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ABSTRACT
In this study, we assessed the impact of climate change on flood frequency at Catchment scale considering 5 sets of CMIP5 GCMs under RCP 4.5 and RCP 8.5scenarios. The study presented LARS-WG and Lumped GR4J Model for flood frequency analysis and applied it to Upper Mpanga River Catchment, Uganda. LARS-WG, as a weather generator, was used to calibrate, validate and downscaled 5 sets of the GCMs and project precipitation and temperature under RCP 4.5 and RCP 8.5 climate change scenarios over near and midcentury-term (T1, 2021-2040 and T2, 2041-2060 respectively). Ensemble of 5 GCMs was adopted in estimating future flood peak for the different period to eliminate uncertainties arising from use of Single GCM. Calibrated GR4J model was run under the two scenarios (RCP 4.5 and RCP 8.5) to simulate the hydrological cycle from precipitation and Evapotranspiration to runoff. Flood frequency analysis based on selected Log Pearson type III distributions was followed to analyze statistics of annual peaks. Results revealed that future climate change will likely lead to an average discharge increase in November, December, January and February for both RCPs for T1 and T2 and decrease in flow in the month from March up to October for all the RCPs. For both T1 and T2 under all RCPs, the maximum and minimum temperature will increase for all the months. The annual precipitation for T1 could reduce by 0.1% under RCP 4.5 and increase by 5.54% under RCP 8.5. For T2, annual precipitation could increase for all the RCPs. Flood peak for 25, 50, 100 and 200 return period for T1 under RCP 8.5 would increase by 3.37%, 21.35%, 42.29% and 34.08% respectively while for T2 under RCP 4.5 would increase by 4.7%, 20.77%, 38.95 and 35.75% respectively for the stated return period, in comparison to the baseline level. T1 (for RCP4.5) and T2 (for RCP8.5) would experience decrease/decline in flood peak for all the return period. Results from the study shall be useful to gain insight into the flood risks and its uncertainty under future climate change conditions for the Upper Mpanga River Catchment. The proposed methodology will be applicable to many other watersheds in Uganda with similar climatic conditions.
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1. INTRODUCTION
Floods being a complex natural hazards can cause massive social and economic damage (Asgharpour & Ajdari, 2011). As per Intergovernmental Panel on Climate Change (IPCC), current climate change had a significant impact on the magnitude and frequency of extreme hydrological events in many regions of the world (Pachauri & Meyer, 2014)
Upper Mpanga River Catchment in Western region of Uganda covers an area of 296.7 sq.km. This section of river span 34.3 km from Rwenzori Mountain to gauge location at crossing of Ibanda-Fortportal Road. The average slope of the basin, main river channel, and the length of the main river channel are 12%, 10%, and 34.3 km, respectively. The annual average precipitation and maximum and minimum temperature are 1220mm and 28oC and 15oC respectively, and hence, the basin can be considered as sub-tropical
Due to extreme rainfall intensities and frequencies in western Uganda as a result of extreme weather and climate change, flooding has become rampant in the area resulting into economic and live losses. This study therefore was conducted to quantify magnitude/frequency of peak flood on the past and future annual maximum rainfall. The extreme weather could have a significance influence of flooding in the study area. The results from the study is considered significant and valuable information to the design and practice of hydrologic engineering in the study area.
1.1. Study Highlights
· Innovative approaches for hydrological modelling using GR4J in data scarce scenarios.
· Possibility of utilizing bias-corrected reanalysis and historical discharge data to build a climate model in data-scarce scenarios.
· Shed lights on the use of airGR package of R to automatically estimate the catchment potential evapotranspiration using FAO penmanmontheit method 
· CMIP 5-GCMs downscaling and projection using LARS-WG weather generator.
· Highlights on the methods to compute and compare the return levels of peak flows for the past/current and future scenarios using Flood Frequency Analysis method.
2. METHODOLOGY
2.1. Description of the Methodology used
In this study, we evaluated the potential impact of climate change on flood frequency. Five methodological steps were followed: (1) Relevant dataset such as precipitation and Temperature were collected and analyzed with reanalysis dataset, (2) a GR4J model was calibrated at a daily time step for the Catchment, (3) an ensemble of 5 CMIP5 GCMS was produced and downscaled using a stochastic downscaling and Weather generator tool, LARS-WG was used to project precipitation and temperature under RCP4.5 and RCP8.5 scenarios for the near (2021-2040) and future period (2041-2060) from reference period 1984–2005, (4) Probability distribution method were fitted to generate annual peak flow to estimate peak flood under 25,50,100 and 200 year return period for the near and future period under RCP45 and RCP85 climate change scenarios respectively. Flow chart below were followed in the methodology
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              Figure 1: Study Methodology/conceptual framework
3. RESULTS
Results revealed that future climate change (considering ensemble of 5CMIP5 GCMs) (Figure 2) will likely lead to an average discharge increase in November, December, January and February for both RCPs for T1 (2021-2040) and T2 (2041-2060) and decrease in flow in the month from March up to October for all the RCPs. For both T1 and T2 under all RCPs, the maximum and minimum temperature will increase for all the months.
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Figure 2: Evolution in Current and future monthly mean and annual mean flow for Upper Mpanga River.
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Figure 3: Percentage change in future monthly mean and annual mean flow compared to Baseline Scenario.
The annual precipitation for T1 could reduce by 0.1% under RCP 4.5 and increase by 5.54% under RCP 8.5. For T2, annual precipitation could increase for all the RCPs. Flood peak for 25, 50, 100 and 200 return period for T1 under RCP 8.5 would increase by 3.37%, 21.35%, 42.29% and 34.08% respectively while for T2 under RCP 4.5 would increase by 4.7%, 20.77%, 38.95 and 35.75% respectively for the stated return period, in comparison to the baseline level (Figure 4 and Figure 5).
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Figure 4: Current and future peak flood
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Figure 5: Percentage change in peak flood from Baseline scenario.
T1 (for RCP4.5) and T2 (for RCP8.5) would experience decrease/decline in flood peak for all the return period. Results from the study shall be useful to gain insight into the flood risks and its uncertainty under future climate change conditions for the Upper Mpanga River Catchment. The proposed methodology will be applicable to many other watersheds in Uganda with similar climatic conditions.
4. CONCLUSIONS AND RECOMENDZTIONS
In this study, we investigated changes in flood frequency under climate change for Upper Mpanga River Catchment using combined LARS-WG and GR4J approaches. GCMs (under different emission scenarios) offered by LARS-WG were downscaled and projected under future scenarios. The output from GCMs was inputted into the hydrological model to generate the corresponding runoff information. Flood frequency analysis to analyses statistic of annual peak was then followed. The study indicated that there is a general increasing and reducing trend of flood peaks in the studied watershed in both near future (T1) and the end of the century (T2). Flood peak for 25, 50, 100 and 200 return period for T1 under RCP 8.5 would increase by 3.37%, 21.35%, 42.29% and 34.08% respectively while for T2 under RCP 4.5 would increase by 4.7%, 20.77%, 38.95 and 35.75% respectively for the stated return period. This implies that the mid-century period (T2) under RCP 4.5 and near future (T1) under RCP 8.5 would experience an increasing flood risk. T1 under RCP4.5 and T2 under RCP8.5 would experience decline in flood peak for all the return period. 
As compared to other works, this study improved in terms of methodology in a number of aspects. One, the study involved a combined LARS-WG and GR4J approach (LW-GR4J) for flood frequency analysis under changing climatic conditions. Its applicability was proven effective for the Upper Mpanga River Catchment. In particular, the linkage between LARS-WG and GR4J was made possible through airGR package of R tool. Input into the airGR package were the mean daily rainfall of all stations within the catchment, Minimum and Maximum temperature relative humidity and Wind speed from which airGR was modified to automatically estimate daily Evapotranspiration. ETo estimate was in accordance to the calculation procedures outlined in FAO Irrigation and Drainage Paper NO 56 (Allen, 1998). Secondly, since LARS-WG is limited to prediction of a single site, a mean daily rainfall (presenting the Catchment as a whole considering spatial independence) estimated using thiessen polygon method was successfully used to calibrate and validate LARS-WG and  later used to generate future daily rainfall and temperature which well captured the climate characteristic of the catchment. Third, using ensembles of 5 GCMs provided by LARS-WG, the uncertainties associated with climate models and emission scenarios were well addressed
As compared to other weather generators, only LARS-WG database contain 35 climate change scenarios from 15 GCMs used in the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) over the globe and many RCM results for CORDEX Africa.
In future, the following works could be carried out to refine and improve this study; the introduction of combined effects of Landuse change and climate change to ascertain the flood peak results, second, this study considered only uncertainties from global circulation models and emission scenarios. The uncertainty originated from modeling (including weather generation, hydrological modeling, and flood frequency analysis) itself is yet to be considered.
However this study help gain insights into the flood risk and its uncertainty under future climate change conditions for the Upper Mpanga River Catchment which will be helpful to the local planners in planning for control measures and also to the hydraulic engineers in sizing appropriate flood control/hydraulic structure of appropriate capacity. 
5. EXPERIENCE/LESSON LEARNT
· Innovative approaches for hydrological modelling using GR4J in data scarce scenarios.
· How to utilize bias-corrected reanalysis and historical discharge data to build a climate model in data-scarce scenarios.
· Use of airGR package of R to automatically estimate the catchment potential evapotranspiration using FAO penmanmontheit method. 
· CMIP 5-GCMs downscaling and projection using LARS-WG weather generator.
· Compute and compare the return levels of peak flows for the past/current and future scenarios using Flood Frequency Analysis method.
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Percentage Change in Future Monthly Mean and Annual Mean Flow compared to Baseline Scenarios
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Evolution in current and future monthly Mean and Annual Mean Flow for Upper Mpanga
Catchment
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