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Abstract
Owing to some debatable factors and/or the increased anthropogenic CO2 production over the last century, it is now commonly accepted that the earth’s climate will be affected in the foreseeable future globally as well as regionally. As for Africa, recent regional climate models have predicted significant seasonal changes of temperatures and precipitation for the coming century that will require regional adjustments of water resources management, particularly, for agriculture and household use. While the average citizen in West Africa may have the feeling that a warming trend with some extremes has affected the sub region several times during the last decade - also supported by meteorological measurements. It is still not clear whether such variations are just outliers in the observed hydro-meteorological time-series with it’s well-known stochastic nature, or whether they are just part of a long-term trend pattern that has already been ongoing over most of the last century. More uncertain are the projections made by many regional models for the West African area. To study the variability of stochastic hydrometeorological time-series various hydrometeorological data recorded over 1961-2005, namely (1) climatic data of monthly extremal precipitation at stations throughout the Volta basin and, (2) long-term monthly discharge series of Pwalugu river were used. While these results can somewhat be taken as indicators of some climate change that has been taking place in the basin recently, the abnormal weather conditions experienced here in the last decade may then also be explained more as an inter-decadal intermittency phenomenon than as a hint of a long-term climatic trend. Outputs of two well known downscaled models for the region, MM5 and REMO are compared and their corresponding hydrological dynamics compared with a water simulation model WASIM. MM5 and REMO overestimate rainfall for this selected time slice of 1,203 mm and 1,322 mm per annum, respectively, against the measured 1,101 mm per annum. MM5 overestimates the rainfall from April through July and September and underestimates for August and October. REMO, on the other hand, overestimates rainfall for February through April, July, October and November and underestimates for August. Although no coherent trends are found in the areas around the basin, interannual rainfall variability is more pronounced in the northern Volta as revealed by the projections.
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Introduction
The International Union for Conservation of Nature (IUCN) discovered in their 2004 report “Reducing West Africa’s Vulnerability to Climate Impacts on Water Resources, Wetlands and Desertification”  three main reasons why the changes in climate and hydrology need to be well understood and managed. These are: (1) the significant contribution of rainfed agriculture to the region’s economy, (2) the poor level of water control, and (3) the poor replenishment of reservoirs on which some countries sometimes depend heavily for the generation of hydropower and the electricity supply to industry and households. In general, the national economies of many West African states are directly affected by the variations in climate (IUCN, 2004).
The climate of West Africa, particularly in the Sahelian zone of which the Volta is part, has been undergoing recurrent variations of significant magnitude, particularly since the early 1970’s. According to the IUCN (2004), the region has experienced a marked decline in rainfall and hydrometric series around 1968-1972, with 1970 as a transitional year.  The IUCN also found a decline in average rainfall before and after 1970 ranging from 15 % to over 30 % depending on the area. This situation resulted in a 200-km southward shift in isohyets. Average discharge in the region’s major rivers underwent concomitant and highly pronounced variations compared to rainfall values. An average decline in the range of 40-60 % in discharge has also been observed since the early 1970s.
Statistically, significant changes have been realized in the last century (Oguntunde et al., 2006). As the hydrological conditions in the Volta Basin have not been very favorable in the last decade, it has become necessary to give attention to water management strategies, as problems may arise if this situation continues or shifts into more water-stressful conditions as predicted by some climate model ensembles used by IPCC (2007) for the region. If the general agreement that hydrological conditions across the world are changing, then concepts on water management need to fit the changing situations. The growing number of reservoirs in the Volta Basin would need to be improved, and flexible methods of operations are required.
Major sources of water in the Volta River system and riparian countries consist of natural and induced rainfall (from cloud seeding from the northern part of the basin), rivers, streams, lakes, groundwater and artificial impounded water (dams, dug-outs and reservoirs). The estimation of direct discharge to the system is based on the assumption that discharge occurs when rainfall amounts and intensities surpass infiltration rates and subsurface saturation, balanced by actual evapotranspiration.  Analyses of rainfall data from various stations within the Volta River system indicate that the months in which precipitation exceeds evapotranspiration are usually June, July, August, and September.  The annual recharge for the river system ranges from 13.4 % to 16.2 % of the mean annual precipitation (Kasei, 2009).
Throughout the Volta  Basin, over the past decades, dams and reservoirs have been constructed to mobilize water for agricultural and hydroelectricity purposes. The number of large and small dams continues to increase as the population grows. Increasing use of water and uncertainty in precipitation in the basin threatens present sustainable programs focused at water management.  Several large dams have been constructed (e.g. Akosombo and Bagri) and some are still being constructed (e.g., Bui) in the Volta River system with the primary purpose of generating electricity.  The damming of the Volta River at Akosombo lake covering  an  area  of approximately 8,500 km2 is regarded as  one  of  the  largest  man-made  lakes  in  the  world today .  A smaller and shallower impoundment next to the Akosombo is the Kpong Head pond, covering an area of roughly 38 km2 at Kpong, 20 km downstream of Akosombo. Bui, which is north-west of Akosombo, is under construction and due in the not distant future. The riparian states of the Volta (e.g., Benin) depend on hydropower from dams built on other tributaries of the Volta, while many more like the Pouya (Natitingou) on the Yéripao are planned. The Fresh water needs of the inhabitants of the basin come from within the basin, and hence a supply shortfall like that in 2002 and 2003 could mean catastrophic consequences for the city water supply, e.g., in Burkina Faso, and severe energy crises in Ghana.
In recent times, there has been immense pressure on Burkina Faso to increase the number of dams in the Volta Basin to meet the country’s demand for fresh water. As a result, there are now an estimated 600 dams and 1,400 dugouts with a total storage potential of 4.7 km3, and about 10,484 wells of which 8,020 are in good condition (IUCN, 2004). The volume stored annually in these reservoirs is about 2.490 km3, which is about 25 % of total discharge. With respect to hydropower generation, 13 locations have been identified in the country, and 10 are located within the Volta Basin. A total of 125.9 GWh/yr is expected to be generated from these hydro-power stations. A recent survey by Department des Infrastructures et des resources Humaines (DIRH) indicates that several planned irrigation projects covering a total area of 1,045 ha will require about 65.3 million m3 water (IUCN, 2004).
Study Area-Volta basin
The Volta River Basin is located between latitudes 5oN and 14oN and longitudes 2oE and 5oW. It has a surface area of about 414,000 km2 covering areas in six riparian West African countries (Benin to the east, Burkina Faso to the north, Côte d'Ivoire to the west, Mali, Togo and Ghana to the south). The total basin population is estimated at a little over 14 million inhabitants, with an annual growth rate estimated at 2.9 % (Green Cross International, 2001). The hydrographical network of the basin is delineated into three main sub-catchments:  the Mouhoun (Black Volta), the Nakambé (White Volta) and the Oti River.  
According to Andreini (2000), the Volta Basin covers about 28 % of West Africa.  The Sourou River is one of the trans-boundary rivers that crosses the border from Mali to Burkina Faso, but lately records little or no flow. Almost 66 % of the land surface of Burkina Faso is within the Volta Basin where the Black Volta (Monhoun) and White Volta (Nakambé) originate. The Black Volta stems from the southwest of Burkina Faso. In the south, it serves as the borders between Ghana and Burkina Faso and then further south between Ghana and Côte d'Ivoire. The White Volta originates from the northern part of Burkina Faso and also flows south-eastwards to Ghana. The Oti River flows along the border of Benin and Burkina Faso, crosses the northern part of Togo and passes along the border of Ghana and Togo before it reaches Lake Volta (Figure 1). 












Figure 1: Volta River Basin of West Africa (Source: GLOWA Volta project)
Overview of GCMs
The climate models popularly used to derive or make projections into the future are the General Circulation Model (GCM). The GCM is basically a mathematical model based on the general circulation of the planetary atmosphere and ocean, which integrate the rotations of the sphere. According to Thorpe (2005), GCMs are among the best tools used for forecasting the weather, understanding the climate and projecting changes in climate.
Derived from the atmospheric global circulation models (AGCMs) and the atmosphere-ocean coupled GCMs (AOGCMs) are the HADCM, GFDL, CM2.X, ECHAM, among others, used for the study and simulation of the present climate and for the projections of the future climate. In the simulation of the hydrology of a watershed, credible input parameters of climate are essential for good results. Outputs of GCMs, however, have a spatial resolution of 250 km, offering only very coarse data for the study of small watersheds. According to Sintondji (2005) and Busche et al. (2005), GCMs have flaws for events of heavy rainfall in respect to their exceeding thresholds and frequencies. It is also evident that local or regional climates are influenced not only by the atmospheric processes, but are also greatly influenced by land-sea interaction, landuse and the topography, which is poorly presented by GCMs due to their coarse spatial resolutions (Storch et al. 1993)
Regional Climate Models (RCMs) have been derived from the coarse GCMs to much higher resolutions. The process of downscaling of GCMs to meso-scales or regional scales enables the downscaled regional climate model to adequately simulate the physical processes consistently with GCMs on a large scale (Mearns et al. 2004). Since parameters of landuse and topography are crucial in the efficiency of the RCMs, the higher the resolution of the RCMs, the better the simulation of the climate and ultimately, a better hydrological simulation is achieved. Some of the RCMs that have been popular in West Africa are REMO, MM5 and PRECIS.
Application of Regional climate scenarios – MM5
The regional climate model MM5 is a meso-scale model derived from the GCM-ECHAM4 recently developed for the assessments of the impacts of environmental and climate change on water resources on the Volta Basin of West Africa. The MM5 is a brain child of the cooperation of the Pennsylvania State University (PSU) and the National Center for Atmospheric Research (NCAR) of the USA. According to Grell et al. (1995), the MM5 (non-hydrostatic or hydrostatic available only in version 2) is designed with the initial and lateral boundary conditions of a region to simulate or predict meso-scale and regional-scale atmospheric circulation.
The GLOWA-Volta project (GVP) executed by the Center for Development Research (ZEF), Germany, run MM5 with the initial and lateral boundary conditions derived from the ECHAM4 runs of the time slice 1860-2100, and based on IPCC’s IS92a (assuming an annual increase in CO2 of 1 %, and doubling of CO2 in 90 years (May and Rockner, 2001; cited in Jung, 2006). Using future climate scenario and grided monthly observational dataset from the East Anglia Climate Research Unit (CRU), UK, the model was calibrated to 0.5o x 0.5o resolution. GVP further down-scaled the MM5 model for the Volta Basin to finer resolutions of 9 km x9 km, and for some watersheds within the basin to 3 km x3 km.  Details of the setup, coupling and simulation are available in Kunstmann and Jung (2005) and Jung (2006). 
A good agreement was reported between the ECHAM4-MM5 simulated climate and the CRU data sets for 1961-1990. According to Jung (2006), simulated temperature was slightly higher in the Sahara during the wet seasons and for the humid south during the dry season, while rainfall was generally comparable except for higher rainfall events that were underestimated. Between ECHAM4 and MM5, 1990-2000 simulations revealed that temperature was generally over estimated and rainfall under estimated by the latter even though the spatial representation was relatively good. However, the future simulations of the models were almost the same.  Generally, MM5-Volta estimated an increase in rainfall in the Sahel zone (10-30 %), an increase mean annual rainfall of 44.7 mm (5.1 %) between 1990-2000 and 2030-2039, and a 1.2oC mean temperature rise (Jung, 2006).
GVP produced two 10-year simulated time slices of MM5 (1991-2000 and 2030-2039). For this section of the study, the 1991-2000 outputs were considered as the present climate and the time slice 2030-2039 as the future climate.
Changes in the hydrological cycle of a basin hinge largely on, among others, changes in climate. The 10-year time slices were used to represent three windows of the past, present and future conditions. Climatic inputs for the past are data obtained from the meteorological agencies of Ghana and Burkina Faso through the GLOWA Volta project for the period 1961-1970. The present and future climate conditions are outputs of the MM5-Volta after Jung (2006) and Kunstmann and Jung (2005); these are 1991-2000 and 2030-2039, respectively. For these analyses, the Pwalugu watershed (Savannah) represents the north of the basin and the Bui watershed (transition zone) represents the south.
Application of Regional climate scenarios – REMO
REMO is a hydrostatic regional climate model, initially developed at the Max-Planck-Institute for Meteorology (MPI) in Hamburg, Germany, on the foundation of the operational weather forecast model Europa-Modell of the German Weather Service (DWD) (Majewski 1991). According to Jacob et al. (2001) cited in Paeth (2005), the dynamical kernel is based on primitive equations with temperature, horizontal wind components, surface pressure, water vapor content and cloud water content as prognostic variables.
REMO simulations are driven according to Roeckner et al. (2003) by recent global coupled climate model simulations of ECHAM5/MPI-OM, which are known to be forced by enhanced greenhouse and sulphate aerosol conditions and are synonymous with the modelling approaches of the fourth assessment report of the Intergovernmental Panel on Climate Change (IPCC). 
The simulation outputs used for this study are those produced and used in the GLOWA IMPETUS project whose focus was on western and northern Africa. The horizontal resolution is 0.5o, equivalent to about 55-km grid spacing at the equator, and 20 hybrids vertical levels are resolved. These levels follow the orography near the surface and correspond to pressure levels in the upper troposphere (Paeth, 2005).
The global climate model ECHAM4 (Roeckner et al. 1996) was adjusted to the 0.5o model grid scale of REMO to account for atmospheric processes like deep convection, cloud formation, convective rainfall, radiation and microphysics from the sub gridscale of ECHAM4. Similarly, land surface parameters such as soil characteristics, orography, vegetation, roughness length, and albedo are derived from the GTOPO30 and NOAA data sets (Hagemann et al. 1999) and partly modified according to the scenarios of land degradation. Underlying an idealized seasonal cycle over West Africa, the same daily interpolated surface parameters are prescribed each year using a model output statistics (MOS) system (Paeth, 2005).
The IMPETUS project made some changes to the default parameter of REMO to adapt to the tropical-subtropical West African region. The focus is on the key region of the West African monsoon system of which the Volta Basin is part. Some results of the adopted REMO correlated well with observed extreme climate year. For example, the driest years derived from simulated rainfall were 1981, 1983, 1990, 1992 and 1998, whereas 1979, 1984, 1988, 1989, and 1991 were characterized by abundant monsoon rainfall. Parker and Alexander (2002) basically confirm that the Climate Research Unit (CRU) time series data set reveals almost the same composite years. 
Results and Discussions
Regional models share similar problems but differ in magnitude. Notable are MM5, MAR and REMO (Vizy and Cook, 2002; Gallée et al., (2004); Paeth et al., 2005). However, Schnitzler et al. (2001) suggest that integrating the interaction with vegetation cover and albedo considerably improves the simulation of rainfall over the Sahel in the global ECHAM4 model.
To assess the reliability of the MM5 and REMO future climate scenario for the evaluation of the impacts of climate change on water resources in the Volta Basin, the REMO-simulated and MM5-simulated mean rainfall for the time slice 1991-1997 obtained for the basin weather stations are compared to the mean observed rainfall for the same area and periods. This time slice was selected because it contained certified gauged meteorological data with minimal gaps. The results of the comparison for the Pwalugu catchment station, for example, show a good correlation between the observed and MM5-simulated and REMO-simulated monthly rainfall. Pearson correlation of gauged 1991-1997 and REMO 1991-1997 = 0.823; P-Value = 0.001;  for gauged 1991-1997 and MM5 1991-1997 = 0.957; P-Value < 0.0001. On average, MM5 and REMO overestimate rainfall for this selected time slice of 1,203 mm and 1,322 mm per annum, respectively, against the measured1,101 mm per annum. MM5 overestimates the rainfall from April through July and September and underestimates for August and October. REMO, on the other hand, overestimates rainfall for February through April, July, October and November and underestimates for August. The strongest overestimation for MM5 is for the month of July, while for REMO, this is March and April (Figure 2).

Figure 2: MM5-simulated (mean over 7 years) and REMO-simulated (mean over 7 years) compared to observed (mean over 7 years) rainfall including standard deviation (error bars) of rainfall at Pwalugu (56,760 km2) catchment of the Volta Basin

Water balance dynamics
The Volta Basin’s water balance dynamics were simulated with the WaSiM-Volta model with daily climate inputs of historical data from the basin for the “past”; MM5-generated and REMO-generated climate series for the “present” and “future”. The resultant outputs were compared.
Considering the basin’s north-south transect in general, rainfall amounts have increased steadily from the past to the present and is projected to increase substantially in the north and marginally in the south by 2030-2039 according to MM5. A general decrease is projected by REMO under both IPCC’s scenarios A1B and B1 (Tables 1 and 2). The projected increase in precipitation by MM5 is largely due to the abnormally high projected precipitation for the period 2035-2039 (Figure 3), for which precipitation exceeds the previous period of 2030-2034 by over 500 mm over the two periods. REMO’s A1B and B1 scenarios also conflict on the sign of average annual precipitation for this period. While A1B projects a dryer period, B1 projects a relatively wetter period. 


Table 1: Change in hydrology simulated using MM5 (1991-2000) and MM5 (2030-2039); REMO-A1B (1991-2000) and REMO-A1B (2001-2050); REMO-B1 (1991-2000) and REMO-B1 (2001-2050) for the north of the Volta Basin





Table 2: Change in hydrology simulated using MM5 (1991-2000) and MM5 (2030-2039); REMO-A1B (1991-2000) and REMO-A1B (2001-2050); REMO-B1 (1991-2000) and REMO-B1 (2001-2050) for the south of the Volta Basin



The change in hydrology as simulated by WaSiM based on MM5 and the two scenarios of REMO have conflicting results (Tables 1 and 2). While MM5 projects an increase in precipitation between 1991-2000 and 2030-2039 by 10 % to 19 % for the basin, both REMO simulations project a reduction of between 4 % and 6 % between 1991-2000 and 2001-2050 for the north and a decline of 3 % to 19 % for the south. Discharge is expected to increase under MM5 by nearly 9 %, while a decrease between 2 % and 4 % is expected under REMO. The discrepancy in simulation between MM5 and REMO for the future may be due to extremely high projected precipitation of MM5 for the period 2036-2039 for which REMO does not project anything extraordinary (Figure 3). The only agreement between MM5 and REMO is in the area of soil water content change, where both scenarios show dry soils at the end of the seasons. These might be signs that drying soils maybe warnings of drought events
Several authors have suggested that the prevailing droughts during the second half of the 20th century were at least partly caused by land-cover changes in tropical and subtropical Africa (Zeng and Neelin 2000; Pielke 2001; Semazzi and Song 2001; Zeng et al. 2002). Texier et al. (2000) have shown that the African monsoon system is much more sensitive to low frequency changes in vegetation cover (Paeth et al., 2005), and hence evident in REMO simulations as they consider land-use changes.

  Figure 3: MM5-simulated and REMO-simulated compared to observed (mean over 4 years) rainfall including standard deviation (over the period) and trend lines of rainfall at Pwalugu (56,760 km2) catchment of the Volta Basin

  Under MM5 projections, total percentage discharge and surface flow are observed to increase at a steady rate in the north, which might be good for dugout and streams; the opposite is observed for the south even though the actual differences in amounts are not very large. This can be attributed to the wide variation of the increases in precipitation (Figure 4) within the highly heterogeneous basin. Interflow does not  differ in percentages between the past and the present, but a significant reduction from 6.2 % (present) to 2 % (future) is expected for the north, and from 8 % to 1.8 % for the southern parts of the basin. Interflow, as already, is closely related to the drainage density of the river system, and so a decline in interflow will mean a reduction in the drainage density of the river network feeding into those catchments. Base flow is generally below 3 % of the total rainfall for both the past and the present, and will approach zero for the period of the future time slice. This phenomenon will further enhance the occurrence and frequency of low flows or drying of streams and ultimately have devastating consequences on ecosystems that depend on such water resources. 
 


Figure 4: Exceedance probability of daily discharge simulated with MM5, REMO-A1B and REMO-B1 with annual average discharge of 338 mm, 523 mm and 1,200 mm, respectively, for the Pwalugu catchment of the Volta Basin for 2030-2039.

The results presented by REMO show nearly the opposite of the projections of MM5. Total annual discharge is expected to reduce between 2 % and 4 % for the northern part of the basin, with an increase of between 30 % and 35 % of potential evapotranspiration and an increase of about 3 % in actual evapotranspiration (Table 1). For the south of the basin, REMO’s A1B scenarios project a 3 % increase in discharge while the B1 scenarios project a 9 % decrease in discharge. Both scenarios, however, project between 8 % and 10 % increase in evapotranspiration. Potential evapotranspiration is expected to decrease under the A1B scenarios, but an increase of about 8 % is expected under the B1 scenarios. 
By the estimations of MM5 outputs, average annual rainfall ranging from 1,133 mm (past) to 1,367 mm (future) representing 20 % increase in rainfall in the north results in 8.72 % increase in discharge, 1.48 % decrease in surface flow, and 10 % and 0.03 % increases in interflow and base flows, respectively. This scenario could be an indicator for extreme events of droughts and floods in the north. These projections seem to fit into the 2007-2009 rainfall patterns, when the basin experienced some extremes in rainfall accompanied with heavy floods. For the transition/south zones, a slight increase in the annual average of 1,239 mm (present) to 1,280 mm (future), results in 5 % increase in discharge with a slight decrease in surface runoff, 6 % increase in interflow, and 0.35 % decrease in base flows. It has already been established that with the use of MM5 projection many more days without rainfall are expected in the future compared to the past, which might result in low flow in streams. Consequently,  rainfall amounts will generally increase across the basin, with the savannah zone generating a significant amount of the runoff of the basin (Figure 1) . This is however opposed by the projection of REMO as discussed earlier.
Although no coherent trends are found in the areas around the basin as reported by Peath et al. (2005), interannual rainfall variability is more pronounced in the northern Volta (Pwalugu) as revealed by the REMO protections (see Figure 5). The northern part of the  basin is most vulnerable to these variations because it has a monomodal rainfall pattern compared to the south which has relatively higher rainfall amounts due to its bi-modal rainfall pattern. The SPI analysis conducted on projected precipitation based on REMO using IPCC’s A1B and B1 scenarios against the base period of 1961-2000 (Figure 5) shows both scenarios agreeing to a general drying trend for the future. With the exception of B1-scenario-based extreme dry year projections for 2016 (-2.5) and 2049 (2.1), the A1B scenario generally projects higher negative SPI values than B1 spanning the entire projection period and more profound for the period 2019 to 2047.
[image: ]
  Figure 5: SPI characterization of REMO simulations for A1B and B1 scenarios for 2001-2050 for Pwalugu (north of Volta Basin) against base period of 1961-2000.

Table 3: Comparison of climate occurrences of past (1961-2005 gauged) with future (2006-2050 REMO’s A1B-simulated) for the Volta Basin


 	Both scenarios also agree on the few wet years that have been projected for the future. For instance, both REMO's A1B and B1 projections of 2008 and 2009 as very wet years have actually coincided with high rainfall and floods for the same years (official records). If these projections made in 2004 are anything to go by, then REMO’s projections of a blend of moderate and extreme dry years for the future should be given close attention in policy formulation.  The SPI also indicates an increase in frequency of moderate to severe drought for the future (Table 3). MM5 does not have simulated outputs for 2008 and 2009 of the Volta Basin for validation. 

Conclusion
The results from the comparison of the Volta Basin water balance dynamics, simulated with WaSiM-Volta model, using historical climate data from the basin for the “past”,  and MM5- generated climate series for the “present” and the “future” with even durations of 10 years show that in the basin in general, from the north to the south, rainfall has increased steadily from the past to the present, and it is projected to increase substantially in the north and marginally in the south from 2030 to 2039. The WaSiM simulation using REMO data show a different trend of decrease in rainfall, and consequently decreases in almost all the discharge components of the periods 1961-2000 and 2001-2050. Analysis of climate data in the basin indicates that the months in which precipitation exceeds evapotranspiration are usually June, July, August and September. A comparison of wet and dry years shows that the ratio of direct runoff and base flow is at an average of 30 %, being high in the wet years with a sharp decline in the dry years. It is observed that total percentage discharge and surface flow have increased in the north, which might be good for dugouts and streams; the opposite is true for the south. The probability of daily average discharge falling below 1 mm is expected to increase from 0.47 in the “past” to 0.75 for the “future” time slice of 2030 to 2039 in the south of the basin, thus increasing the frequency of low flow occurrences. The annual recharge for the Volta River System ranges from 13.4 % to 16.2 % of the mean annual precipitation, and annual rainfall amounts from the simulations show an increase of between 5 % and 20 % for the highly heterogeneous basin. It is important to note, however, that REMO gives exactly opposite outputs to the scenario outputs of MM5.

References
Andreini M,  van de Giesen N, van Edig A, Fosu M, and Andah W (2000) Volta Basin Water Balance. ZEF Discussion Papers on Development Policy, No. 21, ZEF, Bonn.
Gallée H Moufouma-Okia W Bechtold P Brasseur O Dupays I Marbaix P Messager C Ramel R and Lebel T (2004) A high-resolution simulation of a West African rainy season using a regional climate mode. J. Geophys. Res. 109, 10.1029/2003JD004020
Green Cross International (2001) Trans-boundary Basin Sub-Projects: The Volta River Basin. Website: <www.gci.ch/Green- crossPrograms/waterres/pdf/WFP_Volta>.Grell et al. (1995),
Hagemann S Botzet M Dümenil L and Machenhauer B (1999) Derivation of global GCM boundary conditions from 1 km land use satellite data. Max-Planck-Inst. f. Meteor., Report No. 289, Hamburg 
IPCC  2007 Climate Change (2007) The Physical Science Basis. Contribution of working group I to the fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt,
IUCN (2004) Reducing West Africa’s Vulnerability to Climate Impacts on Water Resources, Wet lands and Desertification: Elements for a Regional Strategy for Preparedness and Adaptation. Niasse, Madiodio, Afouda, Abel, Amani, Abou.(Eds.) Gland, Switzerland and Cambridge, UK.xviii+66pp.
Jacob D  Van den Hurk BJJM  Andrae U Elgered G Fortelius C Graham LP Jackson SD Karstens U Koepken C Lindau R Podzun R Rockel B Rubel F Sass BH Smith R and Yang X (2001) A comprehensive model intercomparison study investigating the water budget during the PIDCAP period. Meteorol. Atmos. Phys. 77, 19-44.
Jung G (2006) Regional Climate Change and the Impact on Hydrology in the  Volta Basin of West Africa. Dissertation Garmisch-Partenkirchen, Germany 
Kunstmann H and  Jung G (2005) Impact of regional climate change on water availability in the Volta basin of West Africa. In: Regional Hydrological Impacts of Climatic Variability and Change. IAHS Publ. 295.
Majewski D (1991) The Europa-Modell of the Deutscher Wetterdienst. Seminar Proceedings ECMWF 2, 147-191.
Mearns LO, Giorgi F, Whetton P, Pabon D, Hulme M, and Lal M (2004) Guidelines for use of climate scenarios developed from regional climate model experiments, Tech. rep., Data Distribution Centre of the IPCC
Oguntunde PG, Friesen J, Giesen N van de, Hubert HG, and Savenije HHG (2006) Hydroclimatology of the Volta River Basin in West Africa: Trends and variability from 1901 to 2002 Physics and Chemistry of the Earth 31 (2006) 1180–1188
Paeth H Born K Podzun R and Jacob D (2005) Regional dynamic downscaling over West Africa: Model evaluation and comparison of wet and dry years. Meteorol. Z., 14, 349-367.
Parker DE and Alexander LV (2002) Global and regional climate in 2001. Weather 57,328-340.
Pielke RA (2001) Influence of the spatial distribution of vegetation and soils on the prediction of cumulus convective rainfall. Rev. Geophysics 39, 151-177.
Roeckner E et al. (2003) The atmospheric general circulation model ECHAM 5. PARTI: Model description. MPI Report, 349, 127pp.
Roeckner E Arpe K Bengtsson L Christoph M Claussen M Dümenil L Esch M Giorgetta M Schlese U and Schulzweida U (1996) The atmospheric general circulation model ECHAM-4: Model description and simulation of present-day climate. Max-Planck-Inst. f. Meteor., Report No. 218. Hamburg.
Schnitzler K-G Knorr W Latif M Bader J and Zeng N (2001) Vegetation feedback on Sahelian rainfall variability in a coupled climate land-vegetation model. Max-Planck-Inst. f. Meteor., Report No. 329, HambrugSemazzi and Song 2001; 
Storch H and Stehr N (2006) Anthropogenic climate change - a reason for concern since the 18th century and earlier. Geogr. Ann., 88 A (2): 107–113.
Texier D de Noblet N and Braconnot P (2000) Sensitivity of the African and Asian monsoons to mid-holocene insolation and data-inferred surface changes. J. Cimate 13, 164-181.
Vizy EK and Cook KH (2002) Development and application of a meso-scale climate model for the tropics: Influence of sea surface temperature anomalies on the West African monsoon. J.Geophys. Res. 107, 10.1029/2001JD000686.
Zeng N and Neelin JD (2000) The role of vegetation-climate interaction and interannual variability in shaping the African Savanna. J. Climate, 13, 2665-2670.
Zeng N Hales K and Neelin JD (2002) Nonlinear dynamics in a coupled vegetation atmosphere system and implications for desert-forest gradient. J. Climate 15, 3474-3487.


A1B	 1961-2000	 2001-2005	 2006-2010	 2011-2015	 2016-2020	 2021-2025	 2026-2029	 2030-2034	 2035-2039	 2040-2044	 2045-2049	1340	1184.1554000000006	1399.1686000000004	1326.8276000000001	1365.8658000000003	1269.6623999999892	1291.9479999999983	1192.8639999999998	1089.8576	1184.4650000000011	1229.8666000000007	MM5	 1961-2000	 2001-2005	 2006-2010	 2011-2015	 2016-2020	 2021-2025	 2026-2029	 2030-2034	 2035-2039	 2040-2044	 2045-2049	0	0	0	0	0	0	1113.6347999999998	1621.6218000000008	0	0	B1	 1961-2000	 2001-2005	 2006-2010	 2011-2015	 2016-2020	 2021-2025	 2026-2029	 2030-2034	 2035-2039	 2040-2044	 2045-2049	1340	1357.2996000000007	1425.0977999999982	1332.9058000000011	1248.1431999999998	1193.1293999999998	1354.28475	1249.6821999999906	1317.6192000000008	1251.1356000000001	1251.3910000000008	
Annual average rainfall [mm] 

Annual average rainfall [mm]


MM5 1991-1997	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	2.5714285714285752E-3	2.5565714285714285	4.8138571428571426	73.641571428571439	174.89957142856954	188.39942857142861	259.11485714285732	223.095	217.56185714285712	57.401714285713894	1.5397142857142645	0	gauged 1991-1997	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	0.47371428571429114	2.2465714285714649	19.470714285714006	57.780714285714275	139.84857142857138	158.09271428571429	181.52771428571421	257.69171428571423	188.05200000000067	88.54485714285714	6.7034285714285717	1.0216666666666658	REMO 1991-1997	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	0	12.87257142857143	94.604142857142818	141.7304285714286	142.18100000000001	224.39214285714607	190.65471428571433	144.48157142857139	198.20414285714278	138.29728571428572	35.024714285714296	0	
Monthly average rainfall [mm]


image3.emf
Balance term

Average 

amount 

change 

[mm] % change

Average 

amount 

change 

[mm] % change

Average 

amount 

change 

[mm] % change

Precipitation 153.62 10.91 -39.84 -2.98 -100 -19.11

Total discharge 115.87 4.68 12.99 2.55 -231.66 -8.72

Interflow 115.89 5.1 21.71 2.98 -231.19 -10.16

Surface flow -0.02 -0.06 1.43 0.12 10.1 1.48

Base flow -0.01 -0.35 -10.16 -0.54 -10.57 -0.03

Potential ET -183.2 -0.78 -83.6 -8.38 -152.91 -10.43

Actual ET -34.81 -4.71 -46.34 -2.07 -49.12 7.93

Balance change 2.95 0.03 -6.49 -0.49 10.79 0.79
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				MM5				REMO-A1B				REMO-B1

		Balance term		Average amount change [mm]		% change		Average amount change [mm]		% change		Average amount change [mm]		% change

		Precipitation		153.62		10.91		-39.84		-2.98		-100		-19.11

		Total discharge		115.87		4.68		12.99		2.55		-231.66		-8.72

		Interflow		115.89		5.1		21.71		2.98		-231.19		-10.16

		Surface flow		-0.02		-0.06		1.43		0.12		10.1		1.48

		Base flow		-0.01		-0.35		-10.16		-0.54		-10.57		-0.03

		Potential ET		-183.2		-0.78		-83.6		-8.38		-152.91		-10.43

		Actual ET		-34.81		-4.71		-46.34		-2.07		-49.12		7.93

		Balance change		2.95		0.03		-6.49		-0.49		10.79		0.79

		SWC change		-2.86		-0.02		6.47		0.49		-10.71		-0.8

		Balance error		0.09		0.01		-0.01		0		0.08		0
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Past (gauged) Future (REMO-simulated)

1961-2005 2006-2050

No. of occurance No. of occurances

Severely-extremely wet 5 5

Moderate wet 5 5

Normal year 16 10

Moderate dry 11 6

Severely dry 4 12

Severely-extremely dry 3 6
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				Past (gauged)		Future (REMO-simulated)

				1961-2005		2006-2050

				No. of occurance		No. of occurances

		Severely-extremely wet		5		5

		Moderate wet		5		5

		Normal year		16		10

		Moderate dry		11		6

		Severely dry		4		12

		Severely-extremely dry		3		6
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Balance term

Average 

amount 

change 

[mm] % change

Average 

amount 

change 

[mm] % change

Average 

amount 

change 

[mm] % change

Precipitation 269.99 19.11 -82.8 -6.2 -57.94 -4.34

Total discharge 229.23 8.72 -93.05 -4.21 -59.17 -2.42

Interflow 228.03 10.16 -94.43 -5.11 -61.56 -3.15

Surface flow -7.94 -1.48 26.93 2.38 25.63 2.16

Base flow 9.14 0.03 -25.55 -1.48 -23.24 -1.43

Potential ET -183.74 -10.43 -392.03 -35.65 -355.82 -30.84

Actual ET -52.23 -7.93 -10.59 -4.21 -10.28 -3.12

Balance change -11.48 -0.79 -0.34 -0.01 -9.04 -0.69
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				MM5				REMO-A1B				REMO-B1

		Balance term		Average amount change [mm]		% change		Average amount change [mm]		% change		Average amount change [mm]		% change

		Precipitation		269.99		19.11		-82.8		-6.2		-57.94		-4.34

		Total discharge		229.23		8.72		-93.05		-4.21		-59.17		-2.42

		Interflow		228.03		10.16		-94.43		-5.11		-61.56		-3.15

		Surface flow		-7.94		-1.48		26.93		2.38		25.63		2.16

		Base flow		9.14		0.03		-25.55		-1.48		-23.24		-1.43

		Potential ET		-183.74		-10.43		-392.03		-35.65		-355.82		-30.84

		Actual ET		-52.23		-7.93		-10.59		-4.21		-10.28		-3.12

		Balance change		-11.48		-0.79		-0.34		-0.01		-9.04		-0.69

		SWC change		11.37		0.8		0.09		-0.02		8.62		0.66

		Balance error		-0.11		0		-0.25		-0.02		-0.42		-0.03






