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Abstract. Groundwater provides an important buffer to cli-

mate variability in Africa. Yet, groundwater irrigation con-

tributes only a relatively small share of cultivated land, ap-

proximately 1 % (about 2× 106 hectares) as compared to

14 % in Asia. While groundwater is over-exploited for irriga-

tion in many parts in Asia, previous assessments indicate an

underutilized potential in parts of Africa. As opposed to pre-

vious country-based estimates, this paper derives a continent-

wide, distributed (0.5◦ spatial resolution) map of ground-

water irrigation potential, indicated in terms of fractions of

cropland potentially irrigable with renewable groundwater.

The method builds on an annual groundwater balance ap-

proach using 41 years of hydrological data, allocating only

that fraction of groundwater recharge that is in excess after

satisfying other present human needs and environmental re-

quirements, while disregarding socio-economic and physical

constraints in access to the resource. Due to high uncertainty

of groundwater environmental needs, three scenarios, leaving

30, 50 and 70 % of recharge for the environment, were im-

plemented. Current dominating crops and cropping rotations

and associated irrigation requirements in a zonal approach

were applied in order to convert recharge excess to potential

irrigated cropland. Results show an inhomogeneously dis-

tributed groundwater irrigation potential across the continent,

even within individual countries, mainly reflecting recharge

patterns and presence or absence of cultivated cropland. Re-

sults further show that average annual renewable groundwa-

ter availability for irrigation ranges from 692 to 1644 km3 de-

pending on scenario. The total area of cropland irrigable with

renewable groundwater ranges from 44.6 to 105.3× 106 ha,

corresponding to 20.5 to 48.6 % of the cropland over the con-

tinent. In particular, significant potential exists in the semi-

arid Sahel and eastern African regions which could support

poverty alleviation if developed sustainably and equitably.

The map is a first assessment that needs to be complimented

with assessment of other factors, e.g. hydrogeological con-

ditions, groundwater accessibility, soils, and socio-economic

factors as well as more local assessments.

1 Introduction

Irrigation expansion is seen as a significant leverage to food

security, livelihoods, rural development, and agricultural and

broader economic development in Africa, especially in sub-

Saharan Africa (SSA). National and regional (CAADP, 2009;

NEPAD, 2003) policies and plans stress irrigation develop-

ment, and more broadly sustainable land and water manage-

ment, as a key component to poverty alleviation and gains in

food productivity.

FAO (2005) assessed the potential for irrigation develop-

ment1 in Africa to be 42.5× 106 ha, corresponding to 20.1 %

of the cultivated area or 5.7 % of the cultivable land. While

still playing a secondary and minor role in national and re-

1Definition of irrigation potential in FAO (2005): area of land

(ha) which is potentially irrigable. Country/regional studies assess

this value according to different methods – for example some con-

sider only land resources suitable for irrigation, others consider land

resources plus water availability, and others include in their assess-

ment economic aspects (such as distance and/or difference in eleva-

tion between the suitable land and the available water) or environ-

mental aspects, and so forth.
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gional plans, groundwater is increasingly included as a viable

and suitable supplementary or sole source to develop for irri-

gation along with traditional surface water resources (MoAC,

2004; MoFA and GIDA2, 2011; MoFED, 2010; MoIWD,

2005; MoWEA, 2013). This is explained by evidence that

farmers progressively embrace groundwater irrigation (GWI)

spontaneously and with own investments where conditions

permit (Villholth, 2013) and the notion that the groundwater

resources in Africa generally are plentiful as well as under-

utilized (MacDonald et al., 2012).

Groundwater irrigation presently covers around 2× 106 ha

in Africa, equivalent to 1 % of the cultivated land3 (Siebert

et al., 2010). In Asia, similar figures amount to 38× 106 ha

or 14 % of cultivated land (Siebert et al., 2010). Hence, it

is fair to assume that there is appreciable scope for fur-

ther developing GWI in the continent. Barriers to an expan-

sion of groundwater-based irrigation in Africa, and in par-

ticular SSA, include lack of knowledge of the resource and

best options for sustainable development. So, while present

levels of development are comparatively low and most de-

velopment occurs in the informal sector (Villholth, 2013),

progress towards greater and long-term benefits need to be

informed by estimations of upper limits for sustainable de-

velopment and most appropriate geographic areas for devel-

opment. The need for qualified estimates of groundwater irri-

gation potential (GWIP) is recognized at the national (MoFA

and GIDA, 2011; Awulachew et al., 2010) as well as regional

scale (MacDonald et al., 2012). Qualitative, relative ground-

water potential was mapped for Ethiopia by MacDonald et

al. (2001), however, with no specific focus on the potential

for irrigation. You et al. (2010) estimated the potential con-

tribution from small-scale irrigation (including ponds, small

reservoirs, rainwater harvesting, and groundwater) in Africa

to be 0.3 to 16× 106 ha based on a continental distributed

mainly economic multi-criteria analysis at a 5 min. resolu-

tion. Pavelic et al. (2012, 2013) afforded a relatively sim-

ple water balance approach to provide country or catchment

scale estimates, respectively, of gross GWIP in terms of ir-

rigable cropland, taking into consideration the crop irriga-

tion water needs and disregarding existing irrigation devel-

opment. Water available for irrigation was constrained by re-

newable groundwater resources, priority demands from do-

mestic, livestock, industrial uses as well as environmental

requirements. They determined the GWIP of 13 semi-arid

countries in SSA to be in the range of 13.5± 6.0× 106 ha,

or between 0.1–3.9× 106 ha per country. While the previous

estimations of GWIP in Africa were continental (You et al.,

2010), national (Pavelic et al., 2013), or sub-national (Pavelic

2In the Ghana National Irrigation Policy, groundwater irrigation

falls under the category “informal irrigation”.
3Cultivated land and cropland are here used interchangeably,

to mean the combined arable land area and the area under per-

manent crops (http://www.fao.org/nr/water/aquastat/data/glossary/

search.html?lang=en).

et al., 2012) in scope, the present paper builds on the latter

approach providing a fully distributed and consistent assess-

ment of the gross GWIP for the entire continent at a grid

scale of 0.5◦. The concept of the approach is to map crop area

that can be irrigated with locally renewable groundwater re-

sources at a continental and distributed scale. By doing so, re-

gional differences across the continent become conspicuous

and variability within the countries also becomes apparent.

The extent and distribution of GWIP is subsequently com-

pared with the existing GWI extent and distribution across

Africa to determine net GWIP, i.e. areas and regions with

high and low residual GWIP. Finally, the limitations and un-

certainties related to the methodology are assessed and dis-

cussed.

2 Methodology

Following the approach of Pavelic et al. (2013), the method-

ology assumes groundwater as the sole source of irriga-

tion water and hence gives an estimate of the area that

could potentially be irrigated by groundwater disregarding

any existing irrigation, whether from groundwater or surface

water. Importantly, the method considers sustainable GWI

from a resource perspective, i.e. the use of only renewable

groundwater for human needs (including irrigation) while

partially satisfying environmental requirements from this re-

newable resource. As a consequence, non-renewable (fos-

sil) groundwater is not considered available, preventing long-

term aquifer depletion.

The water balance assessment is based on a GIS analysis

and mapping with a final resolution of 0.5◦ assuming each

cell (about 50 km× 50 km) to be homogeneous and indepen-

dent of other cells, i.e. no lateral groundwater or irrigation

water flows occur between cells. For each cell, the GWIP

[L2] is calculated as the potential cropland area that the avail-

able groundwater resource can irrigate (Supplement):

GWIP=
GW Available

Irrig. Water Demandmax

, (1)

where groundwater availability [L3 T−1] is calculated as any

excess of groundwater recharge, considering other ground-

water demands from humans (domestic uses, livestock, in-

dustry) and the environment:

GW Available= GW Recharge−Human GW Demand

−Environ. GW Req. (2)

The gross irrigation water demand [L T−1], which represents

the groundwater abstraction needed to satisfy the deficit rain-
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fall and the irrigation losses, is determined by

Irrig. Water Demand

=

{∑n
i=1

([∑m
j=1(Crop Water Demand−Green Water)j

]
× [% of Area]i

)}
Irrig. Efficiency

. (3)

The crop water demand [L T−1], which represent the

monthly amount of water needed by the crop to grow opti-

mally during the months of its growing period, independently

of the water source and considering water as the only limiting

factor for optimal growth (FAO, 1986), is determined by:

Crop Water Demandj =Kc×E0,maxj
. (4)

The equation parameters are given as follows:

– E0,max [L] is the maximum reference evapotranspiration

for each calendar month.

– Kc [–] is the crop coefficient.

– Green Water [L T−1] is the water available for plants

naturally and indirectly from the rainfall through soil

moisture.

– % of Area [–] is the areal fraction of a specific crop

relative to the total crop area within a grid cell.

– n [–] is the number of crops grown within the grid cell.

– m [–] is the number of months of the year (12).

– Irrig. Efficiency [–] is the irrigation efficiency coeffi-

cient. It is used to express the fraction of groundwater

abstracted that is not lost along the water transport from

the abstraction point to the crop (FAO, 1989). The ex-

tracted groundwater quantity does not reach fully the

crops because of transport losses or losses in the field.

– GW Recharge [L3 T−1] is the net groundwater recharge.

It corresponds to the total quantity of water from rain-

fall which reaches the aquifer as diffuse recharge. Re-

turn flows from surface water irrigation and other forms

of artificial recharge as well as focused or induced

recharge from water surface bodies are disregarded.

– Human GW Demand [L3 T−1] is the groundwater use

for anthropogenic activities, such as domestic and in-

dustrial water supply and livestock watering. Domestic

and industrial water requirement are assumed to come

partly from groundwater while livestock watering is as-

sumed to be fully supplied by groundwater (see also

Sect. 3.3).

– Environ. GW Req. [L3 T−1] is the quantity of water

coming from groundwater, which is directly linked to

the environment for maintaining ecosystems. This in-

cludes river baseflow and groundwater influx to wet-

lands.

The proposed approach, taking annual water balances, yields

an estimate of GWIP with respect to historic hydrology when

considering the assessment over a number of years with vary-

ing rainfall and recharge over the continent. This is described

in more detail in the next section.

3 Data sources and preparation

3.1 Hydrological data

Data on recharge (GW Recharge, Eq. 2) and green water

(Green Water, Eq. 3) derive from model outputs from the

PCR-GLOBWB global hydrological model (Van Beek et al.,

2011; Wada et al., 2011). Data for Africa from a global simu-

lation with 0.5◦ spatial resolution for a recent 41-year period

(January 1960 to December 2000) have been used (including

Madagascar, but excluding the smaller islands of Comoros,

Mauritius, Seychelles and Cape Verde). The model calcu-

lates for daily time steps the water storage in two vertically

stacked soil layers and an underlying groundwater layer, as

well as the water exchange between the layers and between

the top layer and the atmosphere (rainfall, evaporation and

snow melt). The model also calculates canopy interception

and snow storage. During the simulation period, land cover

changes are not taken into consideration. For the green water

availability, the sum of the simulated actual transpiration of

the two soil layers under non-irrigation conditions (i.e. natu-

ral vegetation and rainfed crops) was used (Van Beek et al.,

2011). This conservative approach, effectively reducing pre-

cipitation for surface runoff, percolation, soil evaporation and

interception, gives a measure of easily available soil mois-

ture for the plants, and ensures that the availability of wa-

ter for the crops is not overestimated. This approach is in

agreement with the green water definition by Savenije (2004)

and the productive green water definition by Falkenmark and

Rockström (2006), who define transpiration as the productive

component of the green water, which is involved in biomass

production in terrestrial ecosystems as opposed to the unpro-

ductive part attributable to soil evaporation (Supplement).

3.2 Crop and irrigation data

The necessary crop data to calculate irrigation water demand

(Irrig. Water Demand, Eq. 3) relate to the crop distribution

across the continent, the crop calendar over the year, encom-

passing one or a maximum of two crops per year for any area,

and the annually accumulated monthly crop water demand

for each crop in each cell. For the crop distribution, data for

the 2000 crop distribution have been used (Monfreda et al.,

2008; Ramaunkutty et al., 2008). Figure 1 shows the crop-

land (217× 106 ha) distribution in Africa. This includes the

cultivated (i.e. harvested) cropland and non-cultivated crop-

land in 2000.

Six major irrigated crop groups, accounting for an av-

erage of 84 % of the total harvested cropland in 2000

www.hydrol-earth-syst-sci.net/19/1055/2015/ Hydrol. Earth Syst. Sci., 19, 1055–1067, 2015
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Figure 1. Proportion of cropland per cell (0.5 x 0.5 degree) in 2000

(Ramankutty et al., 2008).

(165.7× 106 ha) over the continent, were considered (Ta-

ble 1).

These include: cereals, oil crops, roots, pulses, vegetables

and sugar crops (sugarcane mostly in Africa). The propor-

tion of the land area occupied by the different crop groups is

shown in Fig. 2. It is assumed that the cropping pattern is not

influenced by introduction of groundwater. While it is known

that smallholder GWI may preferentially be applied to higher

value crops (like vegetables) in SSA (Villholth, 2013) and

that the dominant crops in irrigated and rainfed agriculture

differ from region to region in Africa (Portmann et al., 2010),

no data on the larger scale and distributed impact of crop pat-

tern change as a result of GWI exist.

In certain areas, the aggregated crop group areas accounted

for more than 84 % of the harvested cropland. This is because

double cropping occurs. Hence, in order to ensure that double

cropping does not entail exaggerated cropland areas, the crop

group areas were downscaled by cell-by-cell factors, making

the aggregated crop group area for those cells equal to 84 %

of the harvested cropland.

For the crop calendar, Africa can be divided into 23 irri-

gation cropping pattern zones, within which crop calendar,

irrigation method and cropping intensity can be assumed to

be homogeneous within the cropland (FAO, 1997) (Fig. 3).

This subdivision is applied in this study.

The crop calendar data have been extracted from the FAO

crop calendar4 and other sources (FAO, 1992, 1986) and

compiled into a calendar per crop group done for each irri-

gation cropping pattern zone. The calendar indicates the spe-

cific crops present in the group for each irrigation cropping

pattern zone (Supplement). Up to two specific crops from the

4http://www.fao.org/agriculture/seed/cropcalendar/welcome.do

(last access: 31 March 2014).

Table 1. Areal proportion of crop groups cultivated in Africa for the

year 2000, adapted from Monfreda et al. (2008).

Type of crop Area (106 ha) Proportion ( %)

Cereals 79.4 47.92

Oils 19.6 11.83

Roots 17.8 10.74

Pulses 16.3 9.84

Vegetables 4.4 2.66

Sugar crops 1.4 0.84

Fruit 8.4 5.07

Forage 3.7 2.23

Fiber 4.2 2.53

Tree nuts 1.3 0.78

Other crops 9.2 5.56

Total 165.7 100 %

same crop group can be cultivated per year on the same crop-

land and allows year-round cropping and an annual cropping

rotation.

The monthly crop water demand for each crop group is de-

termined by Eq. (4), using the maximum monthly reference

evapotranspiration for each calendar month over the period

1960–2000 and crop coefficient (Kc) as determined in the

Supplement. Growth periods and corresponding Kc values

for the various crops are extracted from the literature (FAO,

1992, 1986) and are assumed to be constant over the 41-year

period while the reference evapotranspiration data are ex-

tracted from inputs to the PCR-GLOBWB global hydrologi-

cal model. Since the crop calendar includes entries with more

than one specific crop for a crop group (e.g. millet/wheat for

cereals) and they have similar, but not equal monthly water

demands (Supplement), a conservative approach is applied,

whereby the larger figure for the crops has been applied, un-

less the difference between them is equal to or more than

0.05 and 0.1, in which case the larger coefficient is reduced

by 0.01 or 0.02, respectively. The reason for applying the

conservative approach is to ensure that the GWIP is not over-

estimated.

The irrigation efficiency (Irrig. Efficiency, Eq. 3) takes into

consideration the water lost during the irrigation path from

the water abstraction point to the water reaching the plants.

Water losses occur mainly during water transport (i.e. pipe

leakage or evaporation/leakage in open canals) and in the

field (i.e. water running off the surface or percolating past

the root zone). Each irrigation cropping pattern zone has an

irrigation efficiency coefficient based on figures found in the

literature, type of crops irrigated and intensification level of

the irrigation techniques (FAO, 1997) (Table 2). The coef-

ficient is mainly based on surface water irrigation and it is

here assumed applicable to GWI. This assumption implies

a conservative estimate of GWIP as open canal water trans-

port from rivers or lakes is typically found to be less efficient

Hydrol. Earth Syst. Sci., 19, 1055–1067, 2015 www.hydrol-earth-syst-sci.net/19/1055/2015/
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Figure 2. Proportion of crop group area per cell (0.5◦× 0.5◦) cultivated in 2000 of the six largest crop groups (adapted from Ramankutty et

al., 2008).

Figure 3. Delineation of the 23 irrigation cropping pattern zones in

Africa (based on FAO, 1997; http://www.fao.org/geonetwork/srv/

en/main.home, last access: 1 April 2014).

than groundwater, which is abstracted more locally and in a

distributed fashion (Foster and Perry, 2010).

3.3 Other groundwater uses

Irrigation is only one of the groundwater uses and it is nec-

essary to take into account the other anthropogenic and envi-

ronmental groundwater uses. They are divided into four cat-

egories: domestic, industrial, and livestock demands as well

as environmental requirements. Irrigation from groundwater

is possible only after the groundwater demands of these uses

have been satisfied.

Groundwater demand of anthropogenic activities is calcu-

lated for each cell using the density map of population and

livestock from 2000 (FAO, 2007a, b) and data in Table 3.

Domestic, industrial and livestock water demand is assumed

constant over the period 1960–2000.

The environmental groundwater requirement remains

highly uncertain. To account for this, three scenarios have

been applied: with environmental groundwater requirements

representing 70 % (Scenario 1), 50 % (Scenario 2), and 30 %

(Scenario 3) of the recharge, respectively over the continent

(Pavelic et al., 2013).

www.hydrol-earth-syst-sci.net/19/1055/2015/ Hydrol. Earth Syst. Sci., 19, 1055–1067, 2015
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Table 2. Irrigation efficiency dependent on irrigation cropping pattern zone (FAO, 1997).

Irrigation

cropping

pattern zone

Number

Zone name Irrigation

efficiency

(%)

1 Mediterranean coastal zone 60

2 Sahara oases 70

3 Semi-arid to arid savanna West-East Africa 50

4 Semi-arid/arid savanna East Africa 50

5 Niger/Senegal rivers 45

6 Gulf of Guinea 50

7 Southern Sudan 50

8 Madagascar tropical lowland 50

9 Madagascar highland 50

10 Egyptian Nile and Delta 80

11 Ethiopian highlands 50

12 Sudanese Nile area 80

13 Shebelli–Juba river area in Somalia 50

14 Rwanda – Burundi – Southern Uganda highland 50

15 Southern Kenya – Northern Tanzania 50

16 Malawi – Mozambique – Southern Tanzania 45

17 West and Central African humid areas 45

18 Central African humid areas below equator 45

19 Rivers effluents on Angola/Namibia/Botswana border 50

20 South Africa – Namibia – Botswana desert & steppe 65

21 Zimbabwe highland 60

22 South Africa – Lesotho – Swaziland 60

23 Awash river area 50

Table 3. Other groundwater uses (adapted from Pavelic et al., 2013).

Portion assumed

Daily water to come from

Uses/unit need (L) groundwater (%)

Domestic Inhabitant 50 75

Industrial Inhabitant 25 75

Livestock

Big ruminant 40 100

Small ruminant 20 100

Pig 30 100

Poultry 0.2 100

4 Calculation of groundwater irrigation potential

The GWIP (Eq. 1) is calculated using the maximum annual

estimate of irrigation water demand (Irrig. Water Demand)

over the 1960–2000 period for each cell. Hence, a conserva-

tive estimate of the irrigation potential is obtained. However,

rather than equally using the maximum values of ground-

water availability (GW Available), a constant averaged an-

nual value of this parameter was used. This in essence corre-

sponds to smoothing out the variability in groundwater avail-

ability (and recharge) and accounting for the buffering ef-

fect of the resource. Hence, in low groundwater availability

years, regular water availability is assumed. If the average

GW Available is negative in a cell (due to persistent low

recharge years or high human and environmental demand),

the availability is set to zero for that cell.

For the Irrig. Water Demand (Eq. 3), annual values were

processed from aggregated monthly data of crop water de-

mand for the individual crop groups within each cell, after

reducing by available green water for each particular month.

The share of each crop group within the crop group area is

accounted for (% of Area, Eq. 3). Since for each crop group,

up to two specific crops can be grown in rotation on the

same area but never concurrently (Supplement), the number

of crops (n, Eq. 3) in this case refers to the number of crop

groups, rather than specific crops. Similarly, the Crop Water

Demand refers to the sum of the crop water demand of the

actually grown crops in the crop group.

5 Results

The net irrigation water demand (Irrig. Water De-

mand× Irrig. Efficiency) is shown in Fig. 4. It is seen

(Fig. 4a) that the irrigation demand reflects primarily the

density of cropland (Fig. 1) and the aridity of the regions

(Fig. 4b). It also reflects the green water availability, which is

Hydrol. Earth Syst. Sci., 19, 1055–1067, 2015 www.hydrol-earth-syst-sci.net/19/1055/2015/
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Figure 4. Estimated average net irrigation water demand (1960–2000) for the cropland in Fig. 1: (a) expressed in 106 m3 year−1 cell−1

(0.5◦× 0.5◦) and (b) in mm year−1.

higher in the equatorial regions, except in East Africa (Sup-

plement).

The groundwater available for irrigation is the surplus

recharge after satisfying human and environmental ground-

water needs (Eq. 1). This varies according to the three sce-

narios (Fig. 5). The total renewable groundwater availabil-

ity for irrigation across the continent ranges from 692 (Sce-

nario 1) to 1644 km3 year−1 (Scenario 3). Not surprisingly,

the availability is greater along an equatorial band across the

continent where rainfall and recharge are highest. It is also

seen that large parts of northern and southern Africa are de-

void of excess recharge to enable irrigation from renewable

groundwater resources.

Converting the groundwater availability into GWIP in

terms of irrigable area, a similar pattern is found (Fig. 6).

The white areas in central Africa with zero potential corre-

spond to areas with no cropland, essentially areas covered

by permanent forest. Appreciable hydrological potential ex-

ists for GWI across much of Africa, except for the most arid

regions and in the most southern part where demand from

other sectors compete with GWI (data not shown). Hence,

most regions in the Sahel and the eastern tract of the conti-

nent, from Ethiopia down to Zimbabwe, may provide signifi-

cant unexploited opportunities for groundwater development

for agriculture, with up to all cropland, and sometimes more,

being irrigable from renewable groundwater. This benefit ac-

crues from mostly supplementary GWI in the wet season as

well as mostly full GWI in the dry season. The maps also

indicate that relatively large disparities in GWIP exist within

individual countries, e.g. Ethiopia, Mozambique, Angola and

Tanzania. Potential hotspot areas should be further explored

in terms of other factors governing the potential for GWI de-

velopment. Aggregating the GWIP across the continent, val-

ues range from 44.6× 106 ha to 105.3× 106 ha for the three

scenarios, corresponding to 20.5 to 48.5 % of the cropland.

The GWIP for the 13 countries estimated by Pavelic et

al. (2013) (13.5× 106 ha) is here calculated to 17.1× 106 ha,

showing good correspondence between the methods, though

the present method does indicate the distributed extent of

GWIP across the countries and for the whole continent. In

Table 4, the GWIP for the individual countries in Africa are

given. The results show that the GWI area in Africa can

safely be expanded by a factor of 20 or more, based on the

conservative renewability and environmental requirements of

the resource and the present human demands, possibly with

wide livelihood benefits for smallholder farmers in many Sa-

hel and semi-arid regions of eastern Africa. Comparing the

GWIP with the overall irrigation potential of 42.5× 106 ha

estimated by FAO (2005), it is clear that groundwater can

play a significant role in food production and food security

in large parts of Africa. While in such comparison, figures for

irrigation potential may not be simply additive due to overlap

of the resources and lack of cropland or other constraints, it is

clear that opportunities exist in the concurrent development

of both sources and some benefits are achievable in planning

schemes that are conjunctive (Evans et al., 2012).

Some blue areas with very high potential relative to the

cropland area (Fig. 6i), as seen in arid parts of South Africa,

Mali and Sudan can be explained by very small cropland

areas relative to the cell size. Hence, accumulated recharge

over the cell, albeit low in nominal terms, may be sufficient

to irrigate these areas.

In order to further analyse the GWIP, and explore the un-

tapped part of the potential, the results are compared with

existing data on the present development of GWI across

Africa (Fig. 7). The map in Fig. 7a presents the best available

continent-wide data for areas equipped for GWI (Siebert et

al., 2010), while Fig. 7b shows the relative GWIP (in terms

of area) in Scenario 2 (the environmental groundwater re-

quirements represent 50 % of recharge), expressed as the per-

centage of the data from Siebert. While this approach only
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Figure 5. Average groundwater availability for irrigation (1960–2000), expressed in 106 m3 year−1 cell−1 (0.5◦× 0.5◦), for various levels

of environmental groundwater requirements as a fraction of recharge: (a) Scenario 1: 70 %, (b) Scenario 2: 50 %, (c) Scenario 3: 30 %.

Figure 6. (I) Total area irrigable with groundwater inside a cell (0.5◦× 0.5◦) in 103 ha and (II) proportion of cropland irrigable with ground-

water, for various levels of environmental groundwater requirements as a fraction of recharge: (a) Scenario 1: 70 %, (b) Scenario 2: 50 %, (c)

Scenario 3: 30 %.

captures and compares areas having non-negative values for

present GWI development, it gives a clear indication of the

contrast across the continent with respect to the areas with

and without further GWIP (the non-red areas versus the red

areas). In northern and southern Africa the untapped devel-

opment potential is very limited or patchy, while in west-

ern Africa and the eastern belt, still appreciable GWI de-

velopment potential exists. These results also indicate that

presently GWI is mostly developed in regions with limited

potential, and significantly in areas where groundwater is

non-renewable (like in northern Africa) or where limited un-

committed renewable groundwater resources exist. In fact,

the method also gave indications of where groundwater is

already over-allocated, based only on the human needs (let

alone irrigation and the environment) relative to the recharge.

This is generally not the case, but occurrences appear in

arid high-density livestock or populated parts of northeast-

ern South Africa and southeastern North Sudan (data not

Hydrol. Earth Syst. Sci., 19, 1055–1067, 2015 www.hydrol-earth-syst-sci.net/19/1055/2015/
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Table 4. Gross groundwater irrigation potential and cultivated area per country in Africa.

Area of cropland

irrigable with Siebert et FAO –

groundwatera (103 ha) al. (2010) AQUASTATb

Scenario (Percentage Area equipped

of groundwater for irrigation

for environmental irrigated with Cultivated

requirements) groundwater (103 ha) land (103 ha)

1 (30 %) 2 (50 %) 3 (70 %)

Algeria 140 94 49 362.1 8465

Angola 7032 5016 3001 16.0 5190

Benin 518 368 218 2.2 3150

Botswana 66 46 27 0.7 287

Burkina Faso 268 188 108 3.0 6070

Burundi 214 149 84 0.0 1450

Cameroon 7019 5005 2990 1.0 7750

Central African Republic 6961 4969 2978 0.0 1880

Chad 566 401 237 6.0 4932

Côte d’Ivoire 2920 2078 1236 0.0 7400

Democratic Republic of Congo 23 060 16 450 9840 0.0 7810

Djibouti 5 3 2 1.0 2

Egypt 2 2 1 331.9 3612

Equatorial Guinea 634 453 271 0.0 180

Eritrea 10 7 4 16.2 692

Ethiopia 4336 3064 1793 2.6 16 488

Gabon 5884 4202 2520 0.0 495

Gambia 24 17 10 0.0 445

Ghana 1426 1010 594 12.0 7400

Guinea 2751 1962 1172 0.5 3700

Guinea-Bissau 176 125 75 4.9 550

Kenya 512 355 199 1.0 6130

Lesotho 21 15 8 0.1 285

Liberia 2238 1597 956 0.0 710

Libya 26 18 10 464.0 2055

Madagascar 6753 4814 2875 0.0 4110

Malawi 640 454 268 0.0 3885

Mali 787 559 331 1.0 7011

Mauritania 52 37 22 4.8 411

Morocco 145 97 49 677.2 9403

Mozambique 2171 1546 921 0.6 5950

Namibia 98 70 41 1.6 809

Niger 19 12 6 1.4 16 000

Nigeria 6287 4446 2606 66.8 41 700

Republic of Congo 7420 5295 3170 0.0 600

Rwanda 148 102 56 0.1 1432

Senegal 382 271 160 10.2 3415

Sierra Leone 1551 1107 662 0.2 1897

Somalia 51 35 20 10.0 1129

South Africa 270 181 95 127.3 12 413

South Sudan 3042 2164 1286 0.2 2760c

Sudan 429 299 169 69.0 13 893c

Swaziland 21 15 8 1.0 190

Tanzania 3007 2135 1263 17.5 16 650

Togo 300 213 126 0.1 2850

Tunisia 26 17 9 257.0 5249

Uganda 571 399 228 0.1 9150

Western Sahara 0 0 0 0.0 4c

Zambia 3952 2818 1684 6.7 3836

Zimbabwe 370 259 148 20.0 4100

a Errors up to 35 % for small countries (due to the cell size, the projection used in GIS and the shape of the countries, i.e. Gambia);
b http://www.fao.org/nr/water/aquastat/countries_regions/index.stm; c estimated.
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Figure 7. (a) Area irrigated with groundwater in 2005 expressed in ha. per cell adapted from Siebert et al. (2010) and (b) groundwater

irrigation potential for Scenario 2 (the environmental groundwater requirements represent 50 % of the recharge) for the year 2000 expressed

as the percentage of the area irrigated with groundwater in 2005.

Table 5. Comparison of estimations of groundwater recharge for

selected African countries.

Country
Recharge (mm year−1)

FAO, Döll and This

AQUAStat (2009)a Fiedler (2008)b paperc

Burkina Faso 34.6 39 39

Ethiopia 18.1 39 80

Ghana 110.3 105 127

Kenya 6.0 46 29

Malawi 21.1 164 170

Mali 16.1 22 23

Mozambique 21.3 104 82

Niger 2.0 12 4

Nigeria 94.2 163 154

Rwanda 265.8 68 78

Tanzania 31.7 93 90

Uganda 122.9 95 50

Zambia 62.4 108 117

a http://www.fao.org/nr/water/aquastat/main/index.stm (last accessed: 2 April 2014).
b Data as provided in Margat and Gun (2013). c Data calculated from the

PCR-GLOBWB model (Van Beek et al., 2011).

shown). An apparent artefact is discernible in the horn of

Africa. Here, appreciable GWI exists (Fig. 7a), while Fig. 1

shows no cropland. The explanation could be that areas in

this region are mostly irrigated pasture land, or pasture land

converted into irrigated cropland after the 2000 map of crop-

land (Fig. 1) was produced.

6 Discussion

6.1 Uncertainty and variability of recharge and

environmental requirements

In assessing the confidence of the methodology presented,

the uncertainty and temporal variability of recharge as well

as the uncertainty of the environmental requirements need to

be taken into consideration. Table 5 summarizes estimations

of groundwater recharge for a number of African countries

from different sources. It shows that the annual recharge es-

timation from the hydrological model PCR-GLOBWB (this

paper) is quite similar to the one estimated from the Water-

GAP Global Hydrology Model (WGHM) (Döll and Fiedler,

2008) while there is more discrepancy with the FAO data set.

Since the GWIP is strongly dependent on the recharge, this

uncertainty will be reflected in the GWIP.

The maps in Fig. 8 present the average annual recharge

(Fig. 8a) and the coefficient of variation of the recharge

(Fig. 8b) of the 41-year simulation period. The coefficient

of variation shows clearly that the areas where the recharge

is smaller (say less than 50 mm per year) also have the high-

est variability over the years. In these areas, recharge can vary

from zero to double of the average recharge (dark red colour).

The results indicate that where groundwater recharge is suf-

ficient to support GWI in these areas, it is likely to be a very

strategic resource in buffering seasonal and inter-annual cli-

mate variability. Secondly, the actual buffering capacity of

groundwater, which is governed by the longer-term storage

capacity of the aquifers, more so than the recharge, becomes

equally important in these areas and needs to be addressed

in further and more detailed assessments. In the present ap-

proach, buffering of the groundwater is only considered by

using the long-term average GW Available in Eq. (1), as ex-

plained in the Sect. 4. Similarly, the buffering capacity of
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Figure 8. Average annual recharge (mm year−1) and (b) its coefficient of variation (%), both over the period 1960–2000 (data from Van

Beek et al., 2011).

Table 6. Aggregated groundwater available (km3 year−1) for the three environmental scenarios.

Scenario 1 Scenario 2 Scenario 3

Min.∗ Average Max.∗ Min. Average Max. Min. Average Max.

442.2 692.1 990.1 751.1 1168.3 1664.9 1006.1 1644.5 2339.7

∗ Min. and Max. refers to minimum and maximum annual values over the 41 years.

groundwater in a spatial sense was applied in assuming that

all recharge in a cell can be captured anywhere in that cell.

The uncertainty associated with the environmental re-

quirements relates to the lack of knowledge of the loca-

tion and functioning of ecosystems dependent on groundwa-

ter throughout Africa and their groundwater requirements in

quantitative terms. Such ecosystems and their requirements

may depend on the hydrogeological setup of an area, the

scale of the aquifers, and the climate (Tomlinson, 2011).

However, in the absence of better understanding and tested

approaches, the three scenarios approach was used (Pavelic

et al., 2013). When comparing the uncertainty related to the

scenarios in terms of the GW Available (Table 6) (about

480 km3 year−1, as calculated from the difference between

the averages of Scenario 2 and 1, and Scenario 2 and 3,

respectively), and the uncertainty related to the recharge

(estimated from the range between the average and min.

and average and max. annual GW Available for Scenario 2,

which is 417 and 496 km3) it is apparent that the uncertainty

on groundwater availability related to the environmental re-

quirements is of the same order of magnitude as the effect of

the temporal variability of recharge.

6.2 Limitations of approach

The water balance approach considers locally renewable

groundwater availability as the major controlling parameter

for GWIP and assumes non-limiting conditions in terms of

other fundamental physical properties, e.g. soil and water

quality, terrain slope, and groundwater accessibility (as de-

termined by e.g. depth of the usable aquifer, storage avail-

able for recharge, and well yields) for the implementation of

GWI. Considering an average landholding size of 1 ha with

a single well, or alternatively 1 well per hectare for land-

holdings larger than 1 ha, over the continent and the gross

irrigation water demand per year varying between 235 and

3000 mm per year, with the cropping pattern applied in the

present study, an average cropping season of 240 days of

daily irrigation for 8 h, this translates into a required well

yield varying from 0.3 to 4.3 L s−1. Comparing this with

continental-wide maps of well yields (MacDonald et al.,

2012), it is evident that in certain geological formations, like

the basement rock aquifers, that occupy 34 % of the continent

(Adelana and MacDonald, 2008), the yield of the geological

substrata may in places be limiting for larger scale or very

intensive GWI development.

The GWIP was conceived strictly in terms of the quanti-

tative availability of renewable groundwater. Possible con-

straints related to hydrogeology as well as water quality

and socioeconomic conditions, such as infrastructure (roads,

markets, energy/electricity) or intuitional/farmer capacities

may further reduce this potential or hamper its realization

as will be further analysed in a companion paper. Rapid as-

sessment of borehole yields indicated a possible limitation
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due to the hydrogeological transmitting properties in certain

regions.

Furthermore, climate trends and progressive water de-

mands from growing human and livestock populations have

not been considered. For these reasons, it is suggested to

apply the most conservative estimates (i.e. Scenario 1) for

a robust estimate of hydrological GWIP. Likewise, historic

and potential future changes in cropping patterns and irriga-

tion efficiencies have not been considered though they could

significantly enhance the groundwater availability, through

increasing the green water availability (by shifting the un-

productive part to productive), and hence the potential for

irrigation. In essence, the method is a snapshot continental

distributed view of present or most recent GWIP, based on

averaged hydrological conditions and best available most re-

cent coherent data sets. However, the influence of cropping

choice was clearly demonstrated in Pavelic et al. (2013).

They showed that going from a 1000 mm year−1 irrigation

demand to a 100 mm year−1 crop, everything else being

equal, entailed an order of magnitude higher GWIP.

7 Conclusions

The present study has estimated the extent and distribu-

tion of groundwater irrigation potential (GWIP) across the

African continent (0.5◦ resolution), based on the hydrolog-

ically available and renewable groundwater over a 41-year

recent historic period and using crop and cropland data from

the beginning of the century. The GWIP is assessed to be be-

tween 44.6× 106 ha and 105.3× 106 ha, depending on the

proportion of recharge assumed allocated preferentially to

the environment (30–70 %), while assuming constant human

needs for groundwater. This is a gross estimate, disregarding

existing groundwater irrigation (GWI). However, with the

present GWI area amounting to approximately 2× 106 ha,

the difference between net and gross potential is small. How-

ever, comparing GWIP to existing maps of GWI, it is clear

that present GWI has been primarily developed in northern

and southern Africa where the development potential is rela-

tively limited, and where it is governed by abstraction from

non-renewable or already stressed resources, from recharge

from larger rivers like the Nile, or return flows from surface

water schemes, while the rest of the continent (except for the

Sahara region) still has appreciable potential, especially and

most relevantly for smallholder and less intensive GWI in the

semi-arid Sahel and east Africa regions. This could signifi-

cantly increase the food production and productivity in the

region from a reliable and renewable resource.

The Supplement related to this article is available online

at doi:10.5194/hess-19-1055-2015-supplement.
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