed 

that the City of Kigali has started adaptation measures that sensitize and support people to 

move from those areas, and that people are aware of the 5 to 10m buffer zone distance, 

however some end up coming back in risk zones. 

 More capacity building needed on nature-based flood adaptation measures: Sectors’ 

officials have expressed the need of NbS related training, to ensure that they have the 

capacity to continuously identify potential sites for implementation of those solutions since 

they are easily implementable and integrate the communities. 

Table 11: Summary of stakeholder feedback. 

NBS/Sectors Gitega Muhima Kimisagara Nyakabanda Rwemezamenyo 

Reforestation  

- 

 

- 

Reforastation 

of Mont 

Kigali 

Needed 

Reforastation 

of Mont 

Kigali 

Needed 

 

- 

Conservative 

agriculture 

 

- 

   

- 

Already 

being 

implemented 

is some cells 

 

- 

 

- 

Green spaces Needs to be 

incorporated 

in the MP 

Needs to be 

incorporated 

in the MP 

Needs to be 

incorporated 

in the MP 

Needs to be 

incorporated 

in the MP 

Needs to be 

incorporated in 

the MP 
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Detention 

basins/ Bio 

retention 

systems 

Difficult 

due to lack 

of space 

Difficult 

due to lack 

of space 

Need to work 

w/ the 

community 

to implement 

Need to work 

w/ the 

community to 

implement 

Difficult due to 

lack of space 

Permeable 

paving 

Needs to be 

incorporated 

in the MP 

Needs to be 

incorporated 

in the MP 

Needs to be 

incorporated 

in the MP 

Needs to be 

incorporated 

in the MP 

Needs to be 

incorporated in 

the MP 

River buffer 

zone areas 

Included in 

the MP and 

effort 

needed in 

relocating 

people 

living in BZ 

Included in 

the MP and 

effort 

needed in 

relocating 

people 

living in BZ 

Included in 

the MP and 

effort needed 

in relocating 

people living 

in BZ 

Included in 

the MP and 

effort needed 

in relocating 

people living 

in BZ 

Included in the 

MP and effort 

needed in 

relocating people 

living in BZ 

Rainwater 

harvesting 

systems 

Hard to 

implement 

due to lack 

of space 

Hard to 

implement 

due to lack 

of space 

Hard to 

implement 

due to lack of 

space 

Hard to 

implement 

due to lack of 

space 

Hard to 

implement due to 

lack of space 

Net-Tech Can be 

impactful, 

need more 

proper areas 

to 

implement   

Can be 

impactful, 

need more 

proper areas 

to 

implement   

Can be 

impactful, 

need more 

proper areas 

to implement   

Can be 

impactful, 

need more 

proper areas 

to implement   

Can be 

impactful, need 

more proper 

areas to 

implement   

5.8. Cost estimate of proposed nature based solutions 

The following provides a cost estimate of the proposed nature based flood control measures in 

Mpazi sub-catchment. The estimated cost is provided in table 11. The implementation of these 

measures is strongly advised to be a collective efforts from all concerned stakeholders in Mpazi 

sub catchment. 
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Table 12: Estimated budget of the Nature based flood control measures in Mpazi catchment. 

No Sector Cell 
NbS 

measure 
Area (m2) 

Unit cost 

(Rwf) 

Total cost 

(Rwf) 

1 Rwezamenyo Rwezamenyo i Net-Tech - 10,000.00 10,000.00 

2 Rwezamenyo Rwezamenyo i Net-Tech - 10,000.00 10,000.00 

3 Nyakabanda Nyakabanda ii Net-Tech - 10,000.00 10,000.00 

4 Nyakabanda Nyakabanda ii Net-Tech - 10,000.00 10,000.00 

5 Nyakabanda Nyakabanda i Net-Tech - 10,000.00 10,000.00 

6 Kimisagara Kamuhoza Net-Tech - 10,000.00 10,000.00 

7 Kimisagara Kamuhoza Net-Tech - 10,000.00 10,000.00 

8 Gitega Akabeza Net-Tech - 10,000.00 10,000.00 

9 Kimisagara Katabaro Check Dam - 30,000.00 30,000.00 

10 Kimisagara Kamuhoza Check Dam - 30,000.00 30,000.00 

11 Nyakabanda Munanira ii Check Dam - 30,000.00 30,000.00 

12 Nyakabanda Munanira ii Check Dam - 30,000.00 30,000.00 

13 Nyakabanda Munanira ii Check Dam - 30,000.00 30,000.00 

14 Nyakabanda Munanira ii Check Dam - 30,000.00 30,000.00 

15 Nyakabanda Nyakabanda i Check Dam - 30,000.00 30,000.00 

16 Kigali Kigali 
Conservative 

agriculture 
19,254.43 500.00 9,627,217.00 

17 Kimisagara Katabaro 
Conservative 

agriculture 
82,206.63 500.00 41,103,313.50 

18 Kimisagara Kimisagara 
Conservative 

agriculture 
189,027.77 500.00 94,513,883.00 

19 Nyakabanda Munanira ii Green space 18,272.61 100.00 1,827,260.60 

20 Nyakabanda Munanira ii Green space 6,286.98 100.00 628,697.90 

21 Nyakabanda Munanira i Green space 23,928.21 100.00 2,392,820.60 

22 Nyakabanda Munanira i Green space 11,486.01 100.00 1,148,600.70 

23 Kimisagara Kimisagara Green space 5,110.88 100.00 511,088.40 

24 Gitega Akabahizi Green space 15,599.02 100.00 1,559,902.40 
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25 Kimisagara Kimisagara Green space 355.47 100.00 35,547.40 

26 Kimisagara Kimisagara Green space 8,723.84 100.00 872,384.40 

27 Nyakabanda Munanira i Green space 3,385.96 100.00 338,596.20 

28 Nyakabanda Nyakabanda ii Green space 4,553.46 100.00 455,346.20 

29 Nyakabanda Nyakabanda ii Green space 4,826.65 100.00 482,664.70 

30 Gitega Akabahizi Green space 1,933.57 100.00 193,356.80 

31 Kimisagara Kamuhoza Green space 2,114.05 100.00 211,404.70 

32 Kimisagara Kimisagara Green space 1,920.13 100.00 192,013.00 

33 Nyakabanda Nyakabanda ii Green space 19,458.73 100.00 1,945,873.10 

34 Muhima Kabeza Green space 43,705.56 100.00 4,370,556.10 

35 Kimisagara Kimisagara Green space 25,590.23 100.00 2,559,023.40 

36 Kimisagara Kamuhoza Green space 10,089.68 100.00 1,008,967.90 

37 Nyakabanda Munanira i Green space 1,474.34 100.00 147,434.10 

38 Kimisagara Katabaro Green space 2,730.63 100.00 273,063.00 

39 Kimisagara Kamuhoza Green space 3,103.70 100.00 310,370.00 

40 Kimisagara Kimisagara Green space 1,645.64 100.00 164,563.80 

41 Kimisagara Kimisagara Green space 14,314.91 100.00 1,431,490.50 

42 Kimisagara Katabaro Green space 127.71 100.00 12,770.90 

43 Kimisagara Kimisagara Green space 1,585.07 100.00 158,506.70 

44 Kimisagara Kimisagara Green space 2,141.02 100.00 214,101.50 

45 Kimisagara Katabaro Green space 2,896.99 100.00 289,698.80 

46 Kimisagara Katabaro Green space 763.88 100.00 76,387.60 

47 Kimisagara Kamuhoza Green space 2,575.49 100.00 257,549.00 

48 Nyakabanda Nyakabanda ii Green space 2,450.57 100.00 245,057.10 

49 Nyakabanda Nyakabanda i Green space 495.50 100.00 49,549.90 

50 Nyakabanda Nyakabanda i Green space 912.90 100.00 91,290.40 

51 Nyakabanda Munanira ii Green space 858.31 100.00 85,831.10 

52 Gitega Akabahizi Green space 625.83 100.00 62,583.20 

53 Gitega Akabahizi Green space 313.36 100.00 31,336.00 
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54 Gitega Kora Green space 278.16 100.00 27,815.70 

55 Gitega Akabeza Green space 808.45 100.00 80,844.60 

56 Gitega Kigarama Green space 1,823.65 100.00 182,364.80 

57 Gitega Akabahizi Green space 3,279.89 100.00 327,988.60 

58 Rwezamenyo Rwezamenyo ii 
Permeable 

Paving 
8,189.05 4,500.00 36,850,707.00 

59 Kimisagara Katabaro 
Permeable 

Paving 
6,231.64 4,500.00 28,042,389.00 

60 Nyakabanda Nyakabanda ii 
Permeable 

Paving 
18,991.99 4,500.00 85,463,964.00 

61 Kimisagara Kimisagara 
Permeable 

Paving 
14,188.33 4,500.00 63,847,498.50 

62 Kigali Kigali Reforestation 18,898.76 200.00 3,779,751.40 

63 Kimisagara Kamuhoza Reforestation 118,599.49 200.00 23,719,898.20 

64 Kimisagara Katabaro Reforestation 98,082.26 200.00 19,616,452.40 

65 Kimisagara Kimisagara Reforestation 543.61 200.00 108,721.40 

66 Nyakabanda Munanira ii Reforestation 341,630.07 200.00 68,326,013.80 

67 Nyakabanda Nyakabanda i Reforestation 327,717.74 200.00 65,543,547.20 

68 Nyakabanda Nyakabanda ii Reforestation 50,923.83 200.00 10,184,766.80 

69   Buffer Zone 467,267.00 200.00 93,453,400.00 

   Grand Total   669,726,225.00 
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 

6.1. Conclusion 

In this assessment, detailed hydrological modeling was performed to improve the understanding 

of the hydrological behavior of Mpazi sub-catchment. To do so, complex hydrological and 

hydraulic models, using a combination of HEC-HMS and HEC-RAS were developed and used for 

detailed assessment of the natural hydrological behavior of the sub-catchment, leading to flooding 

downstream. Since the objective of the analysis was to understand the flood mechanisms in the 

sub-catchment from upstream to downstream, a hydrological subdivision for each main tributary 

of the sub-catchment, with a topological connection from upstream to downstream at the outlet 

was applied. Each hydrological unit was parameterized using high resolution hydro-

geomorphological data. An extreme event analysis combined the Gumbel approach (which 

provided maximum value of extreme rainfall events at different return period) and the IDF curve 

of the Gitega station (which was used to downscale the temporal resolution and shape of the 

extreme values maximum at different return period), was applied. The estimated extreme rainfalls 

were used to force the hydrologic model. Due to lack of calibration data, a stepwise calibration 

approach was adopted at each step of the analysis and results were compared with other studies 

conducted in the same area in the past. The hydraulic model was developed by optimizing the 

existing DEM with data collected on the field with topographic equipment of high accuracy (which 

mainly were used to collect the main channel geometry and the surrounding floodplain). The 

hydraulic was set up in a 1D2D configuration to allow flexibility in producing the flood maps and 

controlling the inaccuracies intrinsic to the data used. The result of this analysis is a set of flow at 

each hydrological unit outlets, which were used as upstream boundary conditions of the flood 

model. 

Additionally, a conceptualization of appropriate nature-based solutions to improve flood control 

in the sub-catchment was done, and the potential nature-based flood adaptation measures were 

identified using satellite imageries (on google earth engine). This identification was then followed 

by several field visits to validate the potential and feasibility of the preliminary identified sites. 

From the above assessment, the following are the main results achieved: 

 The hydrological model subdivision and typology resulted in 8 hydrologic units, which 

were used in this analysis. These were observed with areas varying between 10.62 to 

261.83 hectares; 

 To estimate the effective rainfall, the Curve Number method was applied. A distributed 

CN map was produced indicating a variation of CN from 32 to 91. From the distributed 

map, a composite CN for each hydrological unit was computed. These varies from 74.27 

to 83.85; 

 To compute the response time of each hydrologic unit, the SCS Unit Hydrograph was used. 

Mainly, the sub model compute direct runoff using the lag time. The lag time was estimated 

from the time of concentration which was estimated from a comparison of 4 different 
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approaches. From all the tested approach, a sensitivity analysis, using runoff coefficient, 

was conducted to determine the appropriate approach to select. The Desbordes approach 

was selected in the end as the appropriate approach. From the estimation of the time of 

concentration, a factor of 0.8 was adopted to estimate the lag time; 

 The extreme rainfall analysis indicated that the storm spatial distribution could be assumed 

uniform to the whole sub-catchment due to its small size, hence the Gitega rainfall station 

was used with a time series starting from 1981 to 2019. The estimated extreme daily 

rainfalls at the 10, 50 and 100 return periods of 24-hours duration of rainfall intensity 

produced peak flows of 94.2, 153.5, and 180 m3/s. 

 The extreme rainfall was used as forcing factor of the hydrologic model. With the set up 

applied, extreme flows at different return periods for each hydrological unit was done. The 

results indicated that the highest contributor of runoff in the all the hydrologic units, was 

the Mpazi Upper Middle Unit. In addition to the above, rapid response were observed in 

the downstream units with an important contribution of runoff from the Muhima road 

drainage. 

 Flood inundation maps were produced using the terrain developed from the DEM of 10m 

resolution, and within the process the area’s topography and manning’s roughness were 

incorporated in the model to describe the channel geometry. The maps helped to foresee 

what will possibly happen during a 100 year flood event. 

 Identified nature-based solutions that are suitable for Mpazi sub-catchment are: 

reforestation, conservative agriculture, green spaces, bio-retention systems, permeable 

paving, Channel buffer zone areas, rainwater harvesting systems, net-Tech and flow 

control structures. 

 The result of the model for the assessment on impact of the proposed nature-based solutions 

showed a reduction of up to 8 m3/s if the infrastructure-based approaches were to be 

implemented whereas the rainwater harvesting system reduced an estimated flow of 20 

m3/s. Comparing these results to the peak flows produced, the impact was found to be 

minimal, during the 100 year return period event thus recommending a buffer zone area of 

5m for the tributaries of the Mpazi channel and 10 meters for the main channel on both 

banks. 

6.2. Recommendations 

This section provides recommendations to guide implementation of the nature-based flooding 

adaptation measures that were identified in the study, as well as further studies to be done. Specific 

recommendations are as follows:  

 A buffer zone area of 5 to 10m on both banks of the channel is strongly recommended to 

accommodate the flood inundation area during an event of peak flows. Where possible, an 

extended buffer zone that can act as a flood plain is advised, especially in the downstream 

part of the main channel.  
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 Although the flood inundation maps were produced, further studies are recommended to 

be done at the outlet confluence of Mpazi channel and Nyabugogo river to analyze the 

origin of the flooding at the Nyabugogo bus station. 

 It is also recommended to investigate the effect of high resolution DEMs in 2D modelling 

in relations to the boundary conditions of Mpazi sub catchment.  This is because the 

horizontal expanse of water can also be affected by the vertical changes in the profile. 

 It is recommended to conduct capacity building campaigns on nature-based flood 

adaptation measures to local leaders, to ensure that they have the knowledge to 

continuously identify potential sites for implementation and collaborate with the 

communities for implementation.  
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