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Abstract 16 

As the scientific consensus concerning global climate change has increased in recent decades, 17 

research on potential impacts of climate change on water resources has been given high importance. 18 

However in Sub-Saharan Africa, few studies have fully evaluated the potential implications of 19 

climate change to their water resource systems. The Volta River is one of the major rivers in Africa 20 

covering six riparian countries (mainly Ghana and Burkina Faso). It is a principal water source for 21 

approximately 24 million people in the region. The catchment is primarily agricultural providing 22 

food supplies to rural areas, demonstrating the classic water, food, energy nexus. In this study an 23 

Integrated Catchment Model (INCA) was applied to the whole Volta River system to simulate 24 

flow in the rivers and at the outlet of the artificial Lake Volta. High-resolution climate scenarios 25 

downscaled from three different Global Climate Models (CNRM-CM5, HadGEM2-ES and 26 

CanESM2), have been used to drive the INCA model and to assess changes in flow by 2050s and 27 

2090s under the high climate forcing scenario RCP8.5. Results show that peak flows during the 28 

monsoon months could increase into the future. The duration of high flow could become longer 29 

compared to the recent condition. In addition, we considered three different socio-economic 30 

scenarios. As an example, under the combined impact from climate change from downscaling 31 

CNRM-CM5 and medium+ (high economic growth) socio-economic changes, the extreme high 32 

flows (Q5) of the Black Volta River are projected to increase 11% and 36% at 2050s and 2090s, 33 

respectively. Lake Volta outflow would increase +1% and +5% at 2050s and 2090s, respectively, 34 

under the same scenario. The effects of changing socio-economic conditions on flow are minor 35 
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compared to the climate change impact. These results will provide valuable information assisting 36 

future water resource development and adaptive strategies in the Volta Basin. 37 

 38 
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 40 

INTRODUCTION 41 

The Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) 42 

concluded that “Warming of the climate system is unequivocal, and since the 1950s, many of the 43 

observed changes are unprecedented over decades to millennia” (IPCC, 2013b). There is a need 44 

now to consider the likely positive and negative impacts of climate change on the natural 45 

environment and people across the globe. Deltas are widely recognized as being highly vulnerable 46 

to the impacts of climate change particularly sea level rises and river runoff changes (Hoang et al., 47 

2016; Kay et al., 2015; Nepal and Shrestha, 2015; Nicholls et al., 2016; Smajgl et al., 2015; 48 

Whitehead et al., 2015b). Many are also impacted by the effects of urbanization and changes in 49 

sediment input (Allison et al., 2017; Gu et al., 2011; Syvitski et al., 2005). Low and mid latitude 50 

deltas have some of the highest population densities in the world; with more than 500 million, 51 

often poor, residents living in deltas globally (Ericson et al., 2006). Therefore it is essential to 52 

develop methods to assess the vulnerability of deltaic areas and establish adaptive strategies 53 

including migration available to deltas residents. To do so, a set of physical, geographical and 54 

chemical models are needed to simulate the catchments and the river systems that go into the delta 55 

estuary. The simulations from the catchment models are a valuable source of information to assess 56 

impacts of climate change on the downstream delta estuary and coastal systems.  57 

As the scientific consensus concerning climate change, and awareness of the impacts on river 58 

systems has increased in recent years, there is a growing need to incorporate climate change into 59 

water resources management and water storage planning for large catchments (Sadoff and Muller, 60 

2009). However, across much of sub-Saharan Africa, climate change is given low priority. In many 61 

countries there has been few systematic evaluations of changing river flow regimes and the 62 

potential influence to the coastal zone under climate change, which is given little consideration in 63 

the planning of future water resources development. This is addressed as part of the DECCMA 64 

project (Hill et al., 2018) with a focus on the Volta River Basin and Volta delta in Ghana, Africa.  65 

The Volta River system is a transboundary catchment and the principal water source for 66 

approximately 24 million people in six riparian states, namely Ghana, Burkina Faso, Benin, Cote 67 

d’Ivoire, Mali and Togo (McCartney et al., 2012). The catchment drains into Lake Volta in Ghana, 68 

the largest man-made lake in the world, and a major supplier of hydropower to Ghana. The 69 

catchment is primarily agricultural providing food supplies to rural and urban areas, demonstrating 70 

the classic water, food, energy nexus. The basin’s population is projected to nearly double in 71 

number from 19 million in 2000 to 31 million in 2025 and 32 million in 2050 (McCartney et al., 72 

2012). Water resources in the Volta Basin have been under increasing pressure in recent years as 73 
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significant population growth and economic development in Ghana and Burkina Faso has resulted 74 

in larger abstractions to meet increasing demand (Van de Giesen et al., 2001).  75 

Several studies in the past indicated a reduction in rainfall and runoff in the Volta Basin since the 76 

1970s (Gyau-Boakye and Tumbulto, 2000; Lacombe et al., 2012; Owusu et al., 2008), as well as 77 

an increase in drought frequency (Kasei et al., 2010). This may be attributable to changing climate. 78 

There is an agreement between different climate models that the climate of Volta Basin will warm 79 

over the course of the 21st century, though the magnitude of the warming differs between different 80 

models and different scenarios for future greenhouse forcing of the global climate system (IPCC, 81 

2013a). It is uncertainty between models in the sign of future rainfall changes in the basin that is 82 

more likely to complicate the management of the basin’s water resources. For example, McCartney 83 

et al., 2012 used a dynamic regional climate model (CCLM), a hydrological model (SWAT) and 84 

a water resource model (WEAP) to assess a “middle impact” (between extremes) climate change 85 

scenario on existing water uses within the basin (McCartney et al., 2012). This work suggested 86 

that annual average rainfall, runoff and mean groundwater recharge will decrease by 2050. In 87 

contrast, Awotwi et al. (2015) (Awotwi et al., 2015) used an ensemble of the Regional Climate 88 

Model (REMO) and suggested that the White Volta sub-basin will experience 8% precipitation 89 

increase with a 26% increase in surface runoff. The disagreement between these studies largely 90 

reflects the inconsistency in projecting rainfall from different climate models/scenarios. 91 

In this paper we use the INtegrated CAtchment (INCA) dynamic process based model for flow to 92 

assess impacts of changes in climate and socio-economics driven by population, agriculture and 93 

water demands for public supply and hydropower. To sample uncertainty in future climate and 94 

socio-economic conditions, we considered climate scenarios downscaled from three different 95 

Global Climate Models (GCMs) and three different socio-economic scenarios.  96 

Our aim is to conduct a comprehensive assessment on flow changes to the end of the century and 97 

assist future water resources development in the Volta Basin. The outcomes of this work will 98 

also be important for studies on the coastal zone downstream from the Lake Volta. The future 99 

changes in river flow dynamics could alter the sediment load and nutrient load into the Volta 100 

delta.   101 

 102 

Study area and Methods 103 

The Volta Basin 104 

The Volta Basin (403,000 km2) is shared by six riparian countries in West Africa (Figure 1a). It 105 

lies mainly in Ghana (42%) and Burkina Faso (43%) with the remainder in Benin, Cote d’Ivoire, 106 

Mali and Togo. There are three major tributaries: the Black Volta River (147,000 km2), the 107 

White Volta River (106,000 km2) and the Oti River (72,000 km2), which merge together to form 108 

the Lower Volta (73,000 km2) (Figure 1b). The Black Volta River originates as the Mouhoun in 109 

Burkina Faso and drains western Burkina Faso, northwest Ghana and small parts of Mali and 110 

Cote d’Ivoire. The White Volta River originates as the Nakambe in Burkina Faso and flows 111 

northern and central Burkina Faso and Ghana. The Oti River originates as the Pendjari in Benin 112 
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and flows through Togo. The Lower Volta flows directly into the Lake Volta, which is created 113 

by the Akosombo Dam and is the major man-made feature of the Volta River system. The 114 

outflow from the Lake Volta discharges into the Gulf of Guinea in the Atlantic Ocean through 115 

the Volta delta (Figure 1a).  116 

 117 

 118 

Figure 1. a) a map of the Volta River Basin in West Africa draining into the Gulf of Guinea in 119 

the Atlantic Ocean; b) the Volta River Basin consisting primarily of the Black Volta River 120 

(INCA reaches: BV1 to BV5), White Volta River (INCA reaches: WV1 to WV6) and Oti River 121 

(INCA reaches: Oti1 to Oti5) and Lower Volta River (INCA reaches: L1 to L6); major land use 122 

types are grassland and cropland within the basin; three flow stations (Bamboi, Nawuni and 123 

Saboba) are located near the mouth of each main river and a final flow station is located at the 124 

Akosombo dam outflow. 125 

 126 

The Volta River is one of the largest rivers in Africa. The Lower Volta has the total average 127 

annual flow of approximately 40,000 million cubic meters (Mm3) (McCartney et al., 2012). The 128 

flow varies considerably from year to year (Andah et al., 2004). The construction of the 129 

Akosombo dam in 1964 (Anthony et al., 2016) resulted in the formation of the Lake Volta, 130 

covering an area of approximately 8,500 square kilometers (km2) with a storage capacity of 131 
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148,000 Mm3, which gives an average residence time of 3.7 years for the reservoir (Barry et al., 132 

2005).  133 

The climate of West Africa is dominated by a north-south trend in rainfall between a dry 134 

continental air mass over the Sahara and a moist tropical maritime air mass over the Gulf of 135 

Guinea (Dickson and Benneh, 1988). The two air masses meet at the Inter-Tropical Convergence 136 

Zone (ITCZ). Due to the movement of the ITCZ with seasons, precipitation in the Volta Basin 137 

varies significantly from season to season. Nearly 70% of annual rainfall in the basin occurs 138 

during the three months of July, August and September, with little or no rainfall between 139 

November and March over most parts of the basin (Mul et al., 2015). The amount of 140 

precipitation also varies significantly from year to year (Nicholson, 2005; Van de Giesen et al., 141 

2001). 142 

Temperature generally increases from the south to the north of the Volta Basin. The mean annual 143 

temperature ranges from 27 °C in the south to 36 °C in the north with a large diurnal temperature 144 

range (6-8 °C in the south to 10-13 °C in the north) (Oguntunde, 2004). The seasonal variation in 145 

temperatures is characterized by two extremely hot periods (March-April and after the rainy 146 

season) and two relatively cool periods (December-February and during the rainy season) (Barry 147 

et al., 2005). Potential evapotranspiration is relatively high (1,800 mm-2,500 mm), especially in 148 

the northern part of the catchment (Amisigo, 2006; Amisigo et al., 2015).  149 

The main land use types in the Volta River Basin are grassland and cropland (Figure 1b and 150 

Table 1). The most agriculturally productive area is in the south and southwest of the basin in 151 

Ghana. Crops grown in this region include cassava, yams, maize and sorghum.  152 

There are a number of flow stations within the basin (Figure 1b). Daily flow data from Bamboi 153 

(Black Volta River) and Nawuni (White Volta River) as well as monthly flow data from Saboba 154 

(Oti River) and Akasombo dam outflow were used for calibration due to their sufficient data and 155 

sampling periods. 156 

 157 

INCA models and PERSiST 158 

The Volta River Basin is complex and requires a distributed model such as INCA to account for 159 

the spatial variability across the catchment. INCA is a process-based model that simulates flow 160 

and water quality (e.g. Nitrogen, Sediment, Phosphorus, Carbon, Chloride, Contaminants, 161 

Metals) in soil, groundwater and in-stream (Futter et al., 2007; Jackson-Blake et al., 2016; Jin et 162 

al., 2011; Lazar et al., 2010; Lu et al., 2017; Wade et al., 2009; Wade et al., 2002; Whitehead et 163 

al., 2009; Whitehead et al., 2011; Whitehead et al., 1998a; Whitehead et al., 1998b). It was first 164 

developed as a simple single stem river network model and was then developed into a more 165 

comprehensive hydrological and water quality model which can capture both the main river and 166 

tributaries in multiple-branch setups. The INCA model structure has four levels as follows (1) 167 

generic cell (1 km2) in which terrestrial processes are simulated, (2) the land use scale where 168 
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different land uses are considered, (3) the sub-catchment level that sums the land use inputs and 169 

also transports fluxes along the sub-catchment reaches, and (4) the multi-branch river basin scale 170 

in which distributed river networks are simulated (Whitehead et al., 2011). INCA models have 171 

been applied to both small and large river systems with catchment sizes ranging from a few tens 172 

of square kilometers to a million square kilometers e.g. (Bussi et al., 2017; Jin et al., 2015; 173 

Rankinen et al., 2013; Whitehead et al., 2015a; Whitehead et al., 2011). It has also been applied 174 

to sites where a substantial portion of the catchment comprises lakes e.g. Lake Simcoe in Canada 175 

(Crossman et al., 2013; Jin et al., 2013).  176 

The data required for running the INCA model include river network topology, reach 177 

characteristics (e.g. reach length), sub-catchment areas, land use, hydrological parameters 178 

including hydrologically effective rainfall (HER) and soil moisture deficits (SMD). HER 179 

calculates the proportion of precipitation that eventually becomes surface runoff after accounting 180 

for evapotranspiration and interception, whereas SMD is defined as the depth of water required 181 

to return soil water content to maximum field capacity. HER and SMD were generated by the 182 

PERSiST model (Futter et al., 2014; Futter et al., 2015). PERSiST is a watershed-scale 183 

hydrological model, which has been applied to large river basins like the Ganga river system 184 

(Futter et al., 2015; Jin et al., 2015). It is a conceptual, daily time-step, semi-distributed model 185 

designed primarily for use with the INCA models. PERSiST simulates water fluxes from 186 

precipitation through the terrestrial part of a catchment and uses an evaporation mass balance to 187 

determine the evapotranspiration from which the HER and SMD are calculated.  188 

The INCA flow is largely controlled by velocities and residence times within each reach which 189 

are characterized by specifying the a and b parameters of the velocity-flow relationship,  190 

v = aQb         EQ.1 191 

where v (m/sec) is velocity and Q is discharge in the model. Although this is a simple 192 

representation, it is effective in capturing the dynamic response between velocity and flow 193 

(Whitehead et al., 1998a). 194 

 195 

Application of INCA to Volta River 196 

The Volta River system has been divided into 26 reaches to reflect its complex network 197 

including main rivers, tributaries and the Lake Volta (Figure 1b and Figure 2). The downstream 198 

modeling boundary was at the top of the Volta delta. The boundaries of reaches were selected 199 

based on the locations of the flow and water quality monitoring stations, and tributary 200 

confluences. A Digital Elevation Map was used to delineate the subcatchment for each reach. 201 

Table 1 shows the reach and subcatchment characteristics (reach length, catchment size, land use 202 

percentages). Water abstraction for public consumption and irrigation use as well as wastewater 203 

effluent discharge were calculated and taken into account in the model based on population and 204 

area of the agricultural land use.  205 



7 
 

Model performance was assessed at flow monitoring stations by comparing INCA modeled with 206 

observed flow data using r2 and Nash-Sutcliffe (N-S) values.  207 

  208 

Table 1 INCA reach and subcatchment characteristics in the Volta River Basin.  209 

Reach 

Area 

(km2) 

Length 

(km) Land Use (%) 

      water forest and scrub grassland Wetland cropland urban 

BV1 54219 381.4 0 0 41.7 0 58.1 0.2 

BV2 33421 350.3 0 0 3.9 0 96.1 0 

BV3 31568 196.3 0 0 61.4 0 38.6 0 

BV4 25092 263.1 0.3 0 78.4 0 21.3 0 

BV5 7837 158.5 0 0 95.6 0 4.4 0 

WV1 22320 356.3 0 0 78.6 0 21.4 0 

WV2 16073 202.7 0 0 5.3 0 93.6 1.1 

WV3 21236 134.0 0 0 14.1 0 85.9 0 

WV4 40749 250.6 0 0 59.3 0 40.7 0 

WV5 3895 53.8 0 0 83 0 17 0 

WV6 10258 97.1 0 0 94.9 0 5.1 0 

Oti1 3583 174.7 0 0 100 0 0 0 

Oti2 20860 212.6 0 0 63.7 0 36.3 0 

Oti3 13806 386.3 0 0 6.9 0 93.1 0 

Oti4 24284 234.9 0 0 62.4 0 37.6 0 

Oti5 7892 121.0 0 0 98.9 0 1.1 0 

P1 6532 174.9 0 0 58.9 0 41.1 0 

T1 4535 67.8 0 0 90 0 10 0 

T2 9616 104.3 6.3 1.8 25.2 0 66.7 0 

L1 17744 136.9 3.4 0 91.2 0 5.4 0 

L2 14470 70.1 6.7 0 80.6 0 12.7 0 

L3 1291 71.4 64.3 0 21.4 0 14.3 0 

L4 7061 205.6 9.4 0 64.7 0 25.9 0 

L5 10942 75.5 11.6 0 72.1 0.8 15.5 0 

L6 7818 88.5 27.2 0 9.8 0 63 0 

Sog 5913 129.8 4.3 0 5.8 1.4 88.5 0 

 210 



8 
 

 211 

 212 

 213 

Figure 2 INCA model reach structure for the whole Volta River System. 214 

 215 

Climate data and bias correction 216 

In DECCMA, the global RCP8.5 scenario has been selected as the main focus of all the climate 217 

change research, as RCP8.5 is considered to be the strongest climate signal with the greatest 218 

atmospheric greenhouse gas concentrations in the late 21st century (Kebede et al., 2018). For the 219 

Volta River Basin, future regional climate data at 50km resolution were obtained for the 1951-220 

2100 period from the CORDEX Africa dataset (http://www.csag.uct.ac.za/cordex-africa/cordex-221 

africa-publications/). Three simulations were chosen from within the CORDEX ensemble in 222 

order to reduce computational expensive, and these particular three were selected to capture a 223 

large range of plausible future climate scenarios for the Volta Basin (Janes et al., 2018). 224 

Specifically, data downscaled from RCP8.5 simulations of the CNRM-CM5, HadGEM2-ES and 225 

CanESM2 GCMs using the SMHI RCA4 Regional Climate Model were obtained. The gridded 226 

daily precipitation and temperature data from the climate models were averaged over the Volta 227 

River Basin and the resulting time series were then used to calculate basin evapotranspiration 228 

rates, hydrologically effective rainfall (HER) and soil moisture deficit (SMD) using the 229 

PERSIST model (Futter et al., 2015). The daily HER, SMD and temperature data then used to 230 

drive the Integrated Catchment Model INCA (Jin et al., 2015; Whitehead et al., 2015a; 231 

Whitehead et al., 2015b). 232 

For the Volta River basin, observed rainfall data from six stations were only available between 233 

1990 to 2005 and showed large spatial variations due to its climatic condition and large size. In 234 

order to maximize available temporal longevity of flow data for calibration, the daily rainfall and 235 

temperature data from a regional climate model were used as input to the INCA model instead of 236 
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these limited observations. This same approach was used in the Ganges study (Jin et al., 2015; 237 

Whitehead et al., 2015a). All climate models were analyzed for their suitability as a calibration 238 

dataset. Of all available models, the downscaled CNRM-CM5 was closest to the observed data 239 

with the lowest residual sum of squares when comparing annual precipitate and monthly mean 240 

precipitation (Figure 3). As a result, it was selected to use as the input to PERSiST and INCA 241 

models for calibration. 242 

 243 

  244 

Figure 3 Annual and monthly mean rainfall data comparison between the downscaled CNRM-245 

CM5, HadGEM2-ES and CanESM2 GCMs with observed data.  246 

 247 

All climate data were bias corrected to the regional data from the downscaled CNRM-CM5 248 

model, used as the input to the INCA model (Figure 4 a and b). A standard linear scaling method 249 

(Fang et al., 2015) was used for the bias correction of the daily temperature and precipitation 250 

data, using a 30-year baseline period of 1971-2000.  251 

Tc,daily = To,daily + (To,monthly – Tm,monthly) EQ. 2 252 

Pc,daily = Po,daily x (Po,monthly/Pm,monthly) EQ. 3 253 

where Tc,daily and Pc,daily are the corrected daily values of temperature and precipitation; 254 

To,daily and Po,daily are the downscaled CNRM-CM5 daily values of temperature and 255 

precipitation; To,monthly and Po,monthly are the means of the downscaled CNRM-CM5 256 

monthly values over the baseline; and Tm,monthly and Pm,monthly are the means of the monthly 257 

baseline values from downscaled climate models HadGEM2-ES and CanESM2 over the same 258 

period.  259 
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 260 

Figure 4 a) and b) biased corrected annual data of temperature and precipitation from 1971 to 261 

2100 for the Volta Basin.  262 

 263 

Socio-Economic Scenarios 264 

The IPCC Shared Socio-economic Pathway (SSP) scenarios consider different socio-economic 265 

pathways as a means of integrating social aspects of future change using the following five broad 266 

classifications for future conditions: SSP1 for Sustainability (low mitigation and adaptation 267 

challenges), SSP2 for Business as Usual (intermediate mitigation and adaptation challenges), SSP3 268 

for Fragmented World (high mitigation and adaptation challenges), SSP4 for Inequality Rules 269 

(high adaptation and low mitigation challenges), and SSP5 for Conventional Development in terms 270 

of energy sources (high mitigation and low adaptation challenges) (IPCC, 2014). From these five 271 

narratives, three have been selected for analysis here that are consistent with the RCP8.5 climate 272 

scenario (Kebede et al., 2018): medium (~SSP2), medium- (~SSP3) and medium+ (~SSP5). The 273 

medium- scenario represents low economic growth, high population growth and low level of 274 

urbanization, while medium+ scenario represents high economic growth, low population growth 275 

and high level of urbanization. Up to 2050, all three SSPs fall within the band of results compatible 276 

with RCP8.5 climate forcing scenario. Therefore, these three narratives are considered up to 2050. 277 

Beyond 2050, only SSP5 is consistent with RCP8.5, being associated with the highest economic 278 

growth and the highest emissions. A comprehensive description of the socio-economic 279 

assumptions are given elsewhere (Kebede et al., 2018) and the catchment-specific scenarios are 280 

given below.  281 

Population change, effluent discharge, water demand for irrigation and public supply, land use 282 

change and water transfer plans can all affect potential futures in a region from a flow and a water 283 

quantity perspective. Table 2 provides summary details for the three socio-economic scenarios 284 

being considered in this study (Nicholls et al., 2017) and Table 3 list numbers used in INCA model. 285 

The medium growth scenario has a relatively high population increase, as the national population 286 

is expected to grow more than 20% up to 2020 with 10% every decade up to 2050 (Kebede et al., 287 

2018) (Table 2). In the case of the Volta delta, the phenomena of high out migration and 288 

urbanization makes the coastal area likely to lose population, not having a clear big city attraction 289 

of immigration within the delta. The population peak is not reached until the year 2100, but from 290 

2050 onwards the population growth is projected to be much slower. The medium+ population is 291 
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expected to grow more than 20% each decade up to 2040, whereas the medium- population is 292 

expected to increase by 20% up to 2020, and then increase by 6% per decade up to 2050 (Kebede 293 

et al., 2018).  294 

These pressures will generate significant demands for enhanced water supply for people, industry 295 

and agriculture. Quantitative data provided for Western Africa for land use change and agriculture 296 

has been obtained using an integrated assessment model using projections for population, GDP, 297 

GDP per capita, urbanization and with the RCP projections (Kebede et al., 2018). Coupled to these 298 

changes in population growth, there are predicted to be increased gross domestic product (GDP) 299 

with the Ghana GDP rising from 40 billion US dollars currently to 162 billion US dollars in the 300 

year 2050 (Kebede et al., 2018). In Ghana, presently out of 20 million hectares of land, about 30% 301 

is cropland, another 30% forest and 40% permanent pastures and grazing land. In the medium 302 

scenario, the permanent pasture and grazing land will decline and agricultural production is 303 

expected to grow significantly (Table 2). Water intense crops such as rice are expected to increase 304 

and the water returns to the Volta from industrial and domestic effluents will increase as population 305 

levels rise (Table 2 and 3). Lake Volta created by the Akosombo Dam dominates the water 306 

distribution system, controlling 90% of the downstream water. Thus any water transfers are likely 307 

to be limited compared to this dam. However, there are other dams planned for upstream reaches 308 

and these will enhance water supply for irrigation.  309 

                                  310 

Table 2 A summary of three socio-economic scenarios for the Volta Basin. 311 

  2050s 2090s 

  Medium Medium+ Medium- Medium+ 

Population change +91% +129% +62% +354% 

STP effluent discharge 

change 
+60% +70% +45% 150% 

Water demand for 

irrigation and public supply 

abstraction 

+84% 

abstraction 

+130% 

abstraction 

+81% 

abstraction 

+150% 

Land use change (increases 

in agricultural land) 
+75%  +130%  +94%  +175%  

 312 

Table 3 Future water and agricultural change in the Volta Basin and associated changes in INCA 313 

model.  314 

  1990s 2050s 2090s 

  Baseline Medium Medium+ Medium- Medium+ 

Population (million) 24 46 55 39 85 

Intensive Agricultural land 

(% change) 
- 78% 130% 94% 175% 

Irrigated Area (Ha) 30500 54290 70150 59170 53375 



12 
 

INCA Reach Irrigation 

Water Demand (m3/s) 
0.53 0.94 1.22 1.03 0.93 

INCA Reach Public 

Consumption/Effluent 

Discharge (m3/s) 

0.37 0.72 0.86 0.61 1.32 

Reach Total Water Demand 

(m3/s) 
0.9 1.66 2.07 1.63 2.25 

 315 

Evaporation from Lake Volta 316 

In INCA as we allow for the rainfall falling directly on the lake so we need to also account for 317 

the lake water losses due to evaporation. Evaporation from lakes is extremely difficult to 318 

estimate with any accuracy. The normal pan evaporation measurements do not account for the 319 

changing effects of wind, variable solar energy, water circulation in lakes and are also likely to 320 

be measured some distance from the lake so do not necessarily give a good local estimate. The 321 

calculated methods of potential evaporation also have some limitations but are thought to 322 

provide the best estimates. There have been several studies estimating evaporation from Lake 323 

Volta (Amisigo et al., 2015; McCartney et al., 2012; Oguntunde, 2004; Van de Giesen et al., 324 

2001) and a range of values have been used in the different studies. 325 

Oguntunde (2004) considers in great detail evaporation from a range of surfaces and for the Lake 326 

Volta estimates an annual actual evaporation of 1270 mm/year. Barry et al. (2005) estimate the 327 

pan evaporation at 1500 mm/year in the southern part of the Volta Basin. Potential 328 

evapotranspiration in the basin varies both spatially and temporally with an annual mean varying 329 

from 2500 mm in the north of the basin to 1800 mm in the coastal zone according to Amisgo 330 

(2015). McCartney et al. (2012) calculate evaporation potential at 2729 mm/year and actual at 331 

717mm/year for the Lake Volta Basin as a whole. Thus it is difficult to estimate a definitive 332 

number. We have taken the Oguntunde estimate of 1270 mm/year. When multiplied by the Lake 333 

Volta area of 8500 km2 then this equates to a water loss of 342 m3/sec, which is an enormous 334 

loss of water from the lake surface. Clearly there is considerable uncertainty with the estimate 335 

and it is important to remember that this evaporation is largely balanced by the rainfall falling on 336 

the lake open water surface. These rates will vary with temperature and in the present study, we 337 

have used the more rapid climate change of RCP8.5 and this generated average temperature 338 

changes of 2.3 ºC degree and 4.9 ºC degrees for the 2040s and 2090s respectively. As might be 339 

expected these temperature increases alter the evaporation from the lake, increasing water losses 340 

to 369 m3/sec and 441 m3/sec, respectively. 341 

  342 

Results and Discussion 343 

Model calibration 344 
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The Black Volta River, White Volta River and Oti River all show strong seasonal pattern with 345 

high flow occurring from July to November (peak often in September) and low flow from 346 

January to June. The magnitude of the flow varies significantly from 10s m3/s to 1000s m3/s. The 347 

Black Volta River, the largest tributary among the three, contributes approximately 3,000 to 348 

6,500 m3/s at peak flow to the main Volta River and Lake Volta, which is much greater than that 349 

from the White Volta River and Oti River (~2,000 m3/s). In contrast, Lake Volta observed 350 

monthly mean flow with a small range between 900 to 1300 m3/s (except year 1998) due to its 351 

relatively long residence time of 3.7 years. The average mean annual flow from Lake Volta is 352 

1100 m3/s. 353 

INCA model was calibrated from 1990-2015 using observed daily and monthly mean flow at 354 

three flow stations within the Volta River Basin. A summary of model performance statistics is 355 

provided in Table 4 and examples of daily model output are given in Figure 5 at the lower 356 

reaches of Black Volta River and White Volta River. Monthly flow output is also illustrated at 357 

the lower reach of Oti River (Figure 5). INCA model was able to capture the flow dynamics e.g. 358 

timing and magnitude of the rising and falling limbs (Figure 5). Peak flow are sometimes 359 

underestimated or overestimated however (Figure 5). The overall fit has an r2 from 0.45 to 0.68 360 

and N-S values from 0.51 to 0.65 (Table 4). 361 

 362 

Table 4 Statistical results of INCA model calibration. 363 

Name of Flow 

station 

River System and 

INCA reach 

Data availability R2 N-S value 

Bamboi Black Volta (BV4) 1999-2003 daily data 0.68 0.65 

Nawuni White Volta (WV4) 1990-2003 daily data 0.45 0.62 

Saboba Oti (Oti4) 1990-2006 monthly data 0.60 0.51 

 364 
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 367 

 368 

Figure 5 INCA daily flow calibration results at Black Volta River (reach BV4) and White Volta 369 

River (WV4) as well as monthly flow calibration results for Oti River (reach Oti4). 370 

 371 

At the outlet of the Lake Volta (Akosombo dam outflow), modeled flow remained pretty 372 

constant at approximately 1,100 m3/s which is in close agreement with the observed average 373 

flow of 1100 m3/sec. From 1990 to 2000, modeled flow matches observed flow quite well except 374 

in the year of 1998 when the observed flow decreased dramatically which might be due to 375 

abnormal abstraction that year. 376 

 377 

Future flow changes from Climate Impact 378 

Annual temperature from three climate scenarios shows a steadily increasing trend (Figure 6). 379 

The downscaled HadGEM2-ES and CanESM2 models projected much greater increases in 380 

temperature after 2030 with 5-6 ºC higher at the end of 2100 than the baseline condition (Figure 381 

6). The projected temperature rises from the downscaled CNRM-CM5 model are generally less 382 

than that from the downscaled HadGEM2-ES and CanESM2 models with the temperature 383 

increase of 4-5 ºC at the end of 2100 compared to the baseline condition. Annual precipitation 384 

varies from year to year. Despite the variation, future precipitation displays a slight upward trend 385 

up to 300 mm/day (30% increase) relative to the baseline at the end of the century under the 386 

downscaled CanESM2 scenario.  387 
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 388 

Figure 6 Annual mean temperature and annual precipitation changes relative to the baseline 389 

condition from 2001 to 2100.  390 

 391 

Monthly mean temperature and precipitation changes relative to the baseline were also assessed 392 

(Figure 7). Three climate scenarios consistently show increases in temperature at both 2050s and 393 

2090s. The downscaled CanESM2 and HadGEM2-ES models projected higher temperatures than 394 

the downscaled CNRM-CM5 model at 2090s. The Volta Basin has greater temperature rises in 395 

the months from January to April and from October to December than the months of May to 396 

September. In terms of precipitation, the downscaled CanESM2 model projects the wettest 397 

condition (except June) amongst the three climate models. In September and October, the 398 

downscaled CanESM2 model shows an increase in monthly mean precipitation up to 3 mm/day. 399 

During dry months (January, February, November and December), the precipitation is at a 400 

minimum however with some small increases in all three climate models. The downscaled 401 

HadGEM2-ES model projected less rainfall compared to the baseline toward the end of the 402 

century.  403 
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 405 

Figure 7 Monthly mean temperature (ºC) and precipitation (mm/day) at 2050s and 2090s 406 

compared to the baseline condition for the downscaled CNRM-CM5, CanESM2 and HadGEM2-407 

ES climate scenarios.  408 

 409 

Future flow changes from climate impact were assessed for two periods: 2050s (2030-2059) and 410 

2090s (2070-2099).  For example, at the mid-century, at the outflow of the Black Volta River, 411 

both the downscaled CanESM2 and HadGEM2-ES models showed increases in flow throughout 412 

the year except for a substantial decrease in August for the downscaled CanESM2 model (Figure 413 

8a). The downscaled CNRM-CM5 model projected decreases in flow from January to May and 414 

from October to December and increases in flow during high flow months from June to 415 

September. At peak flow in September, all three climate models indicated a consistent increase 416 

in flow up to 25% at 2050s. At the end of the century, both the downscaled CNRM-CM5 and 417 

CanESM2 models projected increasing flow throughout the year except for May and August for 418 

the CanESM2 model. The start of the wet season flow seem to be delayed from July to August in 419 

these two scenarios and flow remains high into October. The downscaled HadGEM2-ES model 420 

shows strong decreases in flow at the beginning of the year (January to March) and at the end of 421 

the year (October to December) while indicating significant increases in flow from April to July. 422 

Similarly at mid-century, the three climate models generated an increase in peak flow in 423 

September of up to about 50% at 2090s. Future flow of White Volta River and Oti River were 424 

also assessed and they showed comparable changes as Black Volta River (Figure 8b and 8c).  425 
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 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

Figure 8 Future monthly flow changes at 2050s and 2090s due to climate change from three 438 

climate models at outlets of a) Black Volta River (BV5),  b) White Volta River (WV6), c) Oti 439 

River (Oti5) and d) Lake Volta outflow (last reach).  440 

 441 

From the flow duration curves, the three climate models projected an increase in flood flow   442 

(<Q5) for both 2050s and 2090s (Figure 9). Mixed results are obtained at low flow condition 443 

(>Q75). The downscaled CNRM-CM5 and HadGEM2-ES models indicate decreasing flow in 444 

the mid-century while the downscaled CanESM2 showed slight increases in flow. In Between 445 

(Q5 to Q75), the downscaled HadGEM2-ES model projects significant decreases at 2090s while 446 

the other two show increases in flow.  447 

Lake Volta outflow responds to the climate change differently from the tributaries. Changes are 448 

less significant due to the damping effect of the lake with its longer residence time of 3.7 years. 449 

By 2050s, all three models projected slight increases in monthly flow (Figure 8d). By the end of 450 

the century, outflow from the Lake Volta would continue to rise with the highest flow of 1,300 451 

m3/s from the downscaled CanESM2 projection. However the downscaled HadGEM2-ES model 452 

had a contrasting result and it indicates that the flow will decline by 2090s. The discrepancy 453 

between these projected future flows at Lake Volta are likely driven by the different climate 454 

patterns. Between climate scenarios, the downscaled HadGEM2-ES projected least amount of 455 

summer monsoon rainfall and greatest temperature rises toward the end of the century (Figure 6 456 

and 7), which could lead to an overall HER reduction in INCA input and strong evaporation 457 
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from the lake. These combined effects possibly resulted in the declining flow from the Lake 458 

Volta at 2090s.     459 

  460 

 461 

Figure 9 Comparison of flow duration curves at the outflow of Black Volta River for three 462 

climate scenarios at three time periods (bold indicates an increase when comparing to the 463 

baseline value).  464 

 465 

The results of this study differ from McCartney et al., 2012 in which overall drying is seen with a 466 

decrease in annual average rainfall of approximately 20% by the end of the century. This is due 467 

to the different climate scenarios used in each study, with McCartney et al. (2012) using a 468 

dynamic regional climate model, COSMOCLM(CCLM). The three climate models for 469 

DECCMA are for a worst case scenario, namely RCP8.5, which project higher precipitation and 470 

a wetter and warmer environment into the future (Figure 6 and 7) which leads to increased flows 471 

(Figure 8 and 9). 472 

 473 

Socio-economic changes 474 

The three socio-economic scenarios (medium, medium+, and medium-) were also run with the 475 

combination of climate change (downscaled CNRM-CM5) at 2050s and 2090s. In general, the 476 

effects of changing socio-economic conditions on flow are minor compared to the climate 477 

change impact. For example, mean monthly flow at the outlet of Black Volta River shows almost 478 

identical flow conditions under climate change and combined climate and socio-economic 479 
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changes (Figure 10). The variation between the three socio-economic scenarios is also small (less 480 

than 5%) (Figure 10). However, it could be that massive dam construction could alter this 481 

perspective and create lower water volumes moving down the system. This needs to be explored 482 

in a further study when dam plans for the region are being considered. 483 

 484 

Figure 10 Mean monthly flow changes at 2050s due to climate change (downscaled CNRM-485 

CM5) alone and combined climate and socio-economic changes at the outflow of Black Volta 486 

River (BV05). 487 

 488 

Floods and droughts under combined impacts of climate and socio-economic change 489 

The projected climate change has the greatest impact during the wet season with the higher flows 490 

having the potential to increase flood risk within the Volta Basin. Under combined impact from 491 

both climate change (CNRM-CM5) and medium+ socio-economic changes and for the main 492 

tributary Black Volta River, the extreme high flow (Q5) increases from 2,565 m3/s to 2,851 m3/s 493 

(+11%) at 2050s and from 2565 m3/s to 3491 m3/s at 2090s (+36%) (Figure 11a). The duration 494 

period for high flow (flow above Q5) also increases from 18 days to 26 days and to 42 days at 495 

2050s and 2090s, respectively (Figure 11b). These changes suggest a higher probability of floods 496 

with a longer duration of the wet season. For the outflow of Lake Volta, similar changes are seen 497 

as Black Volta River but with much smaller magnitude due to its long residence time, which has 498 

a damping effect on the hydrological dynamics. Under combined impact from climate change 499 

(CNRM-CM5) and medium+ socio-economic changes, Q5 at Lake Volta outlet increases from 500 

1250 m3/s to 1267 m3/s (+1%) and to 1317 m3/s (+5%) at 2050s and 2090s, respectively (Figure 501 

11a). The duration of high flow (>Q5) increases from 18 days to 30 days at 2050s and to 65 days 502 

at 2090s (Figure 11b). Although the increases in Q5 are minor, the duration of high flow is much 503 

longer at the mid-century and at the end of century.  504 

For the low flow periods, Black Volta River and Lake Volta respond in a different way. At the 505 

outflow of Black Volta River, Q90 decreases from 23 m3/s to 19 m3/s (-17%) at 2050s but 506 

increases to 25 m3/s at 2090s (+8%) (Figure 11a). The duration for low flow (flow below Q90) 507 

increases from 37 days to 51 days at 2050s which indicates there will be an increased duration of 508 

droughts. However the duration would decrease to 29 days by the end of century due to the 509 
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pattern of future climate (Figure 11b). For Lake Volta, Q90 actually increases slightly from 510 

1,132 m3/s to 1,141 m3/s at 2050s and from 1,132 m3/s to 1,155 m3/s at 2090s (Figure 11a). The 511 

duration of low flow (<Q90) decreases significantly from 40 days to 0 days at both 2050s and 512 

2090s due to an overall increase of flow for the Lake (Figure 11b).  513 

Under climate change, medium and medium- socio-economic changes were also assessed for the 514 

Black Volta River and Lake Volta. Similar results were seen as medium+ scenario.  515 

 516 

Figure 11 a) Q5 and Q90 for Black Volta River (BV) and Lake Volta (Lake) at 2050s and 2090s 517 

with medium+ socio-economic changes; b) number of days above Q5 and below Q90 for Black 518 

Volta River (BV) and Lake Volta (Lake) at 2050s and 2090s with medium+ socio-economic 519 

changes.  520 

 521 

Model uncertainty 522 

It is recognized that using a model chain unavoidably involves uncertainty at every stage of the 523 

process. Three climate models for the Volta Basin were downscaled using driving conditions 524 

from three CMIP5 Global Climate Models (GCMs) including CNRM-CM5, HadGEM2-ES and 525 

CanESM2. Each downscaling experiment, which uses a regional climate model, inherits 526 

uncertainty from the GCMs via their own physics and parameterizations. Also, there are a 527 

number of uncertainties within PERSiST and INCA models, such as input data and model 528 

parameters. Following the same approach used in the Ganga studies (Futter et al., 2015; Jin et al., 529 

2015; Whitehead et al., 2015a), climate model data were used as input to PERSiST and INCA 530 

models due to lack of long term observed daily rainfall data. To minimize introducing the biases 531 

from this rainfall input, comparison of annual and monthly mean precipitation between observed 532 

and climate data was undertaken to demonstrate reasonable agreement between the two (Figure 533 

3). In addition, parametric uncertainty within PERSiST and INCA models may also influence 534 

model results. To assess parametric uncertainties, sensitivity analyses were undertaken to 535 

evaluate how the model fit varied with changes in parameter values. The most sensitive 536 

parameters were velocity-flow parameters a and b, baseflow index and groundwater residence 537 
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time. In order to accurately represent catchment behaviors to external forcing on the model, these 538 

parameters were therefore carefully calibrated to observed flow at three monitoring stations 539 

within the catchment. Monsoon flow in the Volta Rivers varies greatly from tens to a few 540 

thousands m3/s. Calibration was based on the overall fit of flow including peak flows and low 541 

flows using widely applied goodness-of-fit criterions, i.e. r2 and Nash-Sutcliffe (N-S) values. 542 

Research has however shown that uncertainties related to hydrological models are higher for the 543 

dry season than for the wet season (Pushpalatha et al., 2012; Velazquez et al., 2013). Therefore 544 

great care must be taken in interpreting the results of low flows. Lastly, the future socio-545 

economic conditions are subject to multiple uncertainties and difficult to quantify for modeling 546 

studies (Kebede et al., 2018). Whilst there are a range of uncertainties associated with climate 547 

and hydrological modelling, process based modelling does provide the best available approach of 548 

understanding catchment responses to possible future conditions (Jin et al., 2012).  549 

 550 

Conclusions 551 

The application of the PERSiST and INCA models to the Volta River System provides an 552 

important planning and management avenue for exploring future scenarios under changing 553 

climate and socio-economic conditions. In general, the climate changes from the three RCP8.5 554 

climate model simulations considered have substantial impacts on future flows, while the socio-555 

economic changes have less relative impact. The RCP8.5 scenario is consistent with the greatest 556 

atmospheric greenhouse gas concentrations in the late 21st century of the scenarios available. 557 

However, for the first half of the 21st century, the magnitude of projected precipitation changes 558 

for the Volta is not much reduced if a less extreme scenario is considered (Kebede et al., 2018), 559 

meaning that this result is likely also true of such less extreme scenarios. 560 

Results from all three climate model simulations suggest a significant increase in wet season 561 

flows. For example, the monsoon peak flows are projected to increase up to approximately 50% 562 

and 10% by 2090s at Black Volta River and Volta Lake outflow respectively. Combined climatic 563 

and socio-economic changes impact the streamflow to a similar degree as climate change does 564 

because the impacts from changing socio-economic conditions on flow are minor (less than 5%). 565 

These increased flows will increase the likelihood of flooding in the future with an extended wet 566 

season. Changes in low flow illustrate mixed results. For tributaries like the Black Volta River, 567 

drought duration might become more frequent until the 2050s, after which overall wetter climatic 568 

conditions lead to less drought at the end of the century. For Lake Volta, future drought duration 569 

is projected to be less frequent due to the climate pattern and long residence time of the lake 570 

system. There will also be implications and impacts downstream of the lake as increased flows 571 

will alter the flushing of sediments and nutrients into the coastal zone. The changes in freshwater 572 

fluxes into the coastal system could also alter the water quality and hence ecology of the rivers 573 

and coastal zone downstream. 574 

 575 
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