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A B S T R A C T   

Study region: Volta River Basin, West Africa 
Study focus: Hydrological droughts have a wide range of impacts on societies and economic 
sectors such as agriculture and energy production. Analysis of hydrological droughts helps better 
plan and manage water resources under global change. This study analyses the spatial and 
temporal variability of hydrological drought occurrence (duration and severity) in the Volta River 
basin during 1979–2013. We used the Variable Infiltration Capacity and vector-based routing 
(RAPID) models and high-resolution forcing data to simulate streamflow for 10300 river reaches. 
New hydrological insights for the region: Drought duration and severity show high spatial variability 
and large differences between the three decades (1980 s, 1990 s and 2000 s). Droughts are more 
severe in larger catchments as the flows are generally higher. The trend analysis shows a general 
decreasing trend (up to 5% per event) in drought duration in the north-eastern and an increasing 
trend in southern parts of the basin. Drought severity shows an increasing and decreasing trend 
(up to ± 20%) in south and north part of the basin, respectively. Daily streamflow has a 
maximum correlation (up to 0.78) with upstream precipitation for the previous 30-days with a 
clear signal of propagation from meteorological to hydrological drought with an average lag-time 
of two weeks. The results indicate the need to consider site-specific and adaptive drought man
agement measures to minimize the impacts.   

1. Introduction 

Drought is a complex and recurrent climatic phenomenon that affects the environment, economies and a large number of people 
globally every year (Wilhite et al., 2007; Sternberg, 2011; IPCC, 2012; CRED, 2018). The most negative impacts usually occur in 
developing countries where droughts can lead to crop failure and food crisis. Together with other socio-economic conditions, droughts 
can amplify the risk of malnutrition, health issues, and chronic poverty, which may ultimately result in forced migration and even loss 
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of life (Vicente-Serrano et al., 2012; Lyon and DeWitt, 2012; Stanke et al., 2013; UNISDR CRED, 2015; Haile et al., 2020; Ngcamu and 
Chari, 2020). Drought occurs across a wide range of spatial and temporal scales, which makes managing socio-economic and envi
ronmental impacts such as land degradation and desertification very challenging (Vicente-Serrano et al., 2012; Masih et al., 2014; 
Rivera et al., 2017). Variation in drought characteristics is driven by variability and changes in precipitation and temperature (IPCC, 
2012), but can also be aggravated by direct anthropogenic drivers such as water management and land-use (Mishra and Singh, 2010; 
Sheffield et al., 2012; Mukherjee et al., 2018). Global warming and an increase in temperature extremes have increased concurrent 
extreme events such as heatwaves and droughts (AghaKouchak et al., 2014; Ballarin et al., 2021; Leonard et al., 2014). The potential 
impact of this type of compound event could lead to longer and more severe hydrological droughts. As a result of increased variability 
and long-term changes in climate, the duration and severity of droughts have potentially increased in Africa in the last few decades 
(Sheffield et al., 2012; Dai, 2013; Sivakumar et al., 2014; Naumann et al., 2018). This is expected to continue into the future, as 
drought magnitude and severity are projected to increase under global change (IPCC, 2013; Naumann et al., 2018; Sheffield and Wood, 
2008), with the largest changes expected in sub-tropical dry regions that are projected to become drier overall. Droughts are already 
common in arid and semi-arid regions of Africa and their frequency and duration has increased in recent years, such as in West Africa 
(Dai, 2013; Masih et al., 2014) and the Greater Horn of Africa (Sivakumar et al., 2014; Ayana et al., 2016; Nicholson, 2017; Haile et al., 
2020). For Africa, overall, future climate projections indicate an increase in frequency and intensity of droughts as well as other 
extreme events such as floods and heavy rainstorms (Bates et al., 2008; Niang et al., 2014; Gebrechorkos et al., 2019). 

Many African countries face the highest impact of drought due to their lower capacity to adapt to changes (Niang et al., 2014; 
McDowell et al., 2016). They are also likely to be increasingly impacted in the future, not only because of the projected changes in 
drought but also because of ongoing socio-economic changes. Over the last few decades, the demand for water has significantly 
increased by many folds and water scarcity is occurring almost every year, due to an increase in population growth and expansion in 
agriculture, industrial, and energy sectors (Mishra and Singh, 2010). The increase in population and economic activities have led to an 
increase in construction of water infrastructure to meet sectoral demands, which put water resources under increasing stress (Mul 
et al., 2015). 

According to Haile et al. (2020), assessing drought risks at a basin level is crucial to effectively and efficiently monitor and manage 
droughts, and can serve as a basis for development of adaptation measures under conditions of climate variability and change 
(Oloruntade et al., 2017). The current study focuses on one of the largest river basins in West Africa, the Volta basin, aiming to provide 
a detailed analysis of the variability and change in hydrological drought, focused on streamflow. The analysis is carried out using 
modeled data over an unprecedented number of river reaches (i.e. 10,300). The Volta River basin is an important resource for around 
24 million people across six countries (Ghana, Burkina Faso, Mali, Ivory Coast, Benin, and Togo) using water for domestic, livestock, 
agriculture, and hydropower purposes (Rodgers et al., 2007; Mul et al., 2015). The basin, therefore, plays an important role in the 
economic development of the region. However, due to increases in demand from the increasing population and economic growth, 
there is potential for competition over water resources that are already under stress, which is exacerbated under drought conditions 
(Mul et al., 2015). This is expected to become worse in the future with consequences for the food security and economic growth of the 
six countries (Mccartney et al., 2012; Mul et al., 2015). 

Fig. 1. Location map of the Volta River basin and location of reservoirs (large multipurpose, irrigation, and small impoundments) and plan
ned dams. 
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We focus on the characterization of streamflow droughts over the period 1979–2013, in terms of the time below a threshold level 
(drought duration) and accumulated streamflow deficit (drought severity), which is derived from the streamflow time series (e.g., 
Melsen and Guse, 2019; Rivera et al., 2017). We choose this period due to the availability of the most reliable precipitation data, which 
begins at the start of the satellite period. We also assess the relationship between daily streamflow and antecedent precipitation, and 
therefore how meteorological droughts propagate into hydrological droughts. Because of the lack of coverage in time and space of 
observed records of streamflow, we use simulated runoff from the Variable Infiltration Capacity (VIC) land surface hydrological model 
(Liang et al., 1994). Further, we used the Routing Application for Parallel Computation of Discharge (RAPID) routing model (David 
et al., 2011) to convert the runoff from VIC into streamflow. These simulations are forced by a gridded gauge-satellite-reanalysis 
climate forcing dataset. We compare the modeled streamflow against available observations of streamflow to understand the per
formance of the model and its suitability for looking at drought characteristics across the basin. Overall, the analysis could provide 
baseline risk information for users and water agencies to better manage water resources, develop site-specific adaptation measures and 
support the development of integrated water management and planning strategies to tackle the impacts of droughts under variability 
in climate and future change. 

2. Material and methods 

2.1. Study area 

The Volta basin is one of the largest river basins in West Africa with an area of 412,772 km2 (Fig. 1). The basin is shared among 
Burkina Faso (43.0% of the basin area), Ghana (41.6%), Togo (6.4%), Benin (3.4%), Mali (3.1%), and Côte d′Ivoire (2.5%) (Mul et al., 

Fig. 2. Maps of (a) annual average (1979–2013) precipitation (mm/year) and (b) average temperature (◦C/year) of the Volta basin based on the 
Multi-Source Weighted-Ensemble Precipitation (MSWEP) and Princeton Global Forcings (PGF) (see Section 2.3), respectively. The lower maps show 
the standard deviation (Stdev) of (c) annual precipitation and (d) average temperature for the period 1979–2013. 
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2015). The Volta has four major sub-basins: White Volta, Black Volta, Lower Volta, and Oti River covering an area of 27%, 36%, 18%, 
and 19% of the total drainage area, respectively (Gordon et al., 2013; Mul et al., 2015). The climate is highly variable, with a clear 
gradient from south to north as influenced by the movement of the Intertropical Convergence Zone (ITCZ) and zonal winds, which 
leads to high variability in floods and droughts. The climate of the river basin is classified as moist sub-humid, dry sub-humid, and 
semi-arid in the south, central and north, respectively (Ferreira et al., 2019; Mul et al., 2015). More than 1100 reservoirs (large 
multipurpose, irrigation, and small impoundments), with a storage volume of between 1 and 147,960 Mm3, have been constructed 
during the 1980–2010 s. There are 19 planned hydropower dams in the basin due to an increase in water demand for energy, agri
culture and water supply (Barry et al., 2005; Mul et al., 2015). 

The average annual precipitation for the basin over 1979–2013 is 850 mm/year with the highest and lowest amounts in the 
southern (up to 1600 mm/year) and northern (up to 400 mm/year) parts of the basin, respectively (Fig. 2a). The inter-annual vari
ability of precipitation is higher in the Lower Volta (standard deviation up to 250 mm) but decreases towards the northern part of the 
basin (Fig. 2c). On average, the basin receives about 70 % of the total precipitation during July-September with little rainfall during the 
months of November-March. The northern part receives the majority of precipitation during June-September while the southern part 
receives this during May-September (Jones et al., 2017). The northern part is warmer than the southern part with an annual daily 
average (1979–2013) temperature of about 29 ◦C (Fig. 2b). Inter-annual variability in average temperature is higher in the north 
(standard deviation up to 0.43 ◦C) and lower in the south (standard deviation up to 0.23 ◦C) part of the basin (Fig. 2d). 

2.2. Hydrological modelling and streamflow routing 

The VIC model is a semi-distributed model that solves the energy and water balances at the grid-scale (Liang et al., 1994). VIC organises 
the spatial domain into different computational cells characterized by land cover type and vertically into soil layers to calculate water budget 
components such as runoff (surface and subsurface), evapotranspiration and infiltration. The horizontal flow between grid cells is not 
modeled and it is assumed that water cannot flow back into the soil after reaching the river (Dang et al., 2020). The Penman-Monteith 
approach is used to compute evapotranspiration. The variable infiltration curve is used to represent the spatial distribution of infiltra
tion and surface runoff within the grid cell, and the non-linear Arno-recession curve is used for baseflow simulation (Liang et al., 1994). The 
variable infiltration curve is an important part of VIC which drives the partitioning of rainfall into infiltration and runoff depending on the 
spatial distribution of soil moisture. Meteorological forcings required by VIC are daily precipitation, temperature, shortwave and longwave 
radiation, wind speed, atmospheric pressure, and vapour pressure. In addition, soil (e.g., texture and bulk density, saturated conductivity) 
and vegetation (e.g., albedo and leaf area index) parameters are required to parametrize the model (VIC 4.2). The model is calibrated and 
bias-corrected at 0.25◦ to match global maps of 17 runoff characteristics such as mean annual runoff, baseflow index and different per
centiles derived from ground observations (Beck et al., 2015). The most sensitive VIC parameters for runoff generation were calibrated such 
as the variable infiltration curve (binf), soil depth, and the maximum soil moisture fraction at which non-linear (rapidly increasing) baseflow 
begins (Ds). The observation-based runoff maps were developed to estimate streamflow at ungauged catchments and more than 3000 
stations were used to train a machine learning (neural network ensembles) and applied globally (Beck et al., 2015). The use of these runoff 
characteristics improved the performance of hydrological models in simulating streamflow as compared to traditional calibration ap
proaches using limited ground stations (Lin et al., 2019). 

RAPID (David et al., 2011) is a vector-based routing model used to simulate streamflow at potentially thousands of river reaches. It 
applies the Muskingum channel routing scheme to calculate the volume of water and streamflow, with dimensionless (x) and time (k) 
parameters. In addition, the model requires a network connectivity file and gridded runoff (surface and subsurface), which can be 
computed in Arc-GIS (eg., https://github.com/Esri/python-toolbox-for-rapid). To assess the performance of VIC/RAPID, the modeled 
streamflow is evaluated against available in-situ data on daily and monthly time scales in terms of the correlation coefficient (CC), 
percentage bias (Pbias), Root Mean Square Error (RMSE) and Nash-Sutcliffe Efficiency (NSE) and time series plots. 

2.3. Datasets 

Meteorological forcing data to drive the VIC model are taken from the Multi-Source Weighted-Ensemble Precipitation (MSWEP, 
Beck et al., 2016) dataset and from the Princeton Global Forcings (PGF) (Sheffield et al., 2006). MSWEP (version 2.2) is a global 
precipitation product developed by merging several datasets such as from more than 77,000 ground stations, satellite-based rainfall 
estimates, and reanalyses (Beck et al., 2018, 2016). The dataset has been shown to out-perform other similar precipitation products 
(Beck et al., 2017) and has been used in many regional and global hydro-climate studies (e.g., Chen et al., 2017; Chen and Dirmeyer, 
2016; Liu et al., 2016; Martens et al., 2017; Schellekens et al., 2017). PGF is developed by combining the National Centers for 
Environmental Prediction–National Center for Atmospheric Research reanalysis data with several observational-based climate data
sets such as the Climatic Research Unit monthly gridded gauge analysis dataset of temperature and humidity (New et al., 2000, 1999) 
and the Surface Radiation Budget satellite-based dataset (Barkstrom et al., 1989). PGF has proven to be a reliable dataset used in many 
hydro-climate studies (e.g., Troy et al., 2011; Wang et al., 2011; Demaria et al., 2012; Niko Wanders and Wood, 2016; Gebrechorkos 
et al., 2018, 2020). 

The river network, required as input to RAPID, is taken from the 30-sec resolution “Hydrological data and maps based on SHuttle 
Elevation Derivatives at multiple Scales” (HydroSHEDS) dataset. HydroSHEDS provides a georeferenced vector and raster stream 
network and flow directions derived from the Shuttle Radar Topography Mission (SRTM) elevation data (https://hydrosheds.cr.usgs. 
gov/). The location of the reservoirs shown in Fig. 1 are obtained from the Water Research Institute of Ghana. Although we do not 
model the hydrological impact of the reservoirs and dam operations, we discuss the results in the context of their presence across the 
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basin. To assess the potential differences between the model output and (the unobserved) reality, we calculated the degree of regu
lation (DOR) as the ratio of the reservoir capacity to average annual flow upstream of the reservoir (Lehner et al., 2011) for each 
reservoir with available capacity information. For a given year, a higher DOR indicates the probability that a substantial amount of 
flow can be stored for future release, which influences flows downstream (Lehner et al., 2011). The DOR was then used to inform a 
qualitative assessment of the performance of the model where the lack of reservoir representation in the model could lead to large 
uncertainties or errors in the modelled output and drought characteristics. 

Observed streamflow data from 39 stations (20 daily and 19 monthly) were obtained from the Global Runoff Data Centre (http:// 
www.bafg.de/GRDC/) and the Water Research Institute of Ghana (Tables 1 and 2). The GRDC database provides quality-controlled 
historical daily and monthly streamflow to help scientists perform global and local scale hydrological and environmental studies 
(GRDC, 2019). 

2.4. Drought indices and trend analysis 

The threshold level approach (Yevjevich, 1967) is used to define streamflow droughts. The threshold is derived from the flow 
duration curve as flow exceeded or equalled for selected percentile thresholds: 70%, 80%, and 90% of the time. These thresholds are 
classified as moderate, severe, and extreme droughts, respectively (Rivera et al., 2017), which is an approach that has been widely used 
to assess streamflow droughts (e.g., Fleig et al., 2006; Wanders et al., 2015; Rivera et al., 2018). Compared to standardised indices such 
as the standardised streamflow index (McKee et al., 1993; Shukla and Wood, 2008), the threshold level approach allows estimation of 
streamflow deficit (severity), which is crucial for water management in sectors such as agriculture and hydropower (Rivera et al., 
2018; Van Loon, 2015). 

Streamflow droughts are computed from the daily time series of the modelled years (1979–2013) using the threshold approach. The 
approach defines droughts when the flow is below the given threshold value. The threshold values are computed based on a moving 
quantile, where daily threshold values are defined based on the 70th, 80th, and 90th percentiles of the flow duration curve over a 
moving window of 30 days that moves through the time series of the study period (Beyene et al., 2014; Dierauer and Whitfield, 2019). 
Hence, this method provides different threshold values for every day of the year, which remains the same across all years. This 
approach helps to account for the influence of seasonality. To identify individual droughts we used a minimum inter-event and event 
duration of 10 and 15 days, respectively, as recommended by the World Meteorological Organization (WMO, 2008) and (Dierauer and 
Whitfield, 2019). The event duration avoids counting two adjacent droughts separated by minor fluctuations around the threshold as 
separate events. Droughts occurring with less than the minimum inter-event days (i.e., 10 days) were considered as a single event. 
Droughts are assessed in terms of their duration (days) and severity (m3/s). Further, severity and total severity (total deficit volume 
during the drought events) are normalised by mean annual flow and catchment area for spatial comparison. The moderate, severe and 
extreme droughts are assessed relative to their threshold level. This does mean that a moderate drought may contain a severe or 
extreme drought if values fall below the threshold for these latter types of drought. To assess the presence of monotonic downward or 
upward trends in drought duration days and severity, we used the Mann-Kendall test (Kendall, 1975) and the magnitude of the change 
(i.e., slope) is computed using the Sen’s slope method (Sen, 1968). 

Furthermore, we assessed the propagation of drought (i.e. meteorological to hydrological droughts) via the relationship between 
precipitation and streamflow, to understand the influence of precipitation variability on the changes in hydrological drought. We 
calculated the 3, 7, 14, 21, 30, 60, and 90 days moving average of antecedent precipitation averaged over the upstream catchment, for 

Table 1 
List of stations with daily records during the period 1979–2013.  

No Station Location Upstream Area (km2) Period Missing days (% missing) 

Lat. Lon. 

1 Prang  7.98 -0.88 6355 1998–2006 367 (11.1) 
2 Bamboi  8.15 -2.03 134,200 1980–2006 5862 (59.4) 
3 Ekumdipe  8.47 -0.22 6810 1979–1995 3926 (63.2) 
4 Vonkoro  9.19 -2.71 111,500 1979–1992 4428 (86.6) 
5 Sabari  9.28 0.23 58,670 1995–2005 576 (14.3) 
6 Lama Kara  9.53 1.18 1560 1979–1982 398 (27.2) 
7 Nawuni  9.7 -1.08 92,950 1979–2007 25 (0.2) 
8 Porga  10.2 0.97 22,280 1979–1992 3070 (60) 
9 Yagaba  10.23 -1.28 10,600 1995–2006 2450 (55.9) 
10 Wiasi  10.33 -1.35 9500 1989–2006 3670 (55.8) 
11 Pwalagu  10.58 -0.85 63,350 1975–2007 5320 (53.9) 
12 Lawra  10.63 -2.91 93,820 1979–2007 4437 (45) 
13 Tiele  10.72 1.2 836 1979–1992 3437 (67.2) 
14 Nangodi  10.87 -0.62 11,570 2004–2007 35 (2.4) 
15 Dan  10.92 -3.65 6345 1979–1983 180 (9.8) 
16 Yarugu  10.98 -0.4 41,550 1998–2006 690 (21) 
17 Samboali  11.28 1.02 4560 1979–1983 436 (23.8) 
18 Samandeni  11.47 -4.47 4580 1979–1983 162 (8.8) 
19 Dakaye  11.78 -1.6 4540 1979–1983 5 (0.27) 
20 Yilou  13 -1.55 10,100 1979–1982 71 (4.8)  

S.H. Gebrechorkos et al.                                                                                                                                                                                              



Journal of Hydrology: Regional Studies 42 (2022) 101143

6

catchments smaller than 100 km2, and identified the duration of antecedent precipitation with maximum correlation with streamflow 
variability. The selection of smaller catchments is to reduce the impact of flow travel time and spatially variable precipitation in larger 
catchments, which will affect the relationship between antecedent precipitation and streamflow. We then used percentile thresholds as 
above to identify the start of meteorological and hydrological droughts, and calculated the time lag between them as a metric of 
propagation. 

3. Results 

3.1. Comparison of observed and modeled data 

The modeled streamflow data is compared with observed data using the methods described in Section 2.2. The performance of the 
model, in general, is very good (e.g. CC up to 0.96) and increases from daily to monthly time scale. Fig. 3 provides a summary map of 
the accuracy of the modeled data compared to station data at daily and monthly scales. Even though there is a high impact of large 
reservoirs and dams on the performance of the model, such as the Akosombo dam with a DOR of greater than 250 %, there is no clear 
relationship between the skill and DOR. The DOR ranges from 0.1 % to 552 %. The large reservoirs (> 2000 Mm3) show the highest 
DOR (>36 %) compared to the smaller reservoirs. 

The monthly correlation at the basin outlet (most southerly station in Fig. 3b) is 0.2 because of the significant influence of the 
Akosombo and other upstream dams that are not accounted for in the model, but generally increases upstream and where there are 
fewer dams. The DOR of the Akosombo dam is about 270 %, which is consistent with the known and significant impact on downstream 
flow. Similarly, the Pbias and RMSE are higher at the outlet but lower at stations with few or no dams upstream. For example, at station 
Tile (no upstream dam), the monthly CC, Pbias, and RMSE, and NSE are 0.89, 0.7 %, 4.3 m3s− 1, and 0.78, respectively. Moreover, for 
stations with the longest records and fewer data gaps, the modeled data capture the daily and monthly low and high flows very well, as 
shown for stations Nuwani (Fig. 4a) and Bittou (Fig. 4b), with CC and NSE values of 0.91 and 0.83 and 0.85 and 0.63, respectively. The 
reservoir above the station Nuwani have a DOR of about 36 % suggesting that their influence on the downstream flows recorded at 
these stations is relatively low. Overall, the monthly CC and NSE for most of the stations are higher than 0.7 and 0.55, respectively, and 
the reservoirs above these stations have a DOR of less than 36 %. 

To evaluate the model performance for drought duration and severity, we identified seven stations with observed records of greater 
than 6 years (Fig. 5). The results indicate that the model does reasonably well in representing the average number of drought duration 
per drought event, but with a tendency to underestimate compared to the observations. This may be largely due to the impact of dams 
and reservoirs (e.g., because of the water storage and release for hydropower and diversion to agriculture), as well as uncertainties in 
the modelling. For example, at station Nawuni, the observed and modeled streamflow show average drought duration days of 66 and 
41 for moderate, 72 and 42 for severe and 51 and 30 for extreme droughts, respectively (Fig. 5). The presence of upstream dams is 
expected to impact the drought regime downstream. Nevertheless, the reliability of the modeled data for drought analysis will be 
significantly lower in catchments with upstream dams and therefore we show the results in this context (Sections 3.3 and 3.4). 

3.2. Simulated climatology of drought duration and severity 

The spatial distribution of simulated drought duration and severity, averaged over all identified drought events during 1979–2013, 

Table 2 
List of stations with observed monthly streamflow data during 1979–2013.  

No Station Stations Upstream Area (km2) Period Missing months (% missing) 

lat lon  

1 Bagre  11.25 -0.33 33,120 1979–1990 7 (4.9)  
2 Banzo  11.32 -4.82 2816 1979–1986 27 (28.4)  
3 Batie  9.98 -2.90 5630 1979–1985 3 (3.6)  
4 Bissiga  12.75 -1.15 16,965 1979–1985 3 (3.6)  
5 Bittou  11.18 -0.28 4050 1979–1985 10 (12)  
6 Boromo  11.78 -2.92 37,140 1979–1991 4 (2.6)  
7 Dapola  10.57 -2.92 66,540 1979–1991 0 (0)  
8 Diebougou  10.93 -3.17 12,200 1979–1986 15 (15.8)  
9 Manimenso  12.75 -3.40 20,000 1979–1983 0 (0)  
10 Niaogho  11.77 -0.75 30,200 1979–1985 7 (8.4)  
11 Nobere  11.43 -1.18 7600 1979–1990 3 (2.1)  
12 Noumbiel  9.68 -2.77 79,700 1979–1985 15 (18.1)  
13 Nwokuy  12.52 -3.55 14,800 1979–1988 0 (0)  
14 Ouessa  11.02 -2.82 50,820 1979–1986 8 (8.4)  
15 Senchi  6.20 0.10 394,100 1979–1984 0 (0)  
16 Tagou  11.15 0.62 5640 1979–1987 0 (0)  
17 Tenado  12.17 -2.82 23,700 1979–1985 0 (0)  
18 Wayen  12.38 -1.08 20,880 1979–1987 0 (0)  
19 Yakala  11.35 -0.75 33,000 1979–1984 15 (21.1)  
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Fig. 3. Maps of evaluation statistics at daily (left) and monthly (right) scale for (a, b) correlation (CC), (c, d) Pbias (%), and (e, f) RMSE (m3s− 1) of 
modeled streamflow compared to the observations. Darker red colours indicate better performance for each statistic. Blue and black lines show 
major rivers and catchments boundaries, respectively. 
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is shown in Fig. 6. The average drought duration is higher in the far south and northern parts of the basin for all threshold levels. 
Moderate drought durations (Fig. 6a) are lower (30–60 days) in the central part (8◦N to 11◦N) but higher (80–130 days) in the north, 
north-eastern and southern parts of the basin. Similarly, a lower number of severe (Fig. 6b) and extreme (Fig. 6c) drought durations 
(20–60 days) are simulated in central parts of the basin and increases towards the southern and northern parts of the basin (50–100 
days). Moving from moderate to extreme droughts, drought duration decreases as expected but with hotspots of high drought dura
tions persisting in the far north and south. 

The normalised severity (severity divided by mean annual daily flow), is higher in the north and south-east (Fig. 6d-f), generally 
reflecting the spatial distribution of the drought duration but with also a west-east gradient with higher severity in the east. The 
severity for moderate droughts (Fig. 6d) is lower in large parts of the Black Volta and increases towards the northern part of the basin. 
The severity is higher in the Lower Volta, Oti River, and large parts of the White Volta, which shows an increase from the west to the 

Fig. 4. Example time-series of observed and modeled streamflow at selected stations with long observational records: (a) Nawuni with available 
daily data, (b) Bittou with available monthly data. 

Fig. 5. Observed and modeled average drought duration (days) for moderate (a), severe (b), and extreme (c) droughts for selected stations with 
adequate observational data. 
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east part of the basin. For severe droughts (Fig. 6e), similar to moderate droughts, the north part of the Black Volta, Lower Volta and 
the Oti River show a higher severity compared to the rest of the basin. Moreover, the Lower Volta and Oti River show a higher severity 
for extreme droughts compared to the Black and White Volta (Fig. 6f). In general, there is a tendency for longer drought durations and 
higher severity for river reaches with larger upstream areas, which is expected given the lower variability of flows (Fig. 6g-i). 

Total severity normalized by upstream catchment area is lower in the upper part of the basin (< 0.25 m3s− 1/km2) and increases 
towards the Lower Volta (up to 5 m3s− 1/km2) with an increase in drainage area. For moderate (Fig. 6g), severe (Fig. 6h), and extreme 
(Fig. 6i) droughts, a large part of the Oti River shows the maximum severity (3–5 m3s− 1/km2) compared to the White and Black Volta. 

Fig. 6. Modeled average drought durations (a-c, days/event) and normalised severity (d-f, severity normalised by mean annual daily flow (MAF 
m3s− 1/ m3s− 1)) and total severity (g-i, total severity normalised by catchment area (m3s− 1/km2)) for moderate (Q70), severe (Q80), and extreme 
(Q90) droughts during the period 1979–2013. Black lines show catchment boundaries. 
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Compared to moderate and severe droughts, the total severity for extreme droughts is lower in the White and Black Volta, with the 
maximum severity (up to 2 m3s− 1/km2) in the Oti River and Lower Volta. 

Fig. 7 shows the same data as scatter plots and highlights the strong relationship between severity and catchment area, i.e. droughts 
are more severe in larger catchments as the flows are generally higher. The figure also shows the normalized severity (severity divided 
by MAF) versus catchment size, to account for this relationship, and shows that this becomes closer to a constant value (although 
dependent on the drought threshold) for catchments larger than about 2000–3000 km2 (Fig. 7b). For smaller catchments, there is more 
diversity in values, which likely reflects the much higher variability of flows. Drought duration tends to vary for larger catchments 
from about 30–60 days depending on the threshold with a large range in values (from 30 to more than 120 days) in smaller catchments 
(Fig. 7c). 

3.3. Trends in drought duration and severity 

The trend analysis shows spatially varying trends over 1979–2013 in moderate, severe, and extreme drought duration and severity, 
with statistical significance in a few areas (Fig. 8). Relative to the long-term mean (Fig. 6a-c), the upper part of the White Volta and the 
Oti River show a decreasing trend in moderate and severe drought durations of up to 5% per drought event. Conversely, large parts of 

Fig. 7. (a) Upstream catchment area versus modeled total drought severity, (b) normalized severity (severity divided by MAF) versus catchment 
area, (c) drought duration versus catchment area for all river reaches for moderate (Q70), severe (Q80), and extreme (Q90) droughts during the 
period 1979–2013. 
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Fig. 8. Percentage of change, relative to the long-term mean (1979–2013), in moderate (Q70), severe (Q80) and extreme (Q90) drought duration 
and severity. The trend significance indicates significant increasing (1) and decreasing (− 1) and non-significant (0) trend at P-value < 0.05. 
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the Lower and Black Volta and downstream of the White Volta show an increasing trend up to 1% per event. The decreasing trends in 
moderate drought durations in upstream parts of the White Volta and Oti River are statistically significant. The number of extreme 
drought duration days shows an increasing trend (up to 2.5% per event) in the upper parts of the White Volta and Oti River and large 
parts of Lower Volta, and a decreasing trend (up to 5% per event) in the Black Volta, which are significant in a few places. 

Drought severity shows decreasing and increasing trends (up to ± 20% per event), significant in a few places, in the upper and 
lower parts, respectively, of the White Volta, Black Volta and Oti River, for moderate and severe droughts. The Lower Volta shows an 
increasing trend (up to 20% per event) for moderate, severe and extreme droughts. For severe droughts, a large part of the basin shows 
an increasing trend of severity, whereas the upper part of the Black Volta shows a decreasing trend of up to 20% per event. In general, 
drought durations and severity have decreased in the upper basin and increased in the lower basin, particularly for moderate and 

Fig. 9. Drought duration (days) in moderate (a), severe (b), and extreme (c) droughts averaged over the period 1980–1990 (1980 s), 1991–2000 
(1990 s), and 2001–2010 (2000 s). Black lines are catchment boundaries. 
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severe droughts, whilst extreme droughts have become longer and more severe in the northeast. 
In reality, the trends in many areas will likely be impacted by the presence and operation of upstream dams, for which there tends to 

be a higher observed drought duration and severity compared to the modeled data. 

3.4. Decadal variability in drought duration and severity 

Even though there are increasing and decreasing trends in drought duration and severity, there is high decadal variability across the 
time period. To assess this variability, we calculated the drought statistics over three decades: 1981–1990 (1980 s), 1991–2000 

Fig. 10. Normalised drought severity (m3s− 1 / m3s− 1) of moderate (a), severe (b), and extreme (c) droughts averaged over the periods 1981–1990 
(1980 s), 1991–2000 (1990 s), and 2001–2010 (2000 s). Black lines are catchment boundaries. 
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(1990 s), and 2001–2010 (2000 s). The result shows large differences in drought duration and severity between the three decades, with 
spatial variability in the drought characteristics in different decades (Figs. 9 and 10). Moderate drought duration is higher during the 
1980 s and 2000 s in northern Volta compared to the 1990 s (Fig. 9). The White Volta shows an increasing tendency from the 
1980–2000 s, and the Black and Lower Volta basins show high variability between the three decades. The maximum number of 
moderate droughts (100–130 days) is observed in southern and northern Volta during each decade. Similar to moderate droughts, 
severe droughts show a high number of drought durations in the north and south part of Volta, with a reduction during the 1990 s and a 
maximum of up to 100–130 days in the other decades. The duration of extreme droughts is also lower in the 1990 s, particularly in the 
Lower Volta, Oti River and White Volta. 

The normalised severity similarly shows spatial and temporal variability across the three time periods (Fig. 10). Moderate drought 
severity is higher in the Black Volta, Lower Volta and Oti compared to the White Volta in the 1980 s. However, moderate drought 
severity in the Black Volta is lower during the 1990 s and 2000 s. The Oti River and Lower Volta show a higher severity in all periods. In 
the 1990 s, the severity for severe and extreme droughts is lower in a large part of the Volta compared to the 1980 s and 2000 s. In 
general, the Oti River and Lower Volta showed a higher severity in all periods compared to the White Volta. 

3.5. Streamflow-precipitation relationship and drought propagation 

The correlation with streamflow increases from 1- to 30-days and decreases thereafter. The correlation varies depending on the 
climate and upstream catchment area. In wetter and larger catchments (9000–16000 km2), the correlation is very high (from 0.74 to 
0.84) compared to drier and smaller catchments (130–4500), with correlations from 0.65 to 0.71 for 30-day antecedent precipitation 
(Fig. 11a). An example is provided in Fig. 11a for 12 river reaches selected from White Volta, Black Volta, Oti River, and Lower Volta, 
which shows that the highest correlation is for a 30-days average. The location of the 12 river reachs (River ID) is provided in the 
suplimentary material (SFig. 1). Moreover, there is a clear propagation from meteorological drought to hydrological drought. Using 
the same threshold level for the 30-day average precipitation, on average the propagation to streamflow droughts start two weeks after 
the start of the meteorological drought (Fig. 11b), but this varies depending on the season (wet versus dry) and length of the mete
orological drought. Fig. 11b also shows negative lag values indicating streamflow drought starts before meteorological droughts. 
Longer meteorological droughts increase the duration and severity of streamflow droughts. During wetter months, streamflow 
droughts can start up to a month after meteorological droughts. During dry months, however, the lag is much smaller with hydrological 
droughts starting quickly (1 – 10 days) after meteorological droughts. 

4. Discussion 

4.1. Uncertainties in the modeled streamflow 

One of the main challenges in assessing and understanding drought in the region is the limited availability of high-quality, 

Fig. 11. (a) Temporal correlation of daily streamflow and 3, 7, 14, 21, 30, 60, and 90 days average precipitation, and (b) propagation of mete
orological to hydrological droughts for moderate drought (Q70) and for selected river reaches (River ID) from Black, White, Oti and Lower Volta. 
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measured hydro-climate data to allow long-term analysis and especially across different scales down to the catchment level (van 
Huijgevoort et al., 2013). Hydrological models driven by the most accurate meteorological forcing, developed from a combination of 
remote sensing, climate model and observations, are a plausible alternative to represent regional terrestrial water cycles for drought 
analysis (van Huijgevoort et al., 2013). Here we used reliable and widely used meteorological forcing datasets available at a high 
spatial and temporal resolution and for multiple decades to drive a widely applied and tested hydrological model. Nevertheless, there 
are several uncertainties in the modelling approach, which affect the results and their interpretation. 

Hydrological droughts are strongly modified by natural conditions such as land cover and soil type, as well as human activities such 
as changes in land use, storage and redistribution of water, which influence the propagation of precipitation through the hydrological 
system and modify drought characteristics (Van Loon et al., 2016). In the Volta basin, the increase in water storage and abstraction by 
riparian countries to meet demand has driven water stress, streamflow droughts and competition over water resources (van de Giesen 
et al., 2001; Mul et al., 2015). These management activities, including the numerous dams and associated reservoirs across the basin, 
which show a DOR of between 0.1% and 500%, are not represented in the version of the VIC model used here. Therefore, the skill of the 
model in representing actual streamflow, particularly in major rivers of the White, Black, Oti, and Lower Volta (Fig. 1), is affected by 
the presence of these hydraulic structures and their impact on streamflow. Nevertheless, the model captures the overall variability and 
does reasonably well in representing the characteristics of hydrological drought at stations with adequate observed data records and 
with fewer upstream dams. Taking one of the stations, Nawuni (catchment area = 93,000 km2), with the longest record, a low number 
of data gaps, and a large number of upstream dams and reservoirs (DOR=40%), the daily and monthly correlation is higher than 90% 
and the mean duration for moderate, severe, and extreme droughts shows an average under-estimation of about 20 days. Given the 
mean drought duration of about 40–60 days from the model, this under-estimation is significant and is likely influenced by the lack of 
representation in the model of upstream water abstraction and water holding by the dams. In basins with significant human impacts, it 
is therefore not possible to model drought events with confidence, and a new framework is required to assess droughts that takes into 
account (often unknown) dam operations and water abstraction (Van Loon et al., 2016). 

The input climate data, particularly precipitation, provide additional uncertainties. Although there have been no specific evalu
ations of MSWEP for the Volta basin that we are aware of, it is likely suitable for this application given evaluations for other regions and 
globally. Several studies have evaluated MSWEP in terms of its reliability as compared to station data and against other gridded 
datasets, but also in how well streamflow observations are simulated when used to force a hydrological model, which is of interest 
here. MSWEP captures extreme events in different climate regions and generates streamflow data (including high and low flows) with 
higher accuracy compared to other satellite-based precipitation datasets (Tang et al., 2019) and provides the highest daily correlation 
globally (Beck et al., 2016). In addition, MSWEP was found to produce reliable streamflow in the Nile basin in Ethiopia (Lakew, 2020) 
and globally (Lin et al., 2019). Furthermore, VIC has a large number of parameters, with the most sensitive ones for runoff generation, 
such as the infiltration curve and soil thickness parameters, which are somewhat constrained by calibration to the overall streamflow 
regime, but not necessarily to the low flows. These may be driven by groundwater sources, which are not well represented in the 
model. Additional uncertainties in other parameters will contribute to the overall uncertainties. 

4.2. Spatial distribution and propagation of drought 

The results show diversity in drought characteristics across the basin. Drought duration days are higher in the north for all 
threshold levels, which reflects the north-south climate gradient, with streamflow conditions persisting in relatively drier states for 
longer in the drier conditions of the north. The variability in severity is mainly due to the size of the catchment but will also be 
influenced by the temporal variability in precipitation which is lower in the north and higher in the south. Drought duration varies 
from place to place due to many local factors such as air temperature, precipitation, soil type, topography, and antecedent conditions 
that will determine the persistence of anomalies in precipitation as they propagate through the hydrological system. In particular, 
differences in the temporal variability of precipitation across the basin will drive differences in drought duration (Sheffield et al., 2004) 
with low variability in the drier north leading to longer droughts, and vice-versa in the wetter, more variable south. The differences in 
seasonal variability in precipitation may also play a role with the distinct dry season in the north potentially influencing drought 
duration by extending drought conditions that emerge in the wet season. In the south, the year round precipitation provides an op
portunity to recover droughts that emerge in the wetter part of the year. The hotspot of longer droughts and maximum severity in the 
southeast may be related to the observed increase in dry spell days and decreasing trend in precipitation extremes, such as heavy and 
very heavy rainfall days (Klassou and Komi, 2021). The distribution of severity is more complex and depends on how it is normalized, 
but generally follows the pattern of drought duration when normalized by MAF, and a northwest to southeast gradient when 
normalized by area. 

We assessed the relationship between precipitation and streamflow by identifying the time scale of antecedent precipitation (from 1 
to 90 days mean) that correlated most strongly with streamflow for all river reaches and found the highest correlation for the 30-day 
mean. For streamflow drought, in particular, we found a clear propagation from meteorological to hydrological drought with an 
average lag-time of two weeks although with large variation (1–45 days) depending on the climate (wet or dry) and upstream 
catchment size. In general, there is a strong relationship between meteorological and hydrological droughts in arid and semi-arid areas 
(Peters et al., 2006; Vidal et al., 2010; Van Loon and Laaha, 2015) with lag times similar to this study. The relationship shown here for 
the Volta is weaker in smaller and drier catchments, which indicates the additional complexity of the propagation that may also be 
seasonally dependent. Other catchment characteristics (e.g., elevation, soil type, geology and land cover) and processes modulate the 
partitioning of precipitation into evapotranspiration and runoff, and the translation into streamflow, and importantly in the context of 
drought, the generation of subsurface flows that can maintain streamflow during meteorological drought (Chiverton et al., 2015; 
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Tijdeman et al., 2018; van Oel et al., 2018; Van Tiel et al., 2021). This includes the dynamics of soil-water content and groundwater 
storage (Hughes, 1998) that are influenced by soil and aquifer characteristics, and the connection to the stream network. Groundwater 
droughts will have a longer lag time (e.g. 45 days, Li et al., 2018) caused by the delay in recharge and residence time in the aquifer. 

4.3. Drivers of changes in streamflow drought 

We found high temporal variability in drought duration and severity across the Volta basin during 1979–2013. The maximum 
severity occurred in the 1980 s, which is in line with known climate variability and the decrease in precipitation in the 1970–1980 s. 
The 1980 s were the driest decade in West Africa compared to the period of 1901–1970 (Nicholson and Palao, 1993) and more than 90 
% of the basin faced extreme metrological drought (van de Giesen et al., 2010; Kasei et al., 2009), which led to food insecurity for more 
than 50% of the population (Kasei et al., 2009). 

Studies have indicated that the droughts in the Sahel region in the 1970 s and 1980 s were influenced by anthropogenic warming, 
which caused a shift in sea surface temperatures (SST) in the Indo-Pacific oceans and tropical Atlantic (Park et al., 2016). For example, 
SST-based indices such as ENSO, Atlantic Niño, and Tropical Indian Ocean (TIO), tend to show the largest connection to the variability 
in streamflow extremes across West Africa (Chun et al., 2021). In addition, increasing SSTs in the Gulf of Guinea and South Atlantic 
Ocean have been associated with droughts, which is a common feature in the tropics (Rowell et al., 1995; Hoerling et al., 2006). A clear 
link between droughts and Indian Ocean warming has also been shown for the region over the period 1950–1990 (Hoerling et al., 
2006) and this is expected to lead to increased droughts in the 21st century with warming of the Indian Ocean. 

4.4. Implications and Future Changes 

Overall, the model data show an increasing trend in streamflow drought in the Lower Volta, and a decreasing trend in the 
northeastern part of the basin, which is in part a rebound from the dry conditions of the 1980 s (Trenberth et al., 2007). In the Volta 
and West Africa in general, the amount and duration of daily precipitation has declined since the 1970 s and led to an increase in 
moderate and severe drought durations (Kasei et al., 2009; Oguntunde et al., 2017; Owusu et al., 2008). Future climate projections for 
the Volta Basin indicate an increase in the magnitude and frequency of droughts (Oguntunde et al., 2020). This will further impact 
water availability for agriculture, energy and other public needs, and will be aggravated by the projected increase in population and 
related demand for water for agriculture, energy and food production (IPCC, 2013). In the Volta basin, more than 90% of the agri
cultural land is rainfed and managed by smallholder farmers (Kasei et al., 2009), which makes it more susceptible to the projected 
change and variability in climate. 

5. Summary and conclusion 

Droughts are one of the main challenges in Africa affecting the agriculture and energy sectors, and livelihoods of millions of Af
ricans, particularly those in rural areas which mainly depend on rain-fed agriculture. Due to its natural complexity, however, it is very 
difficult to manage, monitor and mitigate drought and its impacts. The impact of droughts is exacerbated due to the lack of water 
storage infrastructure and limited knowledge and up to date information on their changes and variability and links to climate drivers. 
As a basis to effectively manage and monitor droughts at a basin and sub-catchment level, we provided a detailed analysis of variability 
and changes in droughts based on streamflow data simulated using the VIC and RAPID modelling system for 10,300 river reaches. The 
application of a high-resolution hydrological modelling framework has allowed the assessment of changes and variability in drought 
duration and severity at a much finer scale than previous studies in the region, which helps to identify hotspot areas of drought hazard, 
which can inform the development of adaptation measures accordingly. 

Based on the simulated flow, drought duration days and severity showed high variability in space and time through the three 
decades of analysis. The number of drought duration days are higher in the north and south and lower in central parts of the basin. The 
Oti River and Northern Volta show the highest severity, compared to the Black, White, and Lower Volta. Drought duration and severity 
was generally higher in the 1980 s. Drought duration and severity generally decreases in the north and northeastern parts of the basin 
since the 1980 s and increased in the lower part. The observed increase in the south (up to 2.5% per event) and decrease (up to 5% per 
event) in the north in drought duration days might not cause a significant impact on the agriculture, water supply and energy sectors. 
However, the change in severity, which is up to − 20% per event in the Lower Volta, might cause an impact on the hydroelectric (e.g., 
Akosombo dam) and irrigation dams. On the other hand, existing and planned irrigation and multipurpose dams in the upper part of 
the Black and the north part Volta, in general, will benefit from the decrease in severity as a result of the increase in precipitation. In 
general, considering the importance of the basin for water supply, irrigation and energy for the six countries that share the basin, these 
changes have implications for how water resources are managed in the basin, including the need for early warning strategies to reduce 
the environmental and socio-economic impacts of drought. 
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