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ABSTRACT 

 

Rainfall variability has presented significant challenges to nations worldwide and especially 

developing countries including Rwanda.  The main objective of this study is to determine the 

rainfall variability and projected change over Rwanda. Data employed in this study include 

observed rainfall datasets (ENACTS) from 1981 to 2017 obtained from Rwanda Meteorology 

Agency (Meteo Rwanda) and the Coordinated Regional Downscaling Experiment (CORDEX) 

model outputs obtained from the CORDEX Africa portal. The study utilized graphical and 

statistical methods to assess the trend in rainfall variability. To assess the skill of the models in 

simulating the climate of Rwanda, correlation, absolute mean error, index of agreement and 

rainfall climatology difference plots analysis were used. The data show that high rainfall are 

concentrated over the high land and southwestern parts which reduces toward the central parts 

while the low rainfall amount are observed in the Eastern part of the country during MAM and 

OND as well on annual time scale. 

 The trend results from graphical method indicate clear non-uniform rainfall variability over 

Rwanda. Results from statistical methods show that there is sufficient statistical evidence to 

conclude that there is a significant increasing rainfall trend over Northern part of the northern 

province and southern province while there is a non-significant decreasing rainfall trend over 

eastern, Kigali city, Northern and central western during MAM,OND and annual time scale. The 

results indicated a coefficient of variation ranging between 20 and 32% during MAM rain 

season, 18 to 37% during OND rain season and 14 to 31% on annual time scale. Furthermore, 

results indicate that the north eastern part of the country exhibits a more variable rainfall. The 

IPSL and CCCma models have revealed a better performance in simulating the of Rwanda 

during MAM and OND rain season respectively compared to the other models used in study. The 

projected rainfall change results indicated a projected decrease in rainfall of 5 to 6% over 

Nyamagabe and Rubavu while other stations will exhibit an increase in rainfall of 2 to 6 % and 1 

to 5% under both RCP8.5 and RCP4.5 respectively during MAM rain season. A projected 

decrease in rainfall of 1 to 5% over Musanze, Nyamagabe, Rubona, Byimana, Kigali and 

Rubengera under both RCP8.5 and RCP4.5 respectively. Ngoma revealed a decreasing 

(increasing) rainfall of 1% under RCP8.5 (RCP4.5). Kayonza will exhibit an increasing rainfall 

of 5% under RCP8.5 and a decreasing rainfall of 2% under RCP4.5 while other stations will 

experience a projected increase in rainfall ranging from 1 to 5% will be experienced over 

Nyagatare, Gicumbi and Kamembe under both RCP 8.5 and RCP 4.5 respectively. 
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CHAPTER ONE 

 

1.1 INTRODUCTION  

 

Rwanda experienced wetter conditions over south-western and northern highlands regions while 

warmer condition was experienced over the central plateau and the eastern lowlands [1][2]. In 

Rwanda, annual rainfall varies geographically across the country due to the complex 

topography[3]. 

 Over the past, Rwanda has experienced several weather related disasters attributed to space and 

time rainfall variability, including flash flood, prolonged wet spells, inundation, strong winds, 

convective rainfall and land slide among others. In the May, 1988 the northern, western and 

southern parts of the country, rainfall lead to 48 deaths, 1125 houses destroyed. In the November 

2000, Karambo and Nyundo in Rubavu district registered over 200 houses damaged. In 

September 2001, 12 deaths, over 100 houses, 60 schools and crops damaged were recorded in 

southern, northern and western regions of the country. In the May 2002, 69 deaths were recorded 

in western, northern and Kigali, in the September 2005, 35 deaths and 379 houses destruction 

were registered in the western and northern regions. In September 2012, 19 deaths, 593 houses 

and 183 ha of land were destroyed. In 2013 15 deaths, 411 ha of land and 193 houses were 

affected [4]. In the years 2001, 2002, 2007, 2008 and 2012, devastating landslides and floods 

caused by heavy rainfall has been observed over the Northern (Gakenke, Cyeru, Rulindo and 

Gicumbi) and Western (Nyamasheke, Nyamagabe, Karongi and Ngororero) regions [4][5].  

The flood hazard assessment based on a 25-year return period revealed that floods are prone in 

areas around the five catchments namely Nyabarongo, Sebeya, Nyabisindu, Mukungwa, and 

Kagitumba. In addition, based on historical flood events data, it was also indicated that flood 

hazards are likely to occur in many different locations in the country [4]. It was noted that 

torrential rainfall that occurs every year in Rwanda disturbs the circulation for many days, causes 

losses of people and damages the houses. While all districts are affected by heavy rain and 

related phenomenon, the highest costs of such events are observed the in mountains districts[6]. 

The analysis of temperature on annual time scale has indicated an abrupt change of temperature 

indicating that the climate of Rwanda was really changing[7]. 
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1.2 Statement of the Problem  

 

Rainfall is the most important weather parameter that affects socio-economic activities over 

Rwanda. Seasonality of precipitation is of critical importance to the many African stakeholders 

who depend upon the seasonal rains for agricultural and domestic purposes[8]. Changes in 

climate baseline, variability, and extremes will exceed the  consequences on agricultural 

production, posing additional challenges on agricultural production and food security for a 

growing world population[9][10]. However, few studies on related subject have been carried out, 

leaving the gap on the understanding of rainfall variability and its projected change using 

CORDEX models. For that reason, studying the rainfall variability both in space and in time, 

their corresponding trend and rainfall projected change in Rwanda are needed. 

 

1.3 Objectives  

 

The main objective of this study was to determine the rainfall variability and projected change in 

Rwanda. To achieve the main objective, the following specific objectives were pursued:  

 

1. To determine the spatial-temporal variability of rainfall during rain seasons and annual 

time scale over Rwanda. 

2. To assess the performance of CORDEX models to simulate the climate of Rwanda 

3. To determine the projected rainfall change over Rwanda. 

1.4 Hypothesis of the Study  

 

Temporal variability of the rainfall over Rwanda has resulted in extreme events such as the 

floods and frequent droughts that have far reaching socio-economic impacts to the country. 

Research has  indicated that warm SSTs in central Indian ocean are thought to be responsible for 

the recent droughts in equatorial and subtropical Eastern Africa during the 1980s to the 2000s 

[11]. Over Rwanda, there is a significant rainfall variability and change which would cause 

severe floods and droughts. 
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1.5 Justification of the problem 

 

Climate variability and change are threats to farmers because crop and animal production 

directly rely on rainfall [12]. Information on rainfall variability and change is important to ensure 

food security of the country that depends on the rain-fed agriculture. In addition, one of the 

factors that contribute to increased vulnerability of communities is lack of sufficient information 

on the spatial-temporal variability of rainfall on seasonal scale. It is expected that this study will 

fill the gaps by increasing the knowledge on the rainfall variability, trend and projected rainfall 

change over Rwanda and the results will serve as basis for future planning and decision making 

as well as development and management of agricultural, water resources and other rainfall-

dependent sectors of the economy. 

1.6 Area of Study  

 

Rwanda is a landlocked country located in Central and Eastern Africa, bordered by the 

Democratic Republic of Congo (DRC) to the West, Uganda to the North, Tanzania to the East 

and Burundi to the South. Rwanda covers an area of 26,338 km
2
 and lies between 1°4′ and 2°51′ 

south, and 28°53′ and 30°53′ east [13] . 

Rwanda has a modified humid climate including rain forest and Savannah. The central and 

eastern regions of the country are of semi-arid type being located in the rain shadow of the 

western highlands of Rwanda. The highest annual rainfall totals are observed in the 

Southwestern and the high elevated Northwestern regions of the country [14]. The country 

experiences two rain seasons in a year, March to May being the long rain season (commonly 

known as ‘Itumba’) and the period from September to December being the short rain season 

(commonly known as ‘Umuhindo’). A short dry season occurs from January to February 

(commonly known as ‘Urugaryi’) and a long dry season from June to August commonly known 

as ‘Impeshyi’)[15][16].  During the period of March to May (MAM) referred to as long rain 

season, Inter tropical convergence zone (ITCZ) moves from south to the north while during the 

September to December (SOND) referred to as short rain season, ITCZ moves from north to the 

south[7] 

Rwanda comprises of five climate zones ranging from east to west. The eastern region bordering 

Tanzania falls in East Rwandan dry and hot lowland climate zone. The temperate climate zone of 

the central highlands with an elevation increasing from east to west separates the East Rwandan 
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dry and hot lowland climate zone with the mountain climate. This climate exhibits a less 

temperature fluctuation than the East Rwandan dry and hot lowland climate zone. The mountain 

climate zone is situated over the Congo-Nile watershed and the volcanic chain of the Virunga in 

the north region of the country. The fourth climate zones in Rwanda is the Lake Kivu climate 

zone located in the lee of the Virunga volcano extending to Bugarama located in the southern 

part Lake Kivu[17]. The fifth climate zone is the north-Rwanda dry mountain climate zone 

located in the north western part of the volcanic region. The highlands regions (regions including 

volcanic chains of Virunga and the Congo-Nile ridge) receive an annual rainfall varying between 

1300 and 1550 mm. The central plateau region receives an annual rainfall ranging between 1100 

and 1300 mm. The regions around Lake Kivu and Bugarama plains receive an annual rainfall 

ranging between 1200 and 1500 mm while the Eastern lowlands receive an annual rainfall 

ranging between 700 and 1100 mm [18][2]. The study area is represented in Figure 1 

The main factors that influence rainfall over Rwanda include: The Inter-Tropical Convergence 

Zone (ITCZ), Sub-tropical Anticyclones, Tropical Cyclones, Congo air mass and Global tele-

connections and local systems. 

1.6.1 Inter-tropical Convergence Zone (ITCZ)  

 

Inter-tropical Convergence Zone (ITCZ) is formed by the rising air motion at the region of 

convergence because of the pattern of seasonal heating.  Over East Africa, ITCZ  is comprised of 

both the meridional arm formed by the convergence of easterly winds from the Indian Ocean and 

moist westerlies from the Atlantic Ocean and the Congo Basin  and zonal arms formed by the 

convergence of Southeasterly and Northeasterly trade winds and these are responsible for both 

the long and short rainfall seasons when ITCZ is close to the equator[19]. 

 

Rainfall patterns during March to May (long rains) and September to December (short rains) 

over East Africa where Rwanda is located are largely controlled by movement of the 

intertropical convergence zone (ITCZ) which makes the variability of the respective rains to be 

associated with sea surface temperature (SST) patterns over the Atlantic and Indian oceans and 

the convergence of Saint Helena Anticyclones from the South Atlantic Ocean and Mascarene 

Anticyclones from the Indian Ocean[20][13][21]. The short rains occur when the overhead sun 

starts to move from the Northern Hemisphere towards the equator with the ITCZ lagging behind 

for a longer period. This is because the large landmass in the Northern Hemisphere takes longer 

to cool while the large oceans around the Equator take longer to heat[19]. 
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1.6.2 Monsoons  

 

Two distinct monsoons are observed over the equatorial eastern Africa (EEA) region. These are 

the northeast (NE) monsoons during December to February and southeast (SE) monsoons during 

June to August and a transition occurs from the NE to SE monsoons during the period of the 

Northern Hemisphere Spring (NHS) season during March to May characterized by convergence, 

in the EEA region, of low-level equatorward moving air masses from both hemispheres which 

constitute the monsoonal flows and the zone of convergence is the ITCZ [22]. Analysis of the 

individual wettest or driest years showed that before the start of the EEA long-rains season, 

easterlies are dominant near the Equator and westerlies near 15°S in the lower troposphere, while 

at the end of the rain season the westerlies are located to the north of the Equator, near 5°N, with 

easterlies on their lateral sides. However, during the EEA long-rains season westerly and easterly 

wind events occurred in alternation over the EEA region[22]. 

1.6.3 EL-Niño Southern Oscillation (ENSO)  

 

EL-Niño is the anomalous warming of central and eastern equatorial Pacific Ocean where sea 

surface temperature anomalies are of magnitudes greater than 0.5
0
C. If this anomalous condition 

persists for five or more months, the condition is termed as an EL-Niño episode[23]. There is  a 

strong relationship between rainfall over East Africa and the evolutionary phase of 

ENSO[24][25] [26][27]. Over East Africa, EL-Niño increases probability of being unusually wet 

during OND while MAM remains largely unaffected[28][29]. the wetter (drier) conditions were 

linked to El Niño (La Nina) events [18][27] [30][31].  During the El Niño events, increased 

atmospheric moisture and the resultant heavy rainfall are due to high evaporation rate while 

during La Nina events the opposite is correct[30][32][33]. It was noted that although there were 

some relationships between the Southern Oscillation and seasonal rainfall over parts of East 

Africa, some of the extreme wet and dry episodes were not related to the Southern 

Oscillation[34]. Over Rwanda, there is a relationship between ENSO and rainfall patterns  where  

El Nino is link with  positive anomalies  (wet years)  while La Nina shown a correspondence 

with negative anomalies (dry years) [16][18] the normal years were largely linked with negative 

(positive) long (short) rains anomalies while the occurrence of El Niño and La Niña events in the 

same year does not show a clear association with rainfall anomalies[16]. 
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1.6.4 Quasi-Biennial Oscillation (QBO)  

 

This is the alternation of zonal winds (westerly and easterly wind) regimes in the lower 

stratosphere with a period of 26-30 months. According to the correlation analysis between the 

phases of the QBO and Kenyan rainfall, the westerly phase of the QBO is accompanied by 

increased rainfall while the easterly phase is accompanied by decreased rainfall [35]. The 

relationship between March to May seasonal rainfall anomalies over Eastern Africa and the 

lower equatorial stratospheric zonal wind from 1964 – 1995 at an inter-annual timescale has  

shown that there is a significant positive simultaneous and non-zero lag correlations between 

March to May seasonal rainfall anomalies and QBO over East Africa, with higher correlations 

over the western regions of Eastern Africa while December to February season was observed to 

have the weakest relationship[36]. 

1.6.5 Indian Ocean Dipole (IOD) 

 

Indian Ocean Dipole (IOD) refers to the difference between the sea surface temperature 

anomalies of the western and south eastern equatorial Indian Ocean[37]. The anomalous warm 

SSTs (positive phase of the IOD) are sometimes experienced over western Indian Ocean and 

cold SSTs (negative phase of the IOD) over the eastern region resulting in rainfall over East 

Africa since moisture is pushed into the region thus activating atmospheric convection and leads 

to enhanced rainfall during the rainy season and wet spells during the dry season while the 

negative phase involves high SSTs over the eastern Indian Ocean and cold SSTs over the 

western Indian Ocean which does not enhance rainfall over East Africa[37].  

 

1.6.6 Sub-tropical Anticyclones  

 

Sub-tropical anticyclones are quasi-permanent high pressure cells characterized by anticyclonic 

circulation which gives rise to subsidence and low level horizontal velocity divergence of air 

masses. The four major anticyclones, which influence the flow of winds over the region are; the 

St. Helena high pressure system to the south west of Atlantic ocean, the Mascarene high pressure 

system to south west Indian ocean, the Arabian high in the middle east and Azores high pressure 

system. 
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The position and intensity of anticyclones such as Saint Helena, Mascarenes, Siberian and 

Azores  control the rainfall seasons over Rwanda [20][13][21]. The Mascarene anticyclones from 

the coast of Mozambique in the Indian Ocean which converges with wet winds from Saint 

Helena anticyclones which forms  from the South Atlantic Ocean that passes over the Congo 

basin and Lake Kivu to form the ITCZ affects the rainfall season over Rwanda. These 

anticyclones are responsible for the heavy rainfall between March and May. During the long dry 

season ( June to August), Rwanda is influenced by the dry Saint Helena and Azores anticyclones 

which cause the dry conditions over the county [20][13][21][38][39].  During the month of  

September, the ITCZ starts at the Somalian coast and passes over Lake Victoria where it gets 

humidity and brings rain to Rwanda , before heading southwards by the end of November. 

During December to February, winter monsoon push dry and cold air masses from the Arabian 

Sea over Lake Victoria to gather humidity, which gives a little rainfall in the highlands region of 

the country[32][20][27] [13][21][38][39].  

1.6.8 Madden–Julian Oscillation (MJO) 

 

The study conducted over the eastern African has indicated that intra-seasonal wet events in East 

Africa are embedded in large-scale zonal circulation anomaly patterns along the equator, 

showing distinct eastward propagation where wet events display a clear phasing with respect to 

the MJO cycle expressed as out-of-phase variations between the west (Highland) and the east 

(coastal) areas and suggested to reflect different rain-causing mechanisms[40].  

MJO phases leading to wet spells in the western region are those associated with the 

development of large-scale convection in the Africa-Indian Ocean region and unambiguously 

related to deep convection, enhanced by low-level westerly moisture advection while MJO 

phases leading to wet spells in the eastern region are often those associated with overall 

suppressed deep convection in the Africa/Indian Ocean region and the contrasting rainfall 

conditions found in the two regions for the two opposite MJO phases are strongly correlated with 

the pressure gradient between the Indian and Atlantic Oceans [40].  The study associating the 

MJO and wet and dry spell over Rwanda has indicated a moderate degree of association between 

MJO indices and rainfall over Rwanda where the highest variance of daily rainfall explainable by 

Real-time Multivariate MJO principal component 2 (RMM2) indices is 25% while Real-time 

Multivariate MJO principal component 1 (RMM1) indices could explain 16.8% [41]. 
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1.6.9 Local Systems 

 

The influence of topography on east African climate was investigated using the International 

Centre for Theoretical Physics Regional Climate Model, with focus on October to December 

season, has indicated that the mean rainfall significantly reduces while the mean temperature 

significantly increases over the region when topography elevation is reduced[42]. Based on the 

model, the topography was reduced to 25%, resulting in the mean rainfall reduction by about 

19% and the mean temperature increase of  about 1.4∘C over east Africa[42]. The study of the 

impacts of topography on spatial and temporal rainfall distribution over Rwanda based on WRF 

model indicated that topography leads to a decrease in rainfall amounts in both MAM and SOND 

seasons with varying magnitudes[3]. It was also noted that over Rwanda, rainfall is concentrated 

over highlands hence the influence of orography is very strong[14]. 
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CHAPTER TWO 

 

2.0 LITERATURE REVIEW 

 

2.1 Climate variability  

Rainfall is very important weather and climate parameter that influence economic activities in 

East Africa as well as Rwanda. Rainfall is a climatic parameter  which present  a largest  time  

and space variability over the tropical region [43]. The systems that influence rainfall over  East 

Africa region  are sometimes linked with too much or failure of rainfall resulting to floods or 

droughts[44]. It is important to note that the performance of a given rainy season does not only 

depend only on rainfall total amount, but an adequate distribution of the rains throughout the 

year is  also requires  especially in the regions where they normally receive small amount of 

rains fall within a limited period of time. The failure in rainfall may ranges from late onset, 

earlier cessation of rainfall or short but intense rainfall events separated by long dry spells[44]. 

Most of East Africa region where Rwanda is located, experiences bimodal rainfall[45] which is 

associated with the north-south and south-north movement of the ITCZ [46]. Rainfall frequency 

and intensity variability has been observed with Africa being the most affected during the past 

century[47] [48][49][50] where sub-Saharan Africa has become more arid [51][52][53]. Recent 

studies suggest the potential for increased inter-annual variability in East African rainfall under 

future climate conditions, although the degree of inter-model agreement is very low for the 

region and the local variability from this coupled climate model is a distinct annual cycle of 

rainfall occurring with double peaks in long season (MAM) and short season (OND)[54].  

 Other studies have shown that spatial variability of short rains is coherent and shows strong 

connections with large-scale circulation over the Pacific and Indian oceans and the strong ridging 

from the south in the lower levels indicates that easterly anomalies were associated with a 

significant reduction of rainfall over the East Africa[55]. A study conducted over the eastern 

Africa has indicated that during long rain, the western parts of the region tend to be associated 

with an anomalous westerly component of the wind and anomalous convergence, although the 

long rains period coincides with a marked easterly component of the wind over the eastern 

region of East Africa where most of the rain days occur with a significant reduction of this 

component, or even its inversion [45]. 
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East Africa experiences the dipole rainfall pattern that is characterized by increases over the 

northern region and decreases over the eastern and southern regions[32][20] [30][18]. The 

pattern in SST anomalies manifested during the IOD events has strong signals on the regional 

climate system during the OND rainfall season, the study has demonstrated that some of the 

extreme rainfall conditions over East Africa were associated with positive and negative IOD 

phases, with a strong linkage during El Niño/La Niña years[56]. 

The study of the East African rainfall variability associated with the Madden-Julian 

Oscillation(MJO), revealed a strong association between East African rainfall and MJO to the 

west of the region [22][57].  It was further noted than in the tropics, where the fluctuations in 

land surface temperatures are small, OLR reflects variations in cloudness or rainfall and can be 

used as proxy of convection that capture convectively driven MJO along the equator[58]. The 

study on the influence of the Madden–Julian Oscillation on East African Rainfall shown that 

low-level westerly wind anomalies are seen to accompany wet events in the west and easterly 

ones in the east, which indicates that the latter has a major influence on rainfall at the daily time-

scale while lower air temperatures in the upper troposphere were observed during the MJO 

cycles that present the highest common variance with East African rainfall [40].  

 

 Further research has  indicated that warm SSTs over  the Indian ocean are thought to be 

responsible for the recent droughts in equatorial and subtropical Eastern Africa during the 1980s 

to the 2000s [11]. It was also indicated that over much of Kenya, Uganda, Rwanda, Burundi and 

southern Somalia, there are signals of an increasing trend in rainfall under global warming where 

wet extremes  are projected to increase during both MAM and OND rain seasons[59].  

 

It was also noted that over Rwanda, April and November are the monthly rainfall peak for MAM 

and SOND and more rainfall is received during MAM  compared to SOND seasons concentrated 

over highlands hence the influence of orography is very strong over Rwanda[3][14]. The 

composited wind patterns for wet events indicated the presence of strong low level convergence 

accompanied with enhanced upper level divergence while SST composites shown that wet events 

over Rwanda are marked by cooler Atlantic Ocean and warmer Indian ocean. However, during 

the dry events, the Atlantic was warm while the Indian ocean was cooler [14]. High frequency of 

rain days over Rwanda usually occur between the third week of March and the second week of 

May over western part, April to the second week of May over central and eastern part, third 

week of March to third week of May over northern part [41]. The climate variability of Rwanda 



13 
 

is one of the most significant factors influencing year to year crop production, water regime of 

fields and wetlands are closely linked to rainfall and could be one of the limiting constraints for 

crop production and food security. Lights winds were observed around the year with a modal 

wind speed in the 2–4ms
−1

 range. The highest wind speeds was observed to be around 11ms
−1 

during the rain seasons and the  wind directions have a clear seasonal shift, with Easterlies and 

North-East winds dominate the short dry season while Southerlies and South Westerlies 

dominate the long rain season[60]. 

2.2 Climate projection 

 

Over the  recent past decades, changes in climate have caused impacts on natural and human 

systems on all continents which indicated the sensitivity of natural and human systems to 

changing climate [61]. It is projected that extreme precipitation events will become more intense 

and frequent in many regions [61]. The projection rainfall over Rwanda is important as it helps 

in understanding the expected changes, with a view to predicting their impacts on expected 

changes and variability. It was indicated that the climate change in Africa will have variable 

impacts on crops, with both production losses and gains possible [62]. Crop yields in Africa may 

fall by 10–20% to 2050 due to the warming and drying, but in some regions yield losses may be 

much more severe, where as in other regions  crop yields may increase [63]. 

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

predicts that climate change is likely to have a significant effect on agricultural production in 

many African countries [64] while the Fifth  Assessment Report of the Intergovernmental Panel 

on Climate Change (IPCC_AR5) indicated a very likely decrease in annual observed rainfall 

over Africa over the past century in parts of the western and eastern Sahel region and a very 

likely increase in rainfall was observed over parts of eastern and southern Africa[65]. Over the 

eastern Africa, models suggest that rapid warming of the Indian Ocean may be the cause of 

decrease in rainfall over the region during long rain season (March to May) in the last 

decades[65]. According to the IPCC projection, a likely increase in  annual average rainfall  is  

projected over the areas of central and eastern Africa[65]. 

 

Rwanda, being a rain fed agricultural country; it may be subject to different effects of climate 

change, convective instability, associated with surface heating of the moist air, combined with 

orographic uplift, produces frequent convective precipitation events that are often associated 

with intense rainfall, lightning, hail, and damaging winds. This may be associated with 
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frequently observed Partners over the western and northern highland of Rwanda where they 

receive intense rainfall, lightning, hail while the low land of the eastern part of the country are 

mainly subject to damaging winds. A critical first step in conducting climate change assessments 

is obtaining projected future climate data. This data may be obtained from the General 

Circulation Models ( GCMs) which are used to project future climate, due to their  large map 

grid cells, studies which examine a specific point on the globe, require the individual to conduct 

a site assessment to scale the larger GCM output down to a specific point [66].  

 

To obtain precipitation projections from GCM for use in localized impact studies, the combined 

spatial and temporal downscaling techniques are recommended [66].  Downscaling is a 

quantitative method which involves regressing modeled synoptic-scale atmospheric trends to 

observed micro-scale localized weather to determine correlations which are then applied to 

modeled synoptic-scale of localized weather [67].  

Due to the fact that the time and computing power requirements for learning and applying 

downscaling methods can be discouraging, a rapid method of obtaining downscaled future 

climate data using models which are already globally validated with observed datasets has  

greatly expanded  the availability of such data to scientists and policy planners interested in  

conducting future climate impact analyses [68]. Based on the assumption that local climate is a 

combination of large-scale atmospheric characteristics and local-scale features, numerous 

techniques have been developed to provide climate change information at scales more relevant to 

decision makers. However, this information contains uncertainties inherent in the prediction 

process and some uncertainties in the climate modeling process are not reducible. But at the 

same time, perfect information is not necessary for improved decision making. The  users must 

account for these uncertainties in the application of the information [69]. Studies at fine spatial 

scales are needed to resolve local climate change hot spots within regions [9] and forms the basis 

of a community-led solution that is ideal for smallholder farmers [70]. 

 

Downscaling can be performed on both spatial and temporal time scale. Spatial downscaling 

refers to the methods used to derive finer-resolution spatial climate information from GCM 

output  while  temporal downscaling refers to the derivation of fine-scale temporal information 

from coarser-scale temporal GCM output [69].  Dynamical downscaling relies on the use of a 

regional climate model (RCM), similar to a GCM in its principles but with high resolution by 

incorporating the GCM specified boundary conditions., more complex topography, the land-sea 
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contrast, surface heterogeneities, and detailed descriptions of physical processes in order to 

generate realistic climate information at a spatial resolution of approximately 20–50 kilometers 

while statistical methods can provide station-scale climate information which makes it  viable 

and advantageous for institutions that do not have the computational capacity and technical 

expertise required for dynamical downscaling [69]. More information on RCMs can be found in 

[69]. Statistical downscaling involves the establishment of empirical relationships between 

historical and/or current large-scale atmospheric and local climate variables. It is based on the 

assumptions that there is a strong relationship between the predictor and predictand; the 

statistical relationship between the predictor and predictand does not change over time; the 

predictor carries the climate change signal and GCMs accurately simulate the predictor [69]. 

However, this approach relies on the critical assumption that the relationship between present 

large-scale circulation and local climate remains valid under different forcing conditions of 

possible future climates [71]. It was shown that significant biases in individual model depends on 

sub-region and season; however, the ensemble mean has better agreement with observation than 

individual models [72]. In general, multimodel ensemble mean simulates eastern Africa rainfall 

adequately and can therefore be used for the assessment of future climate projections for the 

region [72]. However, a study conducted over the east Africa indicated that an observed drying 

trend and projected increase in rainfall has  placed  this region  in an apparent climate paradox 

[73]. It was further noted that the recent regional scale drying trend in East Africa was dominated 

by an abrupt decline in long rain season  around 1998–1999 and associated with a shift of Pacific 

decadal variability to its cold phase[73]. Furthermore, the same study indicated a possibility that 

a warming trend in the western tropical Pacific contributed to the severity of recent droughts, the 

timing of the recent decline is closely tied to Pacific decadal variability[73]. Over the eastern 

Africa, an apparent climate paradox  is seen to result from a mismatch of timescales on one hand 

(recent drying versus long‐term wetting) and from taking climate change projections at face 

value on the other[73].  The inability of coupled models to capture fundamental aspects of the 

current climate undermines confidence in the future climate projections in East Africa. Given 

substantial errors in coupled climate models’ ability to simulate the current climate, it remains an 

open question as to whether or not the future climate in East Africa will become wetter[73]. 

 Due to that dynamical downscaling is computationally expensive, many collaboration projects 

are generating climate simulation from dynamical downscaling for model inter-comparisons and 

impact assessments. These projects include the Coordinated Regional Climate Downscaling 

Experiment (CORDEX) produces dynamical downscaled climate simulation for all continents 
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[74]. It should be further noted that all CORDEX RCMs are set to 0.44˚ by 0.44˚ spatial 

resolutions corresponding to 50 km by 50 km [75]. The study using  RCMs from CORDEX to 

simulating rainfall characteristics over Mbarali River Catchment in the Rufiji Basin, Tanzania, 

has  indicated a better performance to reproduce the rainfall characteristics  and the ensemble 

average performed better than individual models in representing rainfall [76]. The evaluation of 

the performance of RCMs from CORDEX to simulate rainfall over Tanzania has indicated that 

RCMs capture the annual cycle of rainfall well, however under estimate and overestimate the 

amount of rainfall during MAM and OND seasons respectively and most RCMs reproduce 

interannual variations rainfall[75].  

The evaluation of  the ability of CORDEX RCMs in simulating monthly rainfall variation during 

the austral summer half year (October to March) over southern Africa has indicated that a 

majority of the RCMs adequately capture the reference precipitation probability density 

functions, with a few showing a bias towards excessive light rainfall events[77]. It was found 

that most RCMs reasonably simulated the rainfall climatology over the three sub-regions and 

also reproduced the majority of the documented regional responses to ENSO and IOD forcings. 

At the same time, it was shown that significant biases in individual models depend on sub-region 

and season; however, the ensemble mean has better agreement with observation than individual 

models[72]. The CORDEX RCMS do well retrospectively with past years does not mean that 

they will necessarily capture the behavior of the future as well as they have captured the behavior 

of the past. In general, it was found  that the multimodel ensemble mean simulates eastern Africa 

rainfall adequately and can therefore be used for the assessment of future climate projections for 

the region[72]. 
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CHAPTER THREE 

 

3.0 DATA AND METHODOLOGY 

 

3.1 Data  

 

3.1.1. Station data 

  

The observed rainfall datasets used in this study were collected from Rwanda Meteorology 

Agency (Meteo Rwanda). The dataset were developed by Meteo Rwanda in partnership with   

International Research Institute for Climate and Society (IRI) and the data set is commonly 

known as the Enhancing National Climate Services (ENACTS) data set. The spatial resolution of 

ENACTS is 0.0375 degrees (~4km) and 0.05 degrees (~5km) for rainfall and temperature 

respectively. It is important to note that the ENACTS gridded data covers the whole country but 

for the purpose of this study, the twelve Agro synoptic stations will be considered. The month of 

September, which is part of the short rains season in Rwanda, was not considered in this study 

due to the fact that the short rains in the former month do not correlate significantly with ENSO 

events while December showed a good relationship [32][20] [78]. The spatial distribution of the 

stations used under this study is presented in the Figure 2. 

 

3.1.2 CORDEX models data 

 

Coordinated Regional Downscaling Experiment (CORDEX) model outputs used in this study 

were obtained from the CORDEX Africa portal at a spatial resolution 0.44˚ by 0.44˚ 

corresponding to 50 km by 50 km resolution. The selected models have contributed to the 

Coupled Model Intercomparison Project phase five (CMIP5) in support of the Intergovernmental 

Panel on Climate Change (IPCC) Fifth Assessment Report (AR5). In this work, six CORDEX 

model were used and corresponding descriptions are provided in the Table1. 

 

 

 

 

https://iri.columbia.edu/
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3.1.3 Representative Concentration Pathways 

During this work two Representative Concentration Pathways (RCP4.5 and RCP8.5)[79] [80] 

have been selected for this work and the corresponding descriptions are provided in the Table 2. 

 

3.2 Methodology  

 

Spatial-temporal analysis and statistical performance measures were used to achieve the 

objective of this study.  

 

3.2.1 Temporal and Spatial Analysis  

 

Spatial-temporal analyses methods were used to achieve the first specific objective which is to 

determine the spatial-temporal variability of rainfall and their corresponding trend over Rwanda.  

The temporal analysis of seasonal to annual rainfall consisted of determining the seasonal and 

annual rainfall climatology. Temporal variability of rainfall was investigated using a time series 

analysis where seasonal and annual climatology were computed and subjected to a time series 

analysis using Python tool.  

3.2.1.1 Trend Analysis 

A trend refers to long term movement of a time series [43]. There are several methods to 

describe trends in climatological data. These methods can be grouped into different categories, 

including: graphical, polynomial, and statistical methods. In present study, the trend analysis was 

established through a graphical plot while Statistical methods were used to test the statistical 

significance of the observed trends in a time series.  

3.2.1.2 Graphical Method 

The graphical method involves plotting seasonal rainfall from March to May (MAM), October to 

December (OND) and annual rainfall data against time. The advantage of this method is that it 

provides quick visual observation of the presence trend in a given time series. Moreover the use 

of the graphical approach for trend analysis is simple. On the other hand graphical methods has 

shortcoming such as its subjectivity as it depends on individual judgments and some data set are 

lost by some smoothing techniques[81]. 
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3.2.1.3 Statistical Method 

The visual method of determining trends from a graph is very subjective therefore statistical 

method can also be used. Statistical methods were used to test the statistical significance of the 

observed trends in a time series. A similar method has been applied by Okoola (2000) [82][43]. 

 

These methods are classified as parametric and non-Parametric tests. In the present study, the 

Mann–Kendall (MK), a nonparametric rank-based test used to determine the nature of the trend 

of a given time series [79][83][84][85]. The MK test has been used in many studies over East 

Africa [7] [86] [87][88]. Positive values denote an increasing trend whereas negative values 

denote a downward slope[79]. To estimate the magnitude of rainfall change, the Theil–Sen’s 

slope estimator[89][90] was used. The statistical significance was reported on the basis of level 

of significance (p-value or alpha) of 0.05.   

The Mann-Kendall [85] were calculated as follows: 

  ∑ ∑    (     )
 
     

   
                          (1) 

In Equation (1),   denotes the number of data points while   and   are the data values in the 

time series   and  , where (   ) respectively, and    (     ) is the sign function as: 
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       (     )   

         (     )   

                                                                  (2) 

 

The variance was computed using the Equation (3) as: 
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The standard normal test statistic Z was computed using Equation (4) as follows: 
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3.2.1.4 Rainfall Variability and Reliability  

 

In this study an attempt has been made to examine reliability and variability of seasonal and 

annual rainfall records. It involves both time and space variability, some methods that was used 

to examine rainfall variability and reliability include coefficient of variability and rainfall 

reliability. The Coefficient of Variability (CV) is a measure of degree of variability that is 

expressed as a percentage. The coefficient of variation (CV) is defined as the percentage ratio of 

the standard deviation () to the mean( ).this method was also used by [82].  

(4) CV= 100 X /X         (5) 

The reliability of seasonal and annual stations rainfall records were examined using method of 

coefficient of variation. High (low) coefficient of variability means a low (high) reliability of 

rainfall[82]. Reliability (R) is given by the formula;  

R =100-CV          (6) 

Spatial map of seasonal and annual coefficient of variation was drawn using surfer software to 

show how the rainfall is distributed with space.  

3.2.2 Assessing the performance of CORDEX models to simulate the climate of Rwanda  

 

In this study, statistical measures were used to assess the performance of CORDEX to simulate 

the climate of Rwanda. CORDEX model rainfall and temperature datasets were obtained from 

the CORDEX Africa portal. Statistical measures  were used to check the accuracy, bias, and 

reliability of the generated data compared to the observed rainfall from Meteo Rwanda data[91]. 

Comparison between rainfall data from CORDEX RCMs and observed rainfall from Meteo 

Rwanda were done to test the ability of the CORDEX to reproduce the seasonal total, annual 

cycles, interannual variability and annual total.  Statistical measures used to test the  CORDEX 
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model performance include Mean absolute error (MAE), Pearson correlation coefficient(r) 

[91][92][93]  and  the index of agreement (d)[91].   

 

 

3.2.2.1. Mean absolute error (MAE) 

 

The mean absolute error (MAE) is the arithmetic average of absolute differences between the 

observed (Oi) and predicted (Pi) values[91]. It is expressed as: 

 

    
 

 
 ∑         

   ]                                                                                        (7)                  

 

For perfect prediction, the MAE ranges between zero and large positive values, but  a perfect 

MAE is zero [91]. It has been indicated that MAE is a more natural measure of average error 

unlike RMSE which is unambiguous and tends to over-emphasize the impact of large errors in 

individual years or locations and it recommended that the evaluation and inter-comparisons of 

average model-performance error should be based on MAE.[94][95][96]. 

3.2.2.2. The correlation coefficient(r) 

The correlation coefficient(r) was used to measure the level of association between the observed 

values and the model outputs. A correlation coefficient of 1 denotes positive linear relation while 

correlation coefficient of -1 denotes a negative linear relationship in the observed and model 

outputs values. A correlation coefficient equal to 0.0 represents no association between the two 

variables the observed values and the model outputs.   Correlation coefficient(r)  was also used 

by[97]. 
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3.2.2.3. Index of agreement (d) 

 

The index of agreement (d) is the ratio of the mean square error and the potential error multiplied 

by number of observation and then subtracted from one and is given  by [91]: 
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Where n is the total number of observations, Pi is the predicted value, Oi is the observed value, 

and p and o are the means of the predicted and observed values, respectively.  

The relative accuracy measure ‘d’ accounts for the differences between means and variances of 

Pi and Oi. It ranges between 0.0 and 1. Values close to 1 indicates better agreement between the 

Oi and Pi [93][91]. 

3.2.3 Rainfall projection  

 

To achieve the third specific objective which is to determine the projected change in rainfall over 

Rwanda, the IPSL and CCCma CORDEX models have revealed a better performance during the 

March to May and October to December rainfall season respectively compared to the other  six 

CORDEX models used under this study. For this reasons, IPSL and  CCCma CORDEX models 

were considered in the next sections in projecting rainfall using the RCP 4.5 and RCP8.5.  

Temporal variability of projected rainfall was investigated using a time series analysis whereas 

spatial variability of rainfall was analyzed and plotted using Surfer that provided spatial maps. 

The trend in projected rainfall analyzed using the Mann–Kendall (MK [83][84]. 

In order to downscale our results, a simple linear regression were developed which estimates the 

intercept and slope of a linear model which predicts the value of a single dependent variable (y) 

against a single independent variable (x) in the form [98][99]  

y = a + bx                                                                                                            (10) 

Where a is the intercept of the straight line (the value of y when it crosses the Y-axis) while b is 

its slope. 
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CHAPTER FOUR 

 

4.0 RESULTS AND DISCUSSION 

 

This chapter summarizes the results obtained from the various methods used to achieve the 

specific objectives of the study. The results include observed spatial and temporal patterns of 

rainfall, skill of CORDEX models in simulating observed rainfall and the projected rainfall 

change from CORDEX models.  

The spatio-temporal variability of rainfall during March to May (MAM) and October to 

December (OND) rain seasons and annual timescale and their corresponding trend were assessed 

for the twelve stations used in this study and the results are presented. The temporal variability 

was assessed using a time series analysis which involved plotting rainfall against the time using 

python tool, statistical measures were done using Instat tool while spatial variability of rainfall 

was analyzed and plotted using Surfer software that provided spatial maps, thus this method 

enabled us to know how rainfall varies geographically across the country. 

 

Several statistical measures were performed in assessing the performance of CORDEX models in 

simulating the present climate Rwanda. The Climate Data Operator (CDO) was used in data 

manipulation while Grid Analysis and Display System (GrADS) tool was used in plotting the 

resulting maps. It worth noting that all the tables and figures are put in the addendum 1 and 2 

respectively.  

 

4.1 results from tests for data homogeneity 

The methods that are normally employed to detect and correct inconsistence in the data set are 

single and double mass curves. The single mass curve was used in this study to tests for the 

homogeneity of the data. Single mass curve results (Figure 3) show the plots of annual 

cumulative rainfall against time; the mass curves were almost straight lines indicating that data 

are homogeneous and data is of good quality.   
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4.2. spatial-temporal analysis of rainfall  

 

Spatial-temporal analysis of rainfall during rain seasons and annual time scale and their 

corresponding trend were assessed and the results are summarized in the next subsections.  

4.2.1 Spatial rainfall distribution  

 

To assess the spatial distribution of mean rainfall over Rwanda during MAM, OND and annual 

time scale in the period of 1981 to 2017, the seasonal and annual  mean rainfall have been 

analyzed and the results are presented in Table 3. The spatial distribution of the mean rainfall 

during MAM, OND and annual time scale has been plotted using Surfer software and the results 

are presented in Figure 4, 5 and 6 for MAM, OND and annual time scale respectively. In 

general, the rainfall increases from eastern to western parts of the country.  The results indicated 

that rainfall amount ranges from 304mm to 473mm (Figure 4), from 293 mm to 497 mm 

(Figure 5) and 842 mm to 1436 mm (Figure 6) during MAM, OND and annual time scale 

respectively. 

 The minimum is in the northeast regions (Nyagatare), eastern parts( Kayonza and Ngoma) 

increasing towards the central plateau (Kigali and Byimana)  while the maximum is located in 

the highland region all along Congo Nil Crest extending to the Nyungwe natural Park, Virunga 

National park, southwestern parts (Rubona, Nyamagabe,  Kamembe) and over northern parts 

(Gicumbi and Musanze). The rainfall distribution shows that much of rainfall are observed in the 

highland area compared to low land area which indicate that the topography plays an important 

role in the distribution of rainfall over Rwanda. The results of spatial rainfall distribution confirm 

the results obtained by[3]. 

4.2.2. Temporal rainfall variability 

 

Temporal rainfall variability with their corresponding trend during the long rain season (MAM), 

short rain season (OND) and on annual time scale, was investigated using a graphical method 

and the results indicate a clear rainfall variability, where increasing and decreasing trend being 

non-uniform  across all  stations considered under this study.  The significance of the trend was 
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assessed using Mann Kendal non-parametric test and reported at 95% significance level while 

Sen’s slope estimator was used to determine the magnitude of the trend. The Mann Kendal test 

results are summarized in the table4 below for March to May, October to December and annual 

time scale respectively.  

 

4.2.2.1. Results of trend analysis  

 

In this study the trend analysis during the long rain season (MAM), short rain season (OND) and 

on annual time scale was determined through a graphical plot of the rainfall data series and 

statistical methods. 

4.2.2.2 Results from graphical method  

 

The results of trends analysis from graphical method were classified into two categories namely 

increasing trends (positive) and decreasing trends (negative).The analysis of rainfall data for all 

stations showed that there are trends during MAM, OND and annual time scale. Temporal 

rainfall variability during the long rain season (MAM), short rain season (OND) and on annual 

time scale indicate a clear rainfall variability, where increasing and decreasing trend being non-

uniform  across all  stations considered under this study. 

The trend results from graphical method during March to May season (Figure 7) and annual 

time scale (Figure 9) indicate an increasing rainfall trend over Rubavu (north western) while 

Nyagatare (north eastern), Kayonza (central eastern), Ngoma (south eastern), Kigali (Kigali city) 

Byimana, Rubona and Nyamagabe (Southern), Kamembe (south western), Rubengera (central 

western) Musanze and Gicumbi (northern) stations show a decreasing rainfall trend respectively. 

Generally, these results reveal that the March to May season show a decreasing rainfall trend and 

the resulting trend may affect social economic sectors due to the fact that this season is the main 

rainfall season over Rwanda. The trend results obtained confirms the results of [11][100] 

[101][102][103]. On longer timescales, total precipitation received during the long rains season 

has been reported to be in decline in recent decades[11][101][102]. This decline has been 

attributed to upward trend in SSTs in the south-central Indian Ocean[11] and west Pacific 

Ocean[102][103] which favor a local enhancement of precipitation with the resultant latent 

heating altering regional wind and moisture flux patterns, thereby  reducing long rains 

precipitation in East Africa [101]. Other studies have shown that on multi-decadal and longer 

time scales, there is no strong signal in rainfall variability on longer time scales for East Africa, 
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however, there is some evidence that the gradient of SSTs across the Indian Ocean plays an 

important role in influencing this variability[104]. 

 

The trend results from graphical method during October to December season (Figure 8) reveals 

a deceasing trend over Gicumbi (northern), Kamembe (south western), Ngoma (south eastern), 

Nyagatare(north eastern) and Nyamagabe(Southern) while Kayonza (central eastern), Kigali 

(Kigali city), Byimana, Rubona and Nyamagabe (southern), Rubengera ( central western)  and 

Rubavu ( north western)  stations show an increasing rainfall trend. The results obtained in this 

study  confirms the  results of [20][30] [105]. It was further indicated that over East African,  the 

enhanced OND rainfall are predominantly driven by the local warm SST anomalies in the 

western equatorial Indian Ocean, while the eastern cold pole of the tropical IOD is of lesser 

importance[105]. Seasonally, the ENSO teleconnection influence is most strongly pronounced in 

the OND rain  season [20][30].  

4.2.2.3 Results from Statistical Analysis of Trends  

 

Statistical methods were used to test the significance of the trend. The trend analysis using Mann 

Kendal non-parametric test and magnitude of the trend using Sen’s slope estimator reported at 

95% significance level were performed and the results obtained (Table 4) suggest that there were 

trends. However at 95% confidence  level, there is sufficient statistical evidence to conclude that 

there a  significant rainfall trend over Gicumbi (Northern) and Kamembe (south western) during 

MAM, OND and annual time scale and a significant rainfall trend over Nyamagabe and Rubona 

(southern) during MAM and annual time scale.  

Furthermore, result from statistical method (Table 4) show a non-significant decreasing rainfall 

trend over Ngoma (south eastern) and Nyagatare (North eastern) during MAM, OND and annual 

time scale, Kayonza( central eastern), Kigali( Kigali city), Musanze (Northern), Rubengera ( 

central western) and Byimana (southern) during MAM and annual time scale while a non-

significant increasing trend was observed over Rubavu ( north western) during MAM season, 

Byimana and Rubona (southern), Rubengera (central western), Musanze (Northern), Kigali 

(Kigali city) and Kayonza (central eastern) during OND season at 95% confidence level.  
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4.2.2.4 Results from Coefficient of variation and reliability 

 

In this study an attempt has been made to examine variability and reliability of seasonal as well 

as annual rainfall records using method of the coefficient of variation and reliability. The 

coefficient of variation (CV) and the reliability (R) for long rain season (March –May), short rain 

season (October – December) and annual time scale have been determined using the Instat 

software and the obtained coefficient of variation results (Table 5) during the long rain season 

(MAM) ranges between 20-32%. The spatial distribution of coefficient of variation (Figure 10) 

indicates that the highest coefficient of variation was observed over the north eastern parts of the 

country (Nyagatare and Gatsibo) extending to the eastern part of the norther province (Gicumbi) 

and north western parts of the country (Rubavu) indicating low rainfall reliability over these 

regions. It is also important to indicate that the rest of the country exhibits low coefficient of 

variation indicating high rainfall reliability over these regions during March to May rain season. 

 

Furthermore, an attempt has been made to examine variability and reliability during the OND 

rainy season and the results indicate that the coefficient of variation (Table 5) during the short 

rain season (OND) ranges between 18-37%. The spatial distribution of coefficient of variation 

(Figure 11) indicates that the highest coefficient of variation revealed that the highest coefficient 

of variation was observed over the north eastern parts of the country (Nyagatare and Gatsibo) 

and the central part of the southern province towards the central part of the western province 

indicating low rainfall reliability over these regions.  The lowest coefficient of variation was 

observed over Kigali (Kigali city); Northern Province, south western extending from Nyamagabe 

to Kamembe and the area bordering lac Kivu and this may results from the impacts of highland, 

Virunga and Nyungwe national parks and the lac Kivu. The extent to which these features 

influence the rainfall distribution during short rain season is not well documented and there is 

need to further investigate their contribution to the OND rainfall distribution.   

On annual time scale, examining the rainfall variability and reliability was quite important to 

understand it spatial distribution. On annual time scale, the coefficient of variation (Table 5) 

ranges between 14 and 31%. The highest rainfall variability (Figure 12) was observed over the 

north eastern parts (Nyagatare and Gatsibo) extending to the rest of the eastern province and the 

north eastern part of the Northern Province. This shows that there is low rainfall reliability over 
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the eastern part of the country indicating that there is a challenge in predicting rainfall over the 

eastern region.  

 

In addition, the comparison of annual and seasonal rainfall variability, results showed that there 

is higher seasonal variation than annual variation with March to May rainfall season being more 

reliable than October to December rainfall season, indicating that the high rainfall variability 

observed during OND season results into low rainfall reliability which may affects greatly the 

agricultural sector. Furthermore, the comparison of annual and seasonal rainfall variability shows 

that annual rainfall is higher and more reliable than seasonal rainfall. 

 

4.3 Assessing the performance of CORDEX models to simulate the climate of Rwanda 

 

To assess the models performance, which is the second specific objective of this study, statistical 

measures were used to assess the performance of CORDEX models to simulate the climate of 

Rwanda, statistical measures such as Pearson correlation coefficient(r) [91][92][93],[97], Mean 

absolute error (MAE) [91]  and  the index of agreement (d)[91] were performed to check the 

accuracy, bias, and reliability of the generated data compared to the observed rainfall from 

Meteo Rwanda data[91] for the  six CORDEX models during MAM and OND rain seasons and 

the results are presented.  

4.3.1 Correlation coefficient (r)  

 

The correlation coefficient(r) was used to measure the level of association between the observed 

values and the model outputs. A correlation coefficient of 1.0 denotes positive linear relation 

while correlation coefficient of -1.0 denotes a negative linear relationship in the observed and 

model outputs values. A correlation coefficient equal to 0.0 represents no association between 

the two variables the observed values and the model outputs. The correlation coefficient between 

observed and CORDEX model outputs during long rain season (MAM) and short rain season 

(OND) were carried out to assess the relationship between CORDEX model outputs and 

observed rainfall for the twelve stations used under this study.  

 

The correlation coefficient results (Table 6) indicated a week correlation between all CORDEX 

model and observation was observed during both long rain season (MAM) and short rain season 

(OND) respectively. For the six models used in this work, the IPSL and CCCma CORDEX 
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models have revealed a relatively week positive correlation during MAM and OND rain seasons 

respectively. For the interest of the long rain and short rain seasonal prediction, we have adopted 

the IPSL and CCCma CORDEX models to be used in projecting the future long rain and short 

rain seasons respectively. 

4.3.2 Mean absolute error (MAE) 

 

The mean absolute error (MAE) is the arithmetic average of absolute differences between the 

observed and predicted values and ranges between zero and large positive values[91]. It has been 

indicated that MAE is a more natural measure of average error than RMSE and it is 

recommended that the evaluation and inter-comparisons of average model-performance error 

should be based on MAE.[94][95][96]. The mean absolute error results (Table 7), indicate a bias 

between CORDEX models and observed rainfall during the long rain and short rain season 

respectively 

4.3.3 Index of agreement (d) 

 

The index of agreement (d) is the ratio of the mean square error and the potential error multiplied 

by number of observation and then subtracted from one [91]. The relative accuracy measure‘d’ 

accounts for the differences between means and variances of Predicted and observed and ranges 

between 0.0 and 1. Values close to 1 indicates better agreement between the predicted and 

observed [93][91].  During the long rain season (Table 8), the IPSL model revealed a reasonable 

good index of agreement between model and observation while CCCma model present a 

reasonable good index of agreement (Table 8), between model and observation during short rain 

season.  

4.3.4 Rainfall Climatology difference 

 

The difference between the CORDEX models and long rain observed rainfall data indicate how 

the model over (under) estimate the observed rainfall during MAM rain season for each grid cell.  

The result of the difference plot during MAM rain season (Figure 13) indicate a slight 

underestimation of long rainfall mean over northern, and a slight over estimation over the central 

and eastern part of the county. All models fail to capture the feature observed in the data over the 

area around Muhanga and Ngororero. 



30 
 

The difference between the CORDEX models and observed rainfall data during the short rain 

season indicate how the model over (under) estimate the observed rainfall data for each grid cell 

during OND rain season. The difference plot  results (Figure 14) reveal  a slight over estimation 

of short rain seasonal mean over northern, and a slight under estimation over the central and 

eastern part the of the county. A high under estimation was revealed over the southwestern part 

of the country. 

4.4 Rainfall projection 

 

In this work, the projected rainfall during MAM rain season was conducted based on the IPSL 

model while the CCCma model was used to project the OND rainfall respectively. In this work, 

the RCP 4.5 and RCP 8.5 were used. To account for bias in the model, a simple linear regression 

model (Table 9) was develop between the observed data and the historical model data for both 

models during MAM and OND rain seasons to determine the linear regression coefficient which 

have been used to re produce the projected data under both RCP 4.5 and RCP 8.5 and the 

resulted projection has been generated using the following coefficients. 

 

4.4.1 Rainfall projection during March to May rain season  

The projected long rain season (MAM) rainfall was carried out using the IPSL model output 

corrected using the simple linear regression coefficient. The representative concentration 

pathways (RCP 4.5 and 8.5) were selected in this study.  

The temporal variability of the projected rainfall during 2020-2049 was carried out and the 

results indicate an increasing trend in projected long rain seasonal rainfall (Figure 15) will be 

experienced over Gicumbi, Musanze Nyamagabe, Rubengera and Byimana respectively while a 

decreasing trend will be experienced over Kamembe, Rubavu, Kigali, Nyagatare, Kayonza and 

Ngoma under RCP 4.5 respectively. 

During long rain season, a decreasing trend (Figure 16) will be experienced over Kamembe, 

Rubona, Rubengera, Musanze Kigali and Gicumbi respectively while an increasing trend in 

projected long rain seasonal rainfall  will be experienced over Rubavu, Nyamagabe, Kayonza, 

Ngoma, Nyagatare  and Byimana under RCP8.5 respectively . 
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4.4.2 Rainfall projection during October to December rain season  

 

The short rain season (OND) projection using the CCCma model output corrected using the 

simple linear regression coefficient was assessed. The representative concentration pathways 

(RCP 4.5 and 8.5) were selected in this study.  

The Projected short rain seasonal rainfall (Figure 17 ) during 2020 to 2049  will experience An 

increased rainfall trend over Gicumbi, Musanze Nyamagabe, Rubengera and Byimana 

respectively while a decreasing trend will be experienced over Kamembe, Rubavu, Kigali, 

Nyagatare, Kayonza and Ngoma under RCP 4.5 respectively. 

During long rain season, a decreasing trend (Figure 18) will be experienced over Kamembe, 

Rubona, Rubengera, Musanze Kigali and Gicumbi respectively while an increasing trend in 

projected long rain seasonal rainfall will be experienced over Rubavu, Nyamagabe, Kayonza, 

Ngoma, Nyagatare  and Byimana under RCP8.5 respectively. 

 

4.4.3 Projected rainfall change during MAM seasonal rainfall  

 

The projected rainfall change which consist of the difference between the projected mean rainfall 

during 2020 -2049 and the observed mean rainfall during 1981-2010 base line was analyzed and 

the obtained results are discussed in the next sub sections. 

The projected rainfall change results in millimeters and percentage (Table 10) during MAM rain 

season and also represented graphically (Figures 19) indicate a projected decrease in rainfall of 

5% and 5 to 6% over Nyamagabe and Rubavu under both RCP 4.5 and RCP 8.5 respectively 

while other stations will exhibit an increase in rainfall of 2 to 6 % and 1 to 5% under both 

RCP8.5 and RCP4.5 respectively during MAM rain season.  
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4.4.4 Projected rainfall change during OND seasonal rainfall  

 

The projected rainfall change which consist of the difference between the projected mean rainfall 

during 2020 -2049 and the observed mean rainfall during 1981-2010 baselines during the short 

rain season using the CCCma model under RCP4.5 and RCP 8.5 was analyzed and the obtained 

results are discussed in the next sub sections. 

The projected rainfall change results in millimeters and percentage (Table 11) during MAM rain 

season and also represented graphically (Figures 20) revealed a projected decrease rainfall of 

3% over Musanze, 5% over Nyamagabe, 1% over Rubona and Byimana, 3 to 4% over Kigali and 

4% Rubengera under both RCP8.5 and RCP4.5 respectively. Ngoma revealed a decreasing 

rainfall of 1% under RCP8.5 and an increasing of rainfall of 1% under RCP4.5 while Kayonza 

will exhibit an increasing rainfall of 5% under RCP8.5 and a decreasing rainfall of 2% under 

RCP4.5.  A projected increase in rainfall ranging from 1 to 5% will be experienced over 

Nyagatare, Gicumbi and Kamembe under both RCP 8.5 and RCP 4.5 respectively. It is important 

to note that the projected change over Kayonza and Ngoma are not consistent under both RCPs 

which indicate uncertainty over the East-Rwandan hot and dry lowland climatological zone.  

It should be clear that even though we have used model simulations for individual runs which 

produce an individual time series of 2020-2049, the more important information to glean is the 

statistical information. Individual GCM simulations should not be taken literally as probable 30 

year forecasts of what will happen.  
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CHAPTER FIVE 

 

5.0 CONCLUSION AND RECOMMANDATIONS 

 

The main objective of this study was to determine the rainfall variability and projected change in 

Rwanda. The study utilized graphical and statistical methods to assess the trend in rainfall 

variability. To assess the skill of the models in simulating the climate of Rwanda, correlation, 

absolute mean error, index of agreement and rainfall climatology difference plots analysis were 

used. The spatial-temporal variability of rainfall during rain seasons and annual time scale, the 

assessment the performance of CORDEX models to simulate the climate and the projected 

rainfall change under RCP4.5 and RCP8.5 over Rwanda have been carried out.  

 

The distribution of mean rainfall during long and short rain season as well as the annual time 

scale show that high rainfall are concentrated over the high land and southwestern parts which 

reduces toward the central parts while the low rainfall amount are observed in the Eastern part of 

the country. The trends result from graphical method indicates clear rainfall variability, where 

increasing and decreasing trend being non-uniform across all stations considered under this 

study. The trend significance was carried out using statistical methods at 95% significance level, 

show that there is a significant increasing rainfall trend over Northern part of the Northern 

Province and southern province while a non-significant decreasing rainfall trend was observed 

over eastern, Kigali city, Northern and central western during MAM, and annual time scale. 

Furthermore, results indicate that the north eastern part of the country exhibits a more variable 

rainfall. 

Statistical and graphical measures were used to assess the performance of CORDEX models in 

simulating the climate of Rwanda. The IPSL and CCCma models have revealed a better 

performance in simulating the climate of Rwanda during MAM and OND rain season 

respectively compared to the other models used in study. A simple linear regression model was 

developed to reproduce the projected rainfall under both RCP 4.5 and RCP8.5 for the IPSL and 

CCCma models which have been used o projected MAM and OND seasonal rainfall.  

The projected rainfall change results indicated that MAM rainfall will exhibit a decreasing 

rainfall while OND will experience an increasing rainfall over Rwanda under both RCP4.5 and 
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RCP8.5 although models do not agree on the same increasing (decreasing) magnitude. All the six 

selected CORDEX models were not able to resolve the geographical features of the country 

where over (under) estimation of rainfall was observed during both long and short rain seasons 

as well as on annual time scale. 

The results indicate that the north eastern part of the country exhibits a more variable rainfall 

during both long and short rain seasons as well as on annual time scale. It is recommended that 

further study should be carried out to investigate the intra seasonal rainfall variability over the 

region. The low rainfall variability was mainly observed over the highland and area bordering lac 

Kivu, study investigating the effect of lac Kivu in influencing the rainfall pattern of Rwanda is 

recommended.  

It is highly recommended that planning and decision making in agricultural and water sector 

should reflect the rainfall variability and pattern both on seasonal and intra seasonal time scale in 

order to cope with the various effects associated with the rainfall variability. It is also 

recommended to conduct a detailed study on the intra- seasonal rainfall variability and 

predictability over Rwanda for better utilization of weather and climate services and products in 

social economic sectors of the country.  

 Six selected CORDEX models were considered under this study, it is recommended that further 

research should be conducted assessing the performance of all CORDEX models and bias 

correction measure should be undertaken and more stations should be used to represent the 

coverage of the country.  

 Due to the complex nature of Rwanda, it is strongly recommended that more studies could be 

done by using regional climate models designed over the Rwandan domain to capture the 

influence of the topography. 
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ADDENDUM 1: LIST OF TABLES 

 

 Table 1: CORDEX models used in this study     

 INSTITUTE  GCM NAME  

1 CCCma (Canada)  CanESM2 

2 MOHC (UK) HadGEM2-ES 

3 ICHEC (Europe) EC-EARTH 

4 MIROC (Japan) MIROC5 

5 MPI-M (Germany) MPI-ESM-LR 

6 IPSL (France) IPSL-CM5A-LR 

 

Table 2: Representative Concentration Pathways (RCPs) 

RCP            Forcing  

RCP4.5               Stabilization scenario whereby the total radiative forcing is stabilized shortly after 2100. 

This will be achieved by adopting several technologies and strategies to cut GHG 

emissions [106].  More details can be found in [107] [108][109] 

RCP8.5                 This is ‘business-as-usual’ scenario. It is characterized by rising radiative forcing 

pathway leading to 8.5W m
−2

 by 2100, with forcing increasing further thereafter up to 12 

W m
−2

 by 2250, when concentrations stabilize[110]. More details can be found in [107] 

[108][109] 
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Table 3: Mean rainfall (mm) for March - May (MAM); October - December (OND) and Annual 

Rainfall respectively from 1981 to 2017.  

Stations 

MAM OND Annual 

Mean (mm) Mean (mm) Mean (mm) 

Gicumbi 462 373 1158 

Kamembe 475 367 1436 

Kayonza 336 293 863 

Kigali 348 314 934 

Musanze 440 419 1205 

Ngoma 346 330 927 

Nyagatare 304 318 842 

Nyamagabe 416 349 1061 

Rubavu 380 381 1138 

Rubengera 408 350 1065 

Rubona 413 351 1046 

Byimana 425 349 1089 
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Table 4: Rainfall trend and magnitude (mm/year) during March to May, October to December 

and annual time scale from 1981 to 2017. 

Time series 

First 

year 

Last 

Year n 

MAM OND Annual 

Test Z Sig Q Test Z Sig Q Test Z Sig Q 

Gicumbi 1981 2017 37 -3.2 * -11.8 -2.5 * -4.1 -3.2 * -11.8 

Kamembe 1981 2017 37 -3.1 * -11.5 -3.8 * -4.9 -3.1 * -11.5 

Kayonza 1981 2017 37 -0.7   -1.4 0.3   0.3 -0.7   -1.4 

Kigali 1981 2017 37 -0.5   -0.8 0.3   0.3 -0.5   -0.8 

Musanze 1981 2017 37 -1.0   -2.9 0.6   0.9 -1.0   -2.9 

Ngoma 1981 2017 37 -1.8 + -4.7 -0.6   -1.0 -1.8 + -4.7 

Nyagatare 1981 2017 37 0.9   2.8 1.0   1.8 0.9   2.8 

Nyamagabe 1981 2017 37 -3.0 * -8.9 -0.3   -0.2 -3.0 * -8.9 

Rubavu 1981 2017 37 0.0   -0.1 1.5   1.6 0.0   -0.1 

Rubengera 1981 2017 37 -0.8   -2.0 0.5   0.6 -0.8   -2.0 

Rubona 1981 2017 37 -1.9 * -4.9 0.7   0.7 -1.9 * -4.9 

Byimana 1981 2017 37 -1.3   -3.2 0.3   0.3 -1.3   -3.2 

 

Where Sig (*, + and empty space)   are significance level at α equal to 5%, 10% and greater than 

10% respectively), Q is the Sen’s slope (in mm/year), Test Z is the Mann Kendal trend, n is the 

number of observation (37years). 
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Table 5: Rainfall coefficient of variation (CV in %) and rainfall reliability (R in %) for March - 

May (MAM); October - December (OND) and the annual timescale respectively from 1981 to 

2017.  

Stations 
MAM OND Annual 

CV (%) R (%) CV (%) R (%) CV (%) R (%) 

Gicumbi 25 75 27 73 21 79 

Kamembe 20 80 18 82 17 83 

Kayonza 20 80 21 79 15 85 

Kigali 21 79 22 78 16 84 

Musanze 20 80 18 82 16 84 

Ngoma 23 77 26 74 23 77 

Nyagatare 32 68 37 63 31 69 

Nyamagabe 24 76 22 78 16 84 

Rubavu 25 75 19 81 16 84 

Rubengera 24 76 23 77 14 86 

Rubona 23 77 31 69 17 83 

Byimana 22 78 30 70 16 84 
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Table 6: Correlation coefficient (r) between observed and model data during MAM and OND 

rain seasons from 1981 to 2005 

Correlation coefficient  (r)  

models CCCMA ICHEC IPSL MIROC   MOHC MPI 

SEASONS MAM OND MAM OND MAM OND MAM OND MAM OND MAM OND 

Gicumbi 
-0.14 0.17 -0.15 -0.04 0.36 -0.16 -0.37 -0.26 -0.08 -0.2 0.13 0 

Kamembe 
-0.1 0.24 -0.23 -0.25 0.19 -0.04 -0.62 -0.08 -0.08 -0.2 0.01 -0.05 

Kayonza 
0.12 0.53 0 -0.26 0.1 -0.04 -0.06 0.08 -0.39 0.2 0.27 -0.2 

Kigali 
0.03 0.31 -0.28 -0.27 0.25 0.12 -0.12 -0.25 0.21 -0.1 0.2 0.14 

Musanze 
-0.17 0.16 0 -0.3 0.5 0.14 -0.11 -0.39 -0.45 -0.3 0.1 -0.03 

Ngoma 
0.01 0.11 -0.11 -0.05 -0.29 -0.45 -0.24 0.28 -0.07 0.3 0.05 -0.01 

Nyagatare 
0.04 0.36 -0.38 0.01 0.4 0.04 -0.37 -0.36 0.13 -0.3 -0.15 0.14 

Nyamagabe 
0.12 0.4 0.04 0.03 0.29 0.11 0.18 -0.27 -0.1 0.1 0.13 -0.04 

Rubavu 
0.01 0.11 -0.27 -0.25 0.43 0.18 -0.4 -0.26 -0.02 -0.2 -0.04 0.13 

Rubengera 
-0.13 0.27 -0.1 -0.08 -0.2 -0.25 0.19 0.12 -0.04 0.5 0.05 -0.26 

Rubona 
-0.06 0.19 -0.25 -0.11 0.23 0.02 -0.36 -0.35 -0.32 0 0.1 0.1 

Byimana 
-0.06 -0.05 -0.39 -0.24 0.26 0 -0.31 -0.1 -0.15 -0.2 -0.05 0.09 
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Table 7: Mean absolute error (MAE) in mm between observed and model during MAM and 

OND rain seasons from 1981 to 2005 

Mean absolute error(MAE) 

models CCCMA ICHEC IPSL 

MIRO

C   MOHC MPI 

SEASON

S 

MA

M 

ON

D 

MA

M 

ON

D 

MA

M 

ON

D MAM 

ON

D 

MA

M 

ON

D 

MA

M 

ON

D 

Gicumbi 

185.

4 

114.

5 

119.

7 79.9 

208.

0 

114.

0 132.3 26.1 

308.

1 13.8 90.4 62.9 

Kamemb

e 

280.

2 

228.

3 

303.

2 

226.

1 

309.

0 

328.

7 306.1 

363.

3 

393.

5 

347.

1 

258.

5 

289.

7 

Kayonza 23.6 

221.

3 42.1 

186.

6 46.2 7.2 29.6 

132.

9 

146.

3 

120.

6 71.4 

169.

7 

Kigali 39.7 

273.

3 

140.

8 

243.

9 36.4 20.8 103.7 

190.

6 

101.

3 

144.

0 

160.

9 

189.

3 

Musanze 

180.

8 

380.

9 

245.

6 

364.

8 

174.

7 12.6 242.0 

222.

2 99.6 

106.

1 

313.

2 

241.

9 

Ngoma 

188.

2 16.3 

161.

1 33.2 

134.

7 26.8 174.8 

105.

0 

270.

4 92.9 

133.

9 58.2 

Nyagatar

e 

152.

5 8.7 

116.

8 8.2 

156.

4 

111.

6 130.5 80.0 

226.

1 67.9 89.6 33.1 

Nyamaga

be 

219.

8 

524.

8 

199.

5 

554.

1 

117.

5 

219.

3 195.9 

314.

3 

103.

2 

295.

3 

309.

8 

385.

8 

Rubavu 

130.

5 41.6 68.4 31.1 26.1 68.7 14.1 

130.

1 

182.

1 5.2 14.9 14.7 

Rubenger

a 32.2 

268.

4 57.7 

286.

6 5.2 35.8 49.8 

135.

3 

177.

7 

104.

6 

132.

4 

182.

4 

Rubona 

221.

3 28.3 

194.

3 17.4 

165.

7 33.7 200.4 93.9 

304.

8 80.2 

162.

0 48.7 

Byimana 

212.

2 23.1 

185.

2 12.3 

156.

6 28.6 228.4 

112.

2 

295.

7 75.0 

152.

9 43.6 
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Table 8: Index of agreement (d) between observed and model data during MAM and OND rain 

seasons from 1981 to 2005 

 

 

 

 

 

 

 

 

Index of agreement(d) 

Models CCCMA ICHEC IPSL MIROC   MOHC MPI 

SEASONS MAM OND MAM OND MAM OND MAM OND MAM OND MAM OND 

Gicumbi 0.92 0.97 0.97 0.97 0.92 0.85 0.95 0.90 0.78 0.95 0.98   0.95 

Kamembe 0.82 0.92 0.78 0.91 0.77 0.47 0.77 0.43 0.53 0.38 0.86   0.63 

Kayonza 0.97 0.91 0.98 0.92 0.98 0.94 0.98 0.67 0.91 0.88 0.98 0.85 

Kigali 0.97 0.89 0.96 0.90 0.99 0.94 0.96 0.34 0.94 0.88 0.95 0.84 

Musanze 0.95 0.89 0.94 0.90 0.95 0.94 0.93 0.66 0.97 0.96 0.92 0.88 

Ngoma 0.87 0.99 0.91 0.98 0.94 0.96 0.88 0.79 0.66 0.84 0.94 0.93 

Nyagatare 0.89 0.99 0.94 0.98 0.8 0.71 0.92 0.80 0.70 0.88 0.96 0.92 

Nyamagabe 0.93 0.79 0.94 0.66 0.97 0.86 0.92 0.07 0.95 0.80 0.91 0.75 

Rubavu 0.93 0.99 0.97 0.97 0.97 0.90 0.97 0.83 0.87 0.96 0.98 0.90 

Rubengera 0.97 0.90 0.97 0.89 0.98 0.94 0.96 0.77 0.89 0.93 0.97 0.88 

Rubona 0.86 0.98 0.89 0.98 0.93 0.96 0.88 0.87 0.68 0.90 0.93 0.94 

Byimana 0.87 0.98 0.90 0.98 0.94 0.94 0.83 0.78 0.69 0.90 0.94 0.94 



42 
 

Table 9: Linear regression coefficient between observed and model historical data from 1981 to 

2005 

Linear regression coefficients during MAM and OND rain seasons 

seasons MAM OND 

stations a  b  a  b  

Kayonza 0.2553 263.38 0.1723 195.72 

Nyagatare 0.5181 230.36 0.55 131.07 

Gicumbi 0.3111 408.92 0.252 262.34 

Kamembe 0.1716 461.08 0.5302 366.48 

Musanze 0.1501 553.84 0.042 384.19 

Ngoma 0.52 248.02 0.4276 194.08 

Nyamagabe 0.2723 288.66 0.0345 315.77 

Rubavu -0.1903 434.12 0.435 230.54 

Rubona 0.4227 320.38 -0.0442 353.04 

Byimana 0.5808 268.89 0.1644 283.01 

Kigali 0.48188 191.49 0.1086 241.3 

Rubengera 0.1897 344.55 0.0925 284.15 
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Table 10: Projected MAM rainfall change using RCP4.5 and RCP 8.5 from IPSL model from 

2020 to 2049 

Stations RCP85(mm) RCP45(mm) 

Kayonza 17 12 

Nyagatare 17 14 

Gicumbi 17 16 

Kamembe 14 15 

Musanze 19 17 

Ngoma 17 18 

Nyamagabe -21 -23 

Rubavu -25 -20 

Rubona 15 15 

Byimana 20 21 

Kigali 9 3 

Rubengera 6 6 

 Projected MAM rainfall change (mm) using RCP4.5 and RCP 8.5 from IPSL model for the 

twelve stations used under the study where positive (negative) value indicate an increase 

(decrease) 
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Table 11: Projected OND rainfall change using RCP4.5 and RCP 8.5 from CCCma model from 

2020 to 2049 

Stations RCP85(mm) RCP45(mm) 

Kayonza 14 -5 

Nyagatare 12 17 

Gicumbi 5 2 

Kamembe 19 13 

Musanze -14 -14 

Ngoma -2 4 

Nyamagabe -18 -19 

Rubavu 8 5 

Rubona -3 -2 

Byimana -2 -4 

Kigali -9 -12 

Rubengera -13 -14 

Projected OND rainfall change (mm) using RCP4.5 and RCP 8.5 from CCCma model for the 

twelve stations used under the study where positive (negative) value indicate an increase 

(decrease) 
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ADDENDUM 2: LIST OF FIGURES 

 

 

Figure 1: Rwanda administrative map.  

 

Figure 2 : Location of the twelve rainfall stations used under this study 
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Figure 3: single mass curve for the twelve stations  from 1981 to 2017 (blue line is the 

cumulative annual rainfall, black line indicates the trend. because we are showing cumulative 

rainfall over many years,  the "trend" doesn't necessarily indicate increasing rainfall, in fact it 

indicate that data are of good quality to be used in the study). 
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Figure 4: Spatial mean rainfall distribution during March – May (MAM) rain season from 1981 

to 2017. 

 

 Figure 5: Spatial mean rainfall distribution during October – December (OND) rain season 

from 1981 to 2017.            

 

Figure 6: Spatial annual mean rainfall distribution over Rwanda from 1981 to 2017. 
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 Figure 7: Rainfall variability (mm) during March – May (MAM) rain season for the twelve 

stations from 1981 to 2017. 
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.   

 

 

 

 Figure 8: Rainfall variability (mm) during October – December (OND) rain season for the 

twelve stations from 1981 to 2017. 
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Figure 9: Annual rainfall variability (mm) for the twelve stations from 1981 to 2017. 

. 
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Figure 10: Spatial coefficient of variation (CV) March to May (MAM) rain season from 1981 to 

2017. 

 

Figure 11: Spatial coefficient of variation (CV) during October to December (OND) rain season 

from 1981 to 2017. 

 

     Figure 12:  Spatial annual coefficient of variation (CV) from 1981 to 2017. 
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Figure 13: Spatial rainfall difference distribution between models and the observed rainfall data 

during March – May (MAM) rain season from 1981 to 2005 
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Figure 14: Spatial rainfall difference distribution between the models observed rainfall during 

October –December (OND) rain season1981 to 2005 
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Figure 15:  Projected rainfall (2020-2049) using RCP4.5 from IPSL model during March to 

May rain season 
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Figure 16: Projected rainfall (2020-2049) under RCP8.5 from IPSL model during March to May 

rain season. 



56 
 

 

 

Figure 17: Projected rainfall (2020-2049) using RCP4.5 from CCCma model during OND rain 

season. 
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Figure 18: Projected rainfall (2020-2049) using RCP8.5 from CCCma model during October to 

December rain season. 
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:  

Figure 19: Projected MAM rainfall change (mm) using RCP4.5 and RCP 8.5 using IPSL model 

2020-2049 

 

Figure 20: Projected OND rainfall change using RCP4.5 and RCP 8.5 from CCCma model 

2020-2049 
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