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Abstract  

 High resolution models were used for simulating rainfall in Rwanda. But each model should be 

evaluated before using its output to assess impact. The ability of Regional climate model was 

evaluated using RegCM4-7 which is driven by the MPI-M-MPI-ESM-LR to simulate rainfall over 

Rwanda. The model output were compared to observation, to simulate rainfall in Rwanda through 

assessing the model performance. Bias, root mean square error (RMSE) and Pearson correlation 

were used to assess model skill while Mann-Kendall (MK) was used for trends analysis. 

It is found that model performance in simulating rainfall both seasons over Rwanda, overestimates 

rainfall in October-November-December (OND) season over all part of country with positive 

biases but much more to north and South-West and Underestimates in March-April-May (MAM) 

season over the Central and Eastern part of Country with Negative biases and model simulates 

rainfall over the country better with less errors in MAM than OND season. 

The future projection of rainfall with two scenarios RCP2.6 and RCP8.5 for near future period 

(2021-2050) and far future period (2051-2080) for 30 years were used and they show that the 

average rainfall will increase in western and Southern party of the country while a greater changes  

projected during OND and less in MAM under both scenarios and Periods. 

Overall, the study finds that Regional climate Model (RCM) used is able to simulate rainfall 

climatology in Rwanda with better performance and suggesting the potential use of in further 

similar studies. 
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CHAPTER 1: GENERAL INTRODUCTION  

1.1 Background and Motivation  

The climate of Rwanda is a temperate climate with relatively high rainfall. Agriculture is a major 

economic activity that is heavily reliant on rainfall. The last report from the Intergovernmental 

Panel on Climate Change (IPCC) has been confirmed the variability of climate change (IPCC, 

2013). The largest impacts which is considered showed an increase of the severity of extreme 

events. Rwanda experienced by Wet and dry events, which may result in flood and drought 

episodes, respectively and are considered as the main meteorological disasters that cause 

devastating socio-economic impacts (MIDMAR, 2012). The extreme precipitation in terms of 

intensity and frequency are expected to increase (Christensen et al., 2005), which will lead to an 

increase of the flood hazard. The researches around the world have made a great efforts to find 

and understand these extreme precipitation events (Xin et al., 2006). Climate change has been 

confirmed as major concern around the world and assessing its impact on regionally is important 

especially for policy makers who develop action plans to mitigate and adapt to the impacts of 

future climate change (Dusingizimana, 2019).  

The global climate models (GCMs) are the most advanced tools currently available in simulating 

climate response and due to the massive computational and storage requirements, they are 

generally run at horizontal resolutions of 100 km (Luhunga et al., 2016;Daniels et al., 2012). 

This makes GCMs to be limited during the climate simulations impacted for climate change studies 

on biodiversity, ecosystem, agriculture, species distribution and landscape and environmental 

issues to have fine scale ,GCM data are often downscaled using High regional climate models 

(RCMs) (Hassan et al., 2013; Xiaoduo et al., 2012). Data from RCMs are required to assess climate 

change impact on water resources, agriculture and natural ecosystems (IPCC, 2007). 

RCM stand for numerical climate model for prediction forced by specified lateral and ocean 

conditions from GCMs or data set based on observation that used to simulate atmospheric and land 

surface processes and accounting for high resolution topographical data, land-sea contrasts, surface 

characteristics, and other components of the Earth system. This model has been used widely over 

Africa-CORDEX (Coordinated Regional Downscaling Experiment) domain to predict climate 

change for different regions (Almazroui, 2016). 
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RCMs are initialized with the initial conditions and driven with time variable along their lateral 

atmospheric and lower surface boundaries conditions (Sanjay et al., 2017). Almazroui et al. (2012) 

used ICTP regional climate model (RegCM4-7) to simulate the precipitation seasonal mean and 

annual cycle and the results have been quite accurate but there is big variations and biases between 

model of the same region and seasons. The RegCM has been historically the first limited area 

model developed for long term regional climate simulations (Knutti et al., 2010).  

The RegCM system is a community climate model, and particular it is designed for used by a wide 

and varied community composed by scientists in industrialized countries as well as developing 

nations (Pal et al., 2007). One widely applicable method for obtaining high resolution climate data 

that takes into account regional patterns and valuable local knowledge is to use RCMs. These are 

atmospheric models run on a limited geographical area using boundary conditions from GCMs. 

High resolution climate models have been widely used to provide high resolution climate 

simulations in different party of the world (Fowler, 2007). However, many uncertainties in these   

simulations are caused by boundary conditions, size of the integration domain, natural variability 

and RCM formulation (Xiaoduo et al., 2012). 

1.2 Problem Statement  

Rainfall is among the major climatic parameters that have a strong influence on the country socio 

economic, Rwanda economy is heavily depend on agriculture sector. Some models were used to 

simulate rainfall climatology but their performance was questionable, since rainfall variability still 

impact on socioeconomic activities of East Africa countries (Willows et al., 2003). It’s very 

important to Policy makers, disaster managers and other among the key users of climate 

information to have full information of climate change in their decision making. Agriculture sector 

contribute around 80% of GDP and is the one sector that is strongly affected by the climate change 

due to the rainfall variability occurred in different party Rwanda resulted to the flooding, soil 

erosion, drought and landslide. High resolution model as tool used to understand these changes 

has become an effective way to simulate the climate accurately (Umuhoza et al., 2021). 

Different studies have been done (Shongwe and Lennard, 2015; Enfors et al., 2008; Thornton et 

al., 2010; Ahmed et al., 2011) in that order to evaluate the impacts of climate change on rain fed 
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crop production using RCMs driven by directly to GCMs but the results showed insufficient 

detection of model strengths and weaknesses in simulation of rainfall in different regions. 

1.3 Objectives of Study  

The main objective is to study the performance of a regional climate model in simulating rainfall 

in Rwanda. The specific objectives have been set as: 

 To assess the skill of RCM model from of the CORDEX driven by GCM. 

 To determine the projected changes and Future Trends of rainfall in Rwanda. 

1.4 Hypothesis of the Study 

The best RCM model under climate change will have high skill to simulate rainfall in Rwanda 

with less errors and biases. 

1.5 Justification of Study 

This study provided information that can be used during budget planning and is a crucial step in 

choosing reliable model which simulating a climate of Rwanda and its impact at particular 

location. 

The findings of this study are expected to give a meaning contribution to the future studies for 

better predicting the effects of  climate change in both present and future, as well as ensure  

adaptation and mitigation strategies for better climate resilience.  

1.6 Climatology of Rwanda  

Rwanda is a tropical country and is the main area considered in this study, it is a small and 

landlocked country with approximately area of 26,338km2.  

On its annual cycle, the country experienced by two rainfall season regimes, from March-May 

(MAM) and October-December (OND) as well as two dry seasons form June-August (JJA) and 

January to February (JF).MAM is known as long term rainy season while OND refers as short 

term rainy season (Ilunga et al., 2004).  

 



4 
 

  

Figure 1: The left is a map of Africa, while the right is a map of Rwanda with the selected 

stations. 

In the northwest part of the country is located by Virunga volcanic chains and Congo Nile ridges 

country at elevations between 1800 and 4500 m. These areas receive the high intensity of 

precipitation between 1300 and 1550 mm (Muhire et al., 2015). The low-lying land is located in 

the country's east. The characteristics of climate of the country is highly influenced by complex 

topographic, water bodies and vegetation while Indian Ocean Dipole (IOD) and subtropical 

Anticyclones are influencing OND season (Washington and Preston, 2006). 
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CHAPER 2: LITERATURE REVIEW  

2.1 Variation of Regional Climatic Rainfall 

Rwanda like the other East Africa countries has a bimodal rainfall pattern that is primarily 

governed by the Intertropical Convergence Zone (ITCZ) around an equator and is characterized 

by the most diverse geography, with enormous lakes, rift valleys, and snowcapped mountains 

(Kharin et al., 2007). Because of this heterogeneity, climatological mean rainfall total vary 

dramatically (Ogwang et al., 2014). 

Rainfall variation in East Africa and the tropical regional is caused by different complex 

interactions  and  atmospheric variations such sea surface temperature (SST) forcing and synoptic 

scale weather  disturbances like the Inter-tropical Convergence Zone (ITCZ), monsoonal wind 

system, trade winds and  El Nino or Southern Oscillation (ENSO) events, persistent mesoscale 

circulations and tropical cyclones. The main elements affect climate of Rwanda to be considered 

are extensive forest, water bodies (lakes and river) and different air masses (Felix, 2015). 

2.2 Global Climate Models (GCMs)  

The climate variability is assessed by using GCMs as suitable tools, Currently GCMs have spatial 

resolution on the order of 100-250 km and is potential to simulate the main characteristics of 

general circulation at the range of this scale (Shongwe et al., 2009). Although GCM are capable 

of simulating atmospheric general circulation at continental level, they are not always capable of 

capturing the detailed processes associated with regional climate variability and changes (Giorgi 

et al., 2009).  

This especially true in heterogeneous region like eastern Africa, where topography variation, soil 

and vegetation on a sub GCM grid scale have a big impact on climate (Crichton et al., 2012). 

Furthermore, intensity and frequency of sub-grid-scale extreme events such as heavy rainfall 

resulting in floods are frequently not replicated realistically at coarse grid resolutions. 

GCMs are widely used to describe the climate processes of many different African regions and to 

generate climate data to use for a variety of socioeconomic sectors, including water, health, 

education and agriculture (Alley et al., 2016). 
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2.3 Regional Climate Models (RCMs) 

Regional climate models (RCMs) is dynamically downscaled form GCMs (Sunyer et al., 

2006,2012) are very useful for understanding climate patterns areas with complex topography. The 

number of RCM simulations has increased significantly globally (Alley et al., 2016); however, the 

research that carried in the East African region is largely based on a single simulation. Each model 

showed strength and weakness. Thus, the application of a set of RCMs is needed, but this has not 

been done before because of the lack of a large ensemble of RCM output (Sunyer et al., 2012). 

RegCM4.7 developed by International Centre for Theoretical Physics (ICTP) has been adopted to 

simulate rainfall scenario of Bangladesh. The study examines model performance of rainfall 

simulation through the period of 1991-2018 with ERA-Interim 75 data of 75 km horizontal 

resolution as lateral boundaries and downscaled at 25km resolution (Rahman et al., 2021).  

The RegCM is a community model and it is intended for use by a broad and diverse community 

of scientists from both developed and developing countries (Pal et al., 2007). As such, it is intended 

to be public, user friendly and open source that can be applied to any part. 

2.4 RCMs Performance 

The performance of model is determined by the metric used to assess them, as well as the location 

and climate variable (Christensen et al., 2010). It is not easy to come up with metrics to evaluate 

the RCM weights (Knutti, 2010). Weigel et al. (2010) investigated impacts of weighting in models 

and pointed out the risk of applying weights and emphasized that addition to accurate knowledge 

of model performance model weighting approaches should take into account the dependency 

between model error and internal variability. If these considerations are not are considered, using 

weights to combine models may result in larger errors than equal weighting. 

Climate models are frequently evaluated based on the performance in historical and current climate 

conditions, lack of information about the future, performance is then assumed to remain constant 

in the future. However, according to a recent study done by Boberg and Christensen. (2012), the 

performance of climate models may change in the future.   
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2. 5 CORDEX and Rainfall Simulation 

CORDX aims to improve the framework for generating regional scale climate projections that are 

impacted on assessment and adaptation studies in worldwide within the IPCC timeline and beyond. 

 Mutayoba et al. (2017) used CORDEX data to simulate precipitation characteristics over the 

Mbarali River Catchment in Tanzania and resulted better reproducibility of rainfall characteristics. 

But other study done in Rwanda by Luhunga (2016) simulated rainfall with the ensemble of models 

performed better than individual models. 

The CORDEX ability to simulate rainfall variability in southern Africa during the austral summer 

showed an accuracy regional climate model with high probability of simulation with less bias 

toward little intensity of rainfall (Shangwe et al., 2015). 

2.6 Scenarios of Fifth Assessment Report  

Representative Concentration Pathways (RCPs) are grouped as four greenhouse gas concentration 

trajectories adopted by the IPCC for its fifth assessment report (AR5) (Moss et al., 2010). These 

scenarios RCP2.6, RCP4.5, RCP6 and RCP8.5 are named according to the possible range of 

Radiative forcing values in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, and 

+8.5 W/m2, respectively).  They describe potential climate futures which are taught to be plausible 

depending on amount greenhouse gas released in coming years (Villegas et al., 2010). 
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CHAPTER 3: METHODOLOGY  

This chapter describes methodology used to achieve the set of goals .In all analysis two types of 

data were used: observational and Model data, the performance of RCM driven by GCM in 

simulating rainfall in Rwanda were identified by Statistical metrics (Root mean square error and 

bias). Seasonal mean rainfall distribution, Trends and inter-annual variability were assessed. The 

Regional climate scenarios (RCP2.6 and RCP8.5) for Africa are available on a grid of 0.22 degrees, 

approximately 25km were used for Rainfall projection and changes. The performance were 

identified by graphically and trend comparison between observational and model data. 

3.1 Data and Methodology    

3.1.1 Observed Rainfall Data  

Observed gridded data covering the entire country were collected from Rwanda Meteorology 

Agency (Meteo-Rwanda) in dataset developed by International Research Institute for Climate and 

Society (IRI) with collaboration Meteo-Rwanda (Dinku et al., 2016). 

3.1.2 Model Data  

The simulation was carried out on the rather coarse resolution of 0.22° (approx. 25 km) to enable 

a large ensemble of climate projections (Mutayoba et al., 2017). The simulated and projected 

output retrieved in CORDEX Africa portal, which is an International Coordinated Effort led by 

the World Climate Research Programmer Working Group on Regional Climate to provide users 

with uniformly produced a regional climate model output. Models chosen are ideal for climate 

research for Africa (Ogwang, 2015). 

RegCM4-7 used, has been initiated by International Centre for Theoretical Physics (ICTP) and 

adopted to simulate rainfall and is driven by MPI-M-MPI-ESM-LR. It constitutes a group of 

simulations in Coordinated Regional Downscaling Experiment-Common Regional Experiment 

(CORDEX-CORE) framework. 

3.1.3 Data Limitations 

Climate change modeling relied on post-processed data from the CORDEX data portal. Africa 

region lacks high quality observation datasets with appropriate temporal and spatial resolution. 
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 As a result, Endris et al. (2013) presents a limitations of CORDEX models for Africa domain in 

details. 

3.2 Methodology 

3.2.1 The Statistical Methods 

A variety of techniques are available to assess model performance to simulate climate conditions 

at a specific location (Flato et al., 2013). Some statistical Methods recommended by the world 

Meteorological organization (WMO) such as root mean square error (RMSE), Pearson correlation 

coefficient (R) and Bias (Gordon and Shaykewich, 2000). 

3.2.2 Root Mean square Error (RMSE) 

RMSE evaluates the relative deviation between the simulation and observation in a range between 

0 for a perfect match of simulation and observation towards +∞ (Dee et al., 2021). 

To calculate the RSME and Bias the following equations were used: 

𝑅𝑀𝑆𝐸 = √
∑ (𝑃𝑖 − 𝑂𝑖)

2𝑛
𝑖=1

𝑛
                                                                                                                                 (1) 

 

𝐵𝐼𝐴𝑆 =
1

𝑛
∑(𝑃𝑖 − 𝑂̅)

𝑛

𝑖=1

                                                                                                                                             (2) 

 

3.2.3 Analysis of Correlation   

Correlation is a statistical method for determining the similarities between different two variables 

(Wilks, 2006). Pearson correlation coefficient is most commonly used for calculating the degree 

of linear association between different variables. Mathematically, this method is as follows: 

     𝑟 =
∑ (𝑃𝑖 − 𝑃̅)(𝑂𝑖 − 𝑂̅)
𝑛
𝑖=1

√∑ (𝑃𝑖 − 𝑃̅)2
𝑛
𝑖=1 √∑ (𝑂𝑖 − 𝑂̅)2

𝑛
𝑖=1

                                                                              (3 ) 
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With P and O are simulated and observed values respectively, while i refers to a simulated and 

observed pairs and n is the total number of such pairs. 

3.2.4 Mann-Kendal Method   

Mann-Kendall (MK) method is thought to be the best method for analyzing climatic changes and 

Trends in climatological time series (Ahmad et al., 2015). It is a nonparametric statistical test used 

in the analysis of climatological and hydrological trends (Mann, 1945; Kendall, 1975) and is 

considered highly as it can handle unexpected discontinuities caused by inhomogeneous time 

sequence. 

 It also does not require any other data assumptions distribution (Mondal et al., 2012). It is used 

for trend analysis (Ayugi et al., 2019; Almazroui et al., 2020) and performed at a significant level 

of 0.05. Null hypothesis (Ho) expressing the absence of the trend is rejected for 0.05. 

The standardized test statistics (S) are calculated: 

𝑆 = ∑ ∑ 𝑠𝑖𝑔𝑛(𝑥𝑗 − 𝑥𝑖)

𝑛

𝑗=𝑖+1

𝑛−1

𝑖=1

                                                                                                                   (4) 

Where i and j (j > i), are time series observations in the year and n is the period of the analysis and 

sign(xj − xi) is calculated as: 

𝑆𝑖𝑔𝑛(𝑥𝑗 − 𝑥𝑖) = {

+1 𝑖𝑓(𝑥𝑗 − 𝑥𝑖) > 0

0  𝑖𝑓 (𝑥𝑗 − 𝑥𝑖) = 0

−1 𝑖𝑓 (𝑥𝑗 − 𝑥𝑖) < 0

                                                                                                (5) 

If the mean of the dataset is zero, variance Sv is calculated as: 

 

𝑆𝑣 =
𝑛(𝑛 − 1) (2𝑛 + 5)∑ 𝑡𝑝(𝑡𝑝 − 1)(2𝑡𝑝 + 5)

𝑞
𝑝−1

18
                                                                (6) 

 

 n is the data size, q is the number of tied groups and Tp is the number of data in the tied group, Z 

statistics are used to determine the trend of significant as: 
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𝑍 =

{
 
 

 
 

𝑆 − 1

√𝑉𝑎𝑟(𝑆)
+ 1 𝑖𝑓 𝑆 > 0

0  𝑖𝑓 𝑆 = 0

𝑆 − 1

√𝑉𝑎𝑟(𝑆)
− 1 𝑖𝑓 𝑆 < 0

                                                                                                                            (7) 

When a measured value is greater than the tabularized α –value, positive value of Z represent 

increasing of trend and negative value represent a decreasing of trend. Sequential MK test (Khan 

et al., 2020) was found to be effective in the determining change points of a significant trend and 

abrupt changes in the series. An unexpected shift at a point is identified when the intersection 

occurs outside of the tabulated α-value (±1.96). 

3.2.5 Projection Techniques of Rainfall 

After better performing CORDEX RCM validation, the final step is the process of future rainfall 

projection over Rwanda. Projections were done under two climate scenarios of RCP2.6 and 

RCP8.5 for 30 years for near period (2021-2050) and far period (2051 to 2080) by seasonal basis. 
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CHAPTER4: RESULTS AND DISCUSSION    

This chapter presents study findings that correspond to the methods used to achieve the goals. All 

metrics are computed on a seasonal basis, considering hereinafter two rain seasons. One RCM 

model Driven by GCM was used while two climate scenarios was used to project the rainfall 

changes over Rwanda near and far period and the results are the following.       

4.1 Comparison between observed and simulation 

RCM model output were compared to observe from 1981-2005. Figure 2 shows that during MAM 

Season, Model presents the mean seasonal rainfall which is higher over the mountainous regions 

in North and western province than observed, most likely because of imperfect representation of 

the orography as well as the parameterization of the convection scheme and less over the valley 

Eastern and Middle region. While Figure 3, Model presents higher amount of the mean seasonal 

rainfall during OND over the most parts of the country. 

4.2 Spatial distribution of Bias and Root mean Square Error  

Figures 4 and 5 present biases and root mean square errors occurred MAM and OND season 

respectively during the study period. Model performance  in simulating rainfall both seasons over 

various stations is presented; as the model overestimates rainfall in OND season over all part of 

country with positive biases but much more to north and south-west and Underestimates in MAM 

season over the central and Eastern part of Country with Negative biases as shown in Figure 4. 

Indeed, slight overestimation is observed over the North of the county, and almost no bias is 

observed over the valleys and Central regions. Meanwhile, Model simulates the rainfall over most 

stations better in MAM than in OND season. 

 Model presented biases ranging from 0-4 mm across the country in MAM while OND, model 

presented biases ranging from 0-8 mm across the country. Thus the precipitation bias varies 

according to the intensity rainfall.  

Figure 5 shows RMSE model in simulating rainfall at different regions. Model simulates rainfall 

in both season but with less an error in MAM over the whole country with the range of 0-0.75 mm 

and more errors in OND especially in North and Southern part of country ranging between 1.0-1.5 

mm.  
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Model simulates rainfall over most stations regions with less errors in MAM than OND season. 

By considering both RMSE and Biases presented by model, generally model used in this study 

shows the ability to simulate rainfall both rainy seasons in Rwanda, even it shows some biases and 

errors in their spatial distribution due to the extreme intensity of precipitation. 

4.3. Inter-Annual Rainfall Variability 

Figure 6 shows that, model accurately reproduces the inter-annual variability in MAM with strong 

correlations While Figure 7 shows that in OND, model fairly well to simulate the annual variability 

of observed rainfall, in general the simulated rainfall by the RCM is more closely related to the 

observed rainfall in MAM than OND season over Rwanda from 1981 to 2005. 

4.4 Rainfall Projection and Changes over Rwanda 

 For 30 years, the study quantifies the average future rainfall under two scenarios: RCP 2.6 and 

RCP 8.5 in near future (2021–2050) and far future (2051–2080). Figure 8 composed by four series 

of maps, first and second show rainfall projected in MAM and OND season under both scenarios 

and periods respectively while the Third and fourth show the projected rainfall changes.  

The relative changes of the rainfall is smaller in MAM comparing to OND under both scenarios 

and periods as shown in figure 8 for the first and second series.  

These series of maps show that, during OND the average rainfall would greatly increase almost all 

party of the country but more than in western and Southern party of country under both scenarios 

and Seasons.  Figure 8 shows that rainfall is expected to increase during the rainy season. In MAM 

and OND, precipitation is projected to increase under both scenarios and periods, similar to the 

findings of Almazroiu et al. (2018) and Ongoma et al. (2016). 

Figure 8, the third and fourth lines show the projected changes in rainfall over Rwanda. 

Precipitation is projected to increase in both scenarios, seasons, and periods, with the majority of 

the increase occurring in OND rather than MAM. Consistently with the findings of Ayugi et al. 

(2021) who found an increase of rainfall in East African region while in both the near and far 

periods scenarios are expected to have a lower change of rainfall in OND particularly in North- 

Eastern party of Rwanda as shown in Figure 8 fourth series. This results consistent to the study of 

Adhikari et al. (2015) where a decline is projected in dry for all scenarios and periods.  
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4.5 Trends of Projected Rainfall  

Figure 9 shows trends of projected precipitation for period 2021-2080, RCP 2.6 displays a certain 

trends in both season MAM and OND while RCP 8.5 indicates that there is a decreasing of trends 

that are non-statistically significant. The rainfall projection changes over the country and shows 

an increasing of rainfall from historical to both scenarios, season and periods mostly in OND than 

MAM as shown Figure 8. The projected rainfall trends for the same region with RCP2.6 show a 

significant increase in rainfall for 2059-2079 as shown in Figure 9. Increase of trend is consistently 

with future projection Changes from other studies that considered scenarios with maximum 

radiative forcing for rainfall projections (Endris et al., 2013). 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS  

The ability of CORDEX regional climate model (RCM) driven by GCM (MPI) and ERA-Interim 

data to simulate historical rainfall conditions in Rwanda is evaluated in this study. Study based on 

a comparison between model data and simulation. Statistical measures of model performance and 

validation, such as bias, root mean square error, and trend analysis were utilized. According to the 

results found, RCM generally simulates rainfall over Rwanda, Furthermore, the RCM well 

reproduce inter-annual variations and trends. Model shows reasonably errors in OND comparable 

with in MAM, the biases and RMSE arising from RCM in simulating are not too large in most 

parts of the country. The projected climatological rainfall patterns show increasing rainfall under 

both scenarios, periods and seasons across the country. 

As recommendation, this work is very important to the climate modelers, decision makers, 

researches and budget planners who will depend on climate simulations and projections in their 

duties. Therefore others studies driven by others GCMs are recommended to make good 

comparison. 

Due to the time constraints only one RCM model was used, therefore we would like to recommend 

further research to find the performance of other models to simulate Rwanda’s climate. 

 

 

 

 

 

 

 

 

 

 

 



16 
 

REFERENCES 

Adhikari, U.; Nejadhashemi, A.P.; Herman, M.R., 2015. A review of climate change impacts on  

         water resources in East Africa. Trans. ASABE 2015, 58, 1493–1507          

Ahmad, I., Tang, D., Wang, T.F., Wang, M. and Wagan, B., 2015. Precipitation trends over time using 

         Mann-Kendall and Spearman’s rho tests in Swat River Basin, Pakistan, Advances in 

         Meteorology.2015, Article ID 431860, 15 pp. doi:10.1155/2015/431860. 

Ahmed, S.A., Diffenbaugh, N., Hertel, T.W., Lobell, D.B., Ramankutty, N., Rios, A.R. and 

           Rowhani, P., 2011. Climate volatility and poverty vulnerability in Tanzania. Global 

           Environmental Change, 21(1): 46–55.doi:10.1016/j.gloenvcha.2010.10.003 

 Alley F. Prein, A. Gobiet, H. Truhetz, K. Keuler, K. Goergen, C. Teichmann, C. Fox Maule, E.  

         van Meijgaard, M. Déqué, G. Nikulin, R. Vautard, A. Colette, E. Kjellström & D.  

         Jacob., 2016.Climate Dynamics volume 46, pages383–412     

Almazroui, M., 2012. Dynamical downscaling of rainfall and temperature over the Arabian 

           Peninsula using RegCM4. Climate Research, 52, pp.49-62. 

Almazroui, M., 2016.  RegCM4 in climate simulation over CORDEX-MENA/Arab domain:  

           Selection of suitable domain, convection and land-surface schemes. International Journal  

           Of Climatology, 36(1), pp.236-251 

Almazroui, M., 2020 ‘Rainfall Trends and Extremes in Saudi Arabia in Recent Decades’, 

Atmosphere, 11(9), p. 964. doi: 10.3390/atmos11090964. 

 Almazroui, M.; Saeed, F.; Saeed, S.; Islam, M.N.; Ismail, M.; Klutse, N.A.B.; Siddiqui, M.H. , 

           2020. Projected change in temperature and precipitation over Africa from CMIP6. Earth  

           Syst. Environ. 2020, 4, 455–475 



17 
 

Ayugi., 2019 ‘Inter-comparison of remotely sensed precipitation datasets over Kenya  483 during 

1998–2016’, Atmospheric Research, 225, pp. 96–109. doi:484    

               10.1016/j.atmosres.2019.03.032. 

Crichton DJ, Mattmann CA, Cinquini L, Braverman A, Waliser DE, Gunson M, Hart AF,       

         Goodale CE, Lean PW, Kim J., 2012. Software and architecture for sharing satellite  

         Observations with the climate modeling community. IEEE Softw 29:63–71. 

Christensen N., Ongoma ; J.H. Christensen, B. Machenauer, R.G. Jones, C. Schar, P.M. Ruti, M.  

          Castro, G. Visconti.,2005. Validation of present day regional climate simulations over 

          Europe:LAM simulations with observed boundary conditions Clim. Dyn. 13 (7-8) (1997),  

          pp.  489-506, 10.1007/s003820050178 

Dee, D. P., Uppsala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S,. 2011.  

           The ERA-Interim reanalysis: Configuration and performance of the data assimilation  

            System. Quarterly Journal of the Royal Meteorological Society, 137(656), 553–597.  

             https://doi.org/10.1002/qj.828. 

Dinku,T.,Cousin,R.,DelCarrol,J.,Ceccoto,P.,Thomas,M.,Fanirrantsoa.R.,Khomyakov,I.,&Vadillo 

           , A., 2016.The ENACTS approach transforming climate service in Africa one country at  

            Time. A world policy paper         

Daniels, A.E., Morrison, J.F., Joyce, L.A., Crookston, N.L., Chen, S.C., and McNulty, S.G.  

           , 2012. Climate projections FAQ. Gen. Tech. Rep. RMRS-GTR-277WWW. Fort Collins,  

            CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station,  

                32 pp. 

Dusingizimana, 2019.Analysis of Adaptation Practices to Climate Change and Variability by  

             Smallholder Coffee Farmers in Rwanda  



18 
 

Enfors, E. and Gordon, L., 2008. Dealing with drought: The challenge of using water system  

           Technologies to break dry land poverty traps. Global Environmental Change, 18, 607– 

            616. doi:10.1016/j.gloenvcha.2008.07.006. 

Endris H. S., 2013.Assessment of the performance of CORDEX regional climate models 

           in simulating East African rainfall,” J. Clim., vol. 26, no. 21, pp. 8453–8475. 

Endris, H.S.; Lennard, C.; Hewitson, B.; Dosio, A.; Nikulin, G.; Artan, G.A.,2019.  Future. 

           changes in rainfall associated with ENSO, IOD and changes in the mean state over  

           Eastern Africa. Clim. Dyn. 2019, 52, 2029–2053 

Felix, N. J., 2015 .Characteristics of extreme rainfall events,” African J. Environ. Sci. Technol., 

          vol. 10, no. 1, pp. 18–33, 2015.   

Giorgi, F., Jones, C., & Asrar, G. R., 2009. Addressing climate information needs at the  

           Regional level: The CORDEX framework. World Meteorological Organization (WMO) 

           Bulletin, 58(3), 175–183. Retrieved from http://wcrp.ipsl.jussieu.fr/cordex/document. 

Gregow, A. Pessi,A.Mäkelä ,and E.Saltik off., 2017.Improving the precipitation accumulation 

analysis using lightning measurements and different integration periods,” Hydrol. Earth 

Syst. Sci., vol. 21, no. 1, pp. 267–279 

Gordon, N. and Shaykewich, J., 2000. Guidelines on performance assessment of public weather  

            Services. WMO/TD No.1023, 32 pp. 

Ilunga, L., Muhire, I. and Mbaragijimana, C., 2004. Pluviometric Seasons and Rainfall Origin in  

            Rwanda. Geo-Eco-Trop, 28, 61-68. 

IPCC, 2007. Climate change 2007synthesis report. Intergovernmental Panel on Climate  

           Change, WMO, p 73 

 



19 
 

IPCC, 2007. Working Group II Fourth Assessment Report. Climate Change: Climate Change  

           Impacts, Adaptation and Vulnerability. Available at: http://www.ipcc.ch/SPM6avr07.pdf 

IPCC, 2013.The Physical Science Basis. Contribution of Working Group I to the Fifth 

           Assessment Report of the Intergovernmental Panel on Climate Change Stocker, T. F., 

           Qin, D., Plattner, G. -K., Tignor, M., Allen, S. K., Boschung, J., Nauels, 

           A., Xia, Y., Bex, V. and Midgley, P. M. (eds.)], Cambridge University Press,  

           Cambridge, United Kingdom and New York, NY, USA, 1535 pp., retrieved from:    

           http://www.climatechange2013.org/images/report/WG1AR5_ALL_FINAL.pdf, last  

           Accessed: May 2014, 2013. 

Flato, G., Marotzke, J., Abiodun, B., Braconnot, P., Chou, S.C., Collins, W., Cox, P., Driouech, 

           F., Emori, S., Eyring, V.,Forest, C., Gleckler, P., Guilyardi, E. , Jakob, C., Kattsov, V.,  

            Reason, C. and Rummukainen, M. 2013. Evaluation of climate models. In Stocker, T.F.,  

          Qin, G.-K. Plattner, M. Tignor, S.K., Allen, J., Boschung, A., Nauels, Y. Xia, V. Bex and  

          P.M. Midgley (eds.): Climate Change 2013: The Physical Science Basis. Contribution of  

          Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change. Cambridge University Press, Cambridge, United Kingdom and New York, NY, 

USA 

Fowler, H. J., Blenknsop, S. and Tebaldi, C, 2007.Linking climate change modelling to impacts  

           Studies: recent advances in downscaling techniques for hydrological modelling, Int. J.  

           Climatol., 27, 1547–1578, doi:10.1002/joc1556. 

Gutowski, W. J. Jr., Giorgi, F., Timbal, B., Frigon, A., Jacob, D., Kang, H.-S., et al., 2016. 

          WCRP Coordinated Regional Downscaling experiment (CORDEX): A diagnostic 

          MIP for CMIP6. Geoscientific Model Development, 9(11), 4087–4095.            



20 
 

Greene, A. M., Goddard, L. and Lall, U.,2006: Probabilistic multimodel regional temperature  

           change projections, J. Clim., 19, 4326–4343 

Goodess, C. M., Hall, J., Best, M., Betts, R., Cabantous, L., Jones, P. D., Kilsby, C. G.,  

           Pearman, A. and Wallace, C. J., 2007: Climate Scenarios and Decision Making under  

           Uncertainty, Built Environ., 33(1), 10–30, doi:10.2148/benv.33.1.10. 

Hassan, Z., Shamsudin, S., Harun, S., 2013. Application of SDSM and LARS-WG for simulating  

           and downscaling of rainfall and temperature, Theor Appl Climatol, 116, 43–257. doi:  

           10.1007/s00704-013-0951-8 

Shoykewich, M., Du, P., Jia, S., Iqbal, W., Mahmood, R. and Ba, W., 2000. An assessment of the  

          South Asian summer monsoon variability for present and future climatologies using a high  

          Resolution regional climate model (RegCM4. 3) under the AR5 scenarios. Atmosphere,  

          6(11), pp.1833-1857 

Kharin, V. V., F. W. Zwiers , and  X.Zhang., 2007: Intercomparison of near surface temperature  

           and precipitation extremes in AMIP-2 simulations, reanalyses, and observations.J.  

           18, 5201–5223.Res. Ocean., vol. 90, no. C5, pp. 8995–9005, 1985. 

Knutti, R., Furrer, R., Tebaldi, C., Cermak, J. and Meehl, Weigel G. A., 2010. Challenges in 

combining projections from multiple climate models, J. Clim., 23, 2739–2758,  

           doi:10.1175/2009JCLI3361.1, 2010. 

Luhunga,P Joe, B and Kahimba,F.,2016 .Evaluation of the performance of CORDEX regional 

          climate models in simulating present climate conditions of Tanzania,” J. South. Hemisph.  

          Earth Syst. Sci., vol. 66, no. March, pp. 32–, 2016 

MIDMAR, 2012. Disaster Management Plan. Ministry of Disaster Management and Refugee    

         Affairs (MIDMAR): Kigali, Rwanda.  



21 
 

Mondal, A., Kundu, S. and Mukhopadhyay, A., 2012 ‘Case Study rainfall trend analysis by  

          Mann-Kendall test : A case study of north-eastern part of cuttack district, ORISSA  

          School of Oceanographic Studies, Jadavpur University, Kolkata-700032 * Author for  

         Correspondence Case Study Trend Analysis’, 2(1), pp. 70–78 

Muhire, I., Ahmed, F. and Abutaleb, K., 2015. Relationships between Rwandan Seasonal  

          Rainfall Anomalies and ENSO Events. Theoretical and Applied Climatology, 122, 271- 

          284. https://doi.org/10.1007/s00704-014-1299-4 

Mutayoba , J and Kashaigili, E., 2017. Evaluation for the performance of  

           the CORDEX regional climate models in simulating rainfall characteristics over mbarali  

           river catchment in the Rufiji Basin. Tanzania. J. Geosci. Environ. Prot., vol. 05, no. 04, 

pp.139–151,201 

Ogwang, H. Chen, X. Li, C. Gao, T. Prof, and C. Author.,2014.The influence of  

          Topography on East African October to December climate : Sensitivity experiments with  

           RegCM4 Key Laboratory of Meteorological Disaster, Ministry of Education, Nanjin  

           University of E-mail Addresses : bob_ogwang@yahoo.co.uk ( Bob Alex Og,” pp. 1–27 

Ogwang B.A., H. Chen, X. Li and C. Gao., 2015.Evaluation of the capability of RegCM4.0  

           in simulating East African climate. Theor. Appl. Climatol., DOI 10.1007/s00704-015-142 

Pal, J. S., F. Giorgi, X. Bi., 2007. The ICTP RegCM3 and RegCNET: Regional climate modeling  

          for the developing world, Bull. Amer. Meteor. Soc., 88, 1395–1409. 

Rahman MT.; Ahasan N.; Mannan A.; Sigdel M.; Shrestha D.; Shrestha A.; Aryal D.; Rabbani  

           KG., 2021. Simulation of Rainfall over Bangladesh Using Regional Climate Model  

           (RegCM4.7), JALAWAAYU, Vol. 1(2) 

 



22 
 

Sanjay, J., Krishnan, R., Shrestha, A.B., Rajbhandari, R. and Ren, G.Y., 2017. Downscaled  

          climate change projections for the Hindu Kush Himalayan region using CORDEX South  

          Asia regional climate models. Advances in Climate Change Research, 8(3), pp.185-198 

Shongwe, G. J. Van Oldenborgh, and Van den Hurk B. J., 2009 Projected Changes in Mean  

          and Extreme Precipitation in Africa under Global Warming Part I: Southern Africa.   

Shongwe, C. Lennard, B. Liebmann, E.-A. Kalognomou, L. Ntsangwane, and I. Pinto., 

           2015 .An evaluation of CORDEX regional climate models in simulating precipitation 

           over Southern Africa,” Atmos. Sci. Lett., vol. 16, no. 3, pp. 199–207, 2015 

Sunyer, M. A., Madsen, H. and Ang, P. H., 2016.A comparison of different regional climate  

          models and statistical downscaling methods for extreme rainfall estimation under climate  

          change, Atmos. Res., 103, 119–128, doi:10.1016/j.atmosres.2011.06.011 

Thornton, P.K., Jones, P.G., Alagarswamy, G. and Andresen, J., 2010. Spatial variation of crop 

yield response to climate change in East Africa. Glob Environ Change, 19, 54–65. doi: 

         10.1016/j.gloenvcha.2008.08.00 

Umuhoza, J., Chen, L. and Mumo, L., 2021. Assessing the Skills of Rossby Centre Regional  

          Climate Model in Simulating Observed Rainfall over Rwanda. Atmospheric and Climate  

          Sciences, 11, 398-418 

Villegas, J.R., and Jarvis, A., 2010. Downscaling global circulation model outputs: the delta  

          method. Decision and Policy Analysis Working Paper No. 1, Centro international de  

          agricultural Tropical. 

Xiaoduo, P., Xin, L., Xiaokang, S., Xujun, H., Lihui, L., Liangxu, W., 2012. Dynamic downscaling 

        of near-surface air temperature at the basin scale using WRF. Aacase study in the Heihe 

        River Basin  China, Front. Earth Sci., 6(3), 314–323. doi: 10.1007/s11707-012- 0306-2 



23 
 

Xin X, Yu R, Zhou T, Wang B., 2006. Drought in late spring of South China in recent decades. 

          J. Clim. 19 (13): 3197–3206. https://doi.org/ 10.1175/JCLI3794.1 

Washington, R., and A. Preston., 2006, Extreme wet years over southern Africa: Role of Indian 

         Ocean sea surface temperatures, J. Geophys. Res., 111D15104,doi:10.1029/2005JD006724. 

Wilby, R. L. and Harris, I., 2006. A framework for assessing uncertainties in climate change 

          impacts:Low-flow scenarios for the River Thames, UK, Water Resour. Res., 42,  

          W02419, doi:10.1029/2005WR004065. 

Wilks, S.D., 2006. Statistical methods in the Atmospheric Science (2nd edn), Academic press      

Weigel, D. N., Ananthakrishnan, R., Bernholdt, D. E., Bharathi, S., Brown, D., Chen, M.  

          , 2010. The Earth System Grid: Enabling access to multimodel climate simulation data.  

          Bulletin of the American Meteorological Society, 90(2), 195–206. https://doi.org/10.1175/  

          2008BAMS2459.1 WMO.pdf. 

Willows R, Connell R., 2003. Climate Adaptation Risk, Uncertainty and Decision-making. 

         UKCIP Technical Report Oxford: UK Climate Impacts Programme 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/
https://doi.org/10.1175/


24 
 

 

Addendum 1: Figures  

 

Figure 2: Comparison between observed and simulated rainfall in MAM for the period of 

1981-2005. 

 

 

Figure 3: Comparison between observed and simulated rainfall in OND for the period of 

1981-2005. 
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Figure 4: Bias simulated in MAM and OND over Rwanda for the period 1981-2005 
 

 

Figure 5: Root mean square error simulated in MAM and OND over Rwanda for the period 

1981-2005 
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Figure 6: Inter-annual variability observed and simulated rainfall in MAM season over 

Rwanda from 1981-2005 
 

 

Figure 7: Inter-annual variability observed and simulated rainfall in OND season over 

Rwanda from 1981-2005  
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Figure 8: Projected and Changes season rainfall in the 2021-2050 and 2051-2080 under 

RCP2.6 and RCP 8.5 
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Figure 9: Trends of projected rainfall for RCP2.6 and RCP 8.5 scenarios for period 2021-

2080. 
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Addendum 1: Tables 

Table 1: CORDEX RCM used in this study is described below. 

Domain  Model Institution  Driving Model Short name 

AFR -22 ICTP-RegCM4-7  

 

 

 

 

 

-Abdus Salam 

International Centre 

for Theoretical 

Physics ( Italy) 

 

 

 

MPI-M-MPI-ESM-LR 

 

 

 

 

-RegCM 

 

 

 

 

Table 2: Trends of rainfall for RCP2.6 and RCP 8.5 scenarios for the period 2021-2080 and 

their significance level alpha. Trend is significant at α = 0.05; (+): trend is significant at α= 

0.1; and (.): trend is not significant. 

 

 MAM rcp2.6 OND rcp2.6 MAM rcp8.5 OND rcp8.5 

Trend 0.0242 0.0212 -0.0069 0.0092 

Significance (+) (.) (.) (.) 

 

  


