
Vol.:(0123456789)1 3

Model. Earth Syst. Environ. (2017) 3:1383–1393 
DOI 10.1007/s40808-017-0360-6

ORIGINAL ARTICLE

Assessing land suitability for aquifer storage and recharge 
in northern Ghana using remote sensing and GIS multi-criteria 
decision analysis technique

Seth Owusu1   · Marloes L. Mul1 · Benjamin Ghansah1 · Paa Kofi Osei‑Owusu2 · 
Vincent Awotwe‑Pratt2 · Davie Kadyampakeni3 

Received: 28 July 2017 / Accepted: 4 August 2017 / Published online: 22 August 2017 
© The Author(s) 2017. This article is an open access publication

availability and distribution of water. Dryspells continue to 
threaten agricultural production and food security (Sasson 
2012), whereas in nearly equal measures, excess water caus-
ing waterlogging and flooding potentially can destroy entire 
crops and return of farmer investments (Bradd et al. 1997; 
Singh et al. 2010; Singh 2016). The need for agricultural 
water management (AWM) to address challenges of water 
access for smallholder farming is rising, and investments 
in AWM is expected to change lives of millions rural peo-
ple (Evans et al. 2012; Giordano et al. 2012). With Ghana’s 
agrarian economy highly dependent on rainfed agricul-
ture, growing vagaries in rainfall pattern pose a significant 
problem to sustainable agriculture and economic develop-
ment. Most (60%) of the economically active population are 
employed in the agricultural sector, but the prevalence of 
poverty is still very high in the region with the majority 
found in northern Ghana (Diao 2010). The impact on the 
national level is also substantial as the agricultural sector 
contributes to around 38% of the foreign exchange earnings 
(ISSER 2008), making this an opportune time to explore 
appropriate AWM solutions.

AWM interventions for water storage and conservation 
for agricultural use such as small reservoirs and natural 
ponds are options providing smallholder farmers access to 
water for dry season irrigation (McCartney and Smakhtin 
2010; Evans et al. 2012; Giordano et al. 2012). Moreover, 
less than 2% of the total cultivated land in Ghana is under 
irrigation and shallow wells and dug-outs are the most com-
mon in areas under formal irrigation (Namara et al. 2011, 
2014; Gumma et  al. 2011). The challenge with surface 
water storage technologies is that they are affected by high 
evaporation losses due to high temperatures (McCartney and 
Smakhtin 2010). Therefore, innovative AWM solutions such 
as subsurface storage can help reduce waterlogging, high 
evaporative losses of surface water storage, and at the same 

Abstract  Increasing climate variability and challenge in 
access to water pose major impediments to rainfed agri-
cultural productivity. Extensive flooding of agricultural 
lands during the rainy season and lack of water during the 
8-month long dry season affect the livelihood of the peo-
ple in the northern Ghana, a situation that calls for better 
water management practices. The use of aquifer storage and 
recharge (ASR) based technique, helps to reduce flooding 
and improve access to water during the dry season; how-
ever such technology has specific requirements for success-
ful implementation. This study assesses suitable areas for 
the technology in the northern Ghana terrain using multi 
criteria decision analysis (MCDA) in ArcGIS environment. 
The result suggests around 66% (48,516 km2) of the crop 
area in the northern Ghana available for the technology are 
within moderate to very high suitable sites, of which 44% 
(29,490 km2) fall into the high and very high suitable sites. 
This could imply high potential for the artificial groundwater 
storage system in northern Ghana given other conditions.
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Introduction

Agriculture in Sub-Saharan Africa (SSA) is facing chal-
lenges due to changing climatic conditions affecting the 
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time increase groundwater recharge (Murray and Tredoux 
1998; Pyne 1995; Singh 2016).

Examples of aquifer storage and recovery (ASR) tech-
niques are the Bhungroo and Pave Irrigation Technology 
(Biplab 2013; Conservation Alliance (CA) 2015). These 
technologies artificially recharge groundwater from water-
logged areas through the installation of an infiltration pit 
and borehole (Bouwer 2002; Bear 2012; Edwards et al. 
2016). They employ the process of filtration through con-
structed infiltration bed to remove unwanted constituents 
before transmitting water to unsaturated aquifers for storage 
(Bouwer 2002; Edwards et al. 2016). Water is stored in the 
underlying aquifer and accessed through pumps using the 
same borehole (Owusu et al. 2017). Water is used during 
the dry season to irrigate high value crops. ASR is a proven 
technology, which is scaled among smallholder farmers in 
Gujarat state in Western India, with evidence that during the 
dry season the recharged groundwater is sufficient to support 
irrigation and other uses, thus contributing towards address-
ing the issue of water scarcity and food productivity (Biplab 
2013; CA 2015; Bunsen and Rathod 2016). ASR techniques 
are therefore potentially suitable technologies to be applied 
in Ghana to address the issues of both waterlogging during 
the wet season and providing water for irrigation during the 
dry season while minimising evaporative losses.

ASR technique shows great potential, however it has very 
particular requirements to make it successful, including the 
surface and subsurface potential. The study assesses the suit-
ability of the ASR techniques in northern Ghana using GIS 
mapping approach and multi-criteria weighting technique.

Materials and methods

Study area

The study area is the northern part of Ghana, which is made 
up of the Northern Region (NR), Upper East Region (UER) 
and Upper West Region (UWR), as marked out in Fig. 1. 
Although the poorest and underdeveloped of all regions in 
Ghana, the northern regions have about 75% of the active 
population engaged in food crop production, and the major 
land use is cultivated savannah woodland covering almost 
60% of the total land area (HAP 2011). The region is char-
acterized by high temperature from 27 to 29 °C with extreme 
range of 17–40 °C, and a seasonal rainfall distribution from 
May to October (HAP 2011). The annual rainfall ranges 
from 800 to 1300 mm year−1 while annual potential evap-
otranspiration ranges from 987 to 1192 mm year−1 (HAP 
2011). The study area is also characterized by severe sea-
sonal flooding, especially low-lying areas along the Black 
and White Volta Rivers and their tributaries where floods 
have resulted in life lost, destruction to farmlands and crop 
yields (UNDP 2009; Mul et al. 2015). Two main geologi-
cal formations exist in the area, the basement crystalline 
rocks (Precambrian) which underlie 41% of the area and 
the Paleozoic sedimentary rocks (Voltaian) (GGS 2009). 
Groundwater availability in these two main environments 
is highly variable due to the weathering process, which also 
influences the storage capacity of rocks (Dapaah-Siakwan 
and Gyau-Boakye 2000; Forkuor et al. 2013). Productive 
aquifer zone ranges from 10 to 60 m and most successful 

Fig. 1   Map of northern Ghana
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boreholes in northern Ghana are often less than 80 m deep 
(Obuobie and Barry 2012).

Suitability mapping

The success of ASR technology is dependent on various 
factors, which were grouped under: (1) surface conditions 
that facilitate the occurrence of flood-prone areas, (2) sub-
surface conditions focus on the storage capabilities of the 
underground and (3) socio-economic conditions (Murray 
2008; Bunsen and Rathod 2016).

Each factor under the criteria was reclassified into 
appropriate classes in GIS environment mostly using Jenks 
Natural Breaks or natural groupings inherent in the data 
(de Smith et al. 2015). The classes were then standardized 
using a common scale of 0–5 (where 0 = no importance/
restricted, 1 = very low suitability, 5 = very high suitabil-
ity). Standardization helps to convert each criteria map to a 

uniform measurement scale so that they are easily compa-
rable (Yalew et al. 2016).

Surface criteria

The factors assessed here were: landcover, slope, soil and 
surface water accumulation. The land use data obtained 
from previous study by Mul et al. (2015) was reclassified 
with respect to the dominant land cover features in the 
study area. Cultivated savannah covering 55% of the total 
area was ranked 5 while natural land cover classes were 
least preferred sites, whereby riverine was ranked with low 
value of “2” because of high sediment loads in the rivers 
and high variations in water levels, potentially submerging 
the access tube. Waterbody was ranked “0”, meaning they 
were restricted and had no influence on the overall analy-
sis (Fig. 2a; Table 1). Additional data on restricted areas 
were included, national parks were digitized from Google 

Fig. 2   Reclassified surface criteria: a land cover, b slope, c soil, d flow accumulation of northern Ghana
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Earth (Google Earth 2015) while the flood plain areas were 
identified using the height above nearest drainage (HAND) 
approach and validated against field observations and satel-
lite data (Nobre et al. 2016; Balana et al. 2015).

Slope was analysed using digital elevation model (DEM) 
with a resolution of 90 m obtained from United States Geo-
logical Survey (USGS) (LP DAAC 2016). The slope map 
shows that northern Ghana is a generally flat, with 99% of 
the area having average slope of 0°–5° (Fig. 2b; Table 1). 
A rank of five was given to a slope range of 0°–1° which 
formed 52% of the area, while slope greater than 10° was 
ranked 1 and hence less suitable.

The soil data was obtained from FAO-IIASA-ISRIC-
ISS-CAS-JRC (2012) with a 250 m resolution raster. This 
was reclassified and ranked based on the capacity to retain 
water and susceptibility to flooding, as depicted in Fig. 2c 
and Table 1. Clay-loam soil was ranked 5 and sand-loam 
which covered larger land area (42%) than all soil types was 
the least suitable option because of the low water holding 
capacity and available water content (Obuobie 2008; Balana 
et al. 2015).

The probability of flooding from upstream was used as 
an indicator of flood proneness of the study area. A flow 
accumulation network was developed using DEM, whereby 
the flow for each pixel was computed and the upstream accu-
mulation was determined (Jenson and Domingue 1988). The 
resulting raster layer provides information on areas with high 
or low probability of flooding (Fig. 2d). The high probabil-
ity areas (>1000 km2) are mainly the river channels which 
were marked as less suitable due to problems associated with 
using water directly from the floodplains, while the highest 
rank (5) was for the range of 100–1000 km2 for more prefer-
able areas.

Subsurface criteria

Subsurface criteria determines the underground storage 
capacity, which requires that the underground aquifer con-
sist of a medium which has good storage, both in terms of 
the porosity as well as the depth of the formation (Hofkes 
and Visscher 1986; Murray 2008).The geological indicators 
(transmissivity and regolith thickness) were derived from 

geological maps developed by Ghana Geological Survey 
Department in 2009 (GGS 2009; HAP 2011). Maps con-
taining data on the hydrogeology (static water level, bore-
hole success rate) were obtained from Forkuor et al. (2013), 
based on the borehole databased developed by the Water 
Resources Commission (HAP 2011).

The transmissivity in the area ranges from 3 to 
26 m2 day−1, with higher values showing more productive 
borehole and less drawdown. The majority of the study area 
fall within 3–12 m2 day−1, which was ranked low (Fig. 3a; 
Table 2). The regolith thickness determined from 800 bore-
holes (Forkuor et al. 2013) showed a minimum range of 
4–12 m which was ranked the least while the highest ranked 
was for the range 33–39 m (Fig. 3b; Table 2). Static water 
level was based on 878 boreholes (Forkuor et al. 2013) and 
ranged from 0 to 10 m to >100 m. A range of 30–70 m 
depth of borehole is most suitable for the ASR technique 
(UNFCCC 2014), and from the results majority of the area 
has static water level from 10 to 70 m, which implies high 
potential for the study area. The percentage of borehole suc-
cess rates shown in Fig. 3c and Table 2 was based on 8447 
boreholes across the study area and using a threshold of 
10 l min−1 as a minimum standard yield for successful rate 
(CWSA 2010; Forkuor et al. 2013).

Socio‑economic criteria

Proximity to major roads was used as an indicator for access 
to market. Road data covering actual size of the road net-
works was obtained from SADA (2006) and reclassified 
following a buffer operation (Fig. 4a). Range 0–100 m rep-
resenting 2% of the total area was marked as unfavourable, 
while the remaining classes were apportioned ranks from 
“2” to “5” with the farther distance (>20,000 m) being less 
favourable for the technology, as shown in Table 3.

Population density was also used as criteria for site suit-
ability, where areas with lower population density were 
deemed more suitable as the ASR are very local scale 
technologies supporting at most 50 farmers (Biplab 2013). 
The population density data with a resolution of 90 m was 
obtained from the Socioeconomic Data and Applications 

Table 1   Classification of surface criteria

Suitability score Land cover Area (%) Slope Area (%) Soil Area (%) Flow accumulation Area (%)

0 (restricted) Waterbody 0.13
1 >10 0.25 Sand-loam 42.18 >1000 2.51
2 Riverine 1.86 5–10 0.64 Sand 12.36 1–10 82.65
3 Woodland 35.09 3–5 1.95 Sand-clay 20.33 10–50 8.58
4 Rangeland 7.59 1–3 45.46 Loam 13.31 50–100 2.40
5 Cultivated 55.33 0–1 51.70 Clay-loam 11.83 100–1000 3.86
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Center (SEDAC) (Balk et al. 2006). The reclassified and 
ranked data are shown in Fig. 4b and Table 3.

Analytical hierarchical process

Analytical hierarchical process (AHP) provides a frame-
work for decision-making process and it is well-established 

integrated GIS-based MCDA used in spatial analysis 
(Yalew et al. 2016). AHP provides a means of assign-
ing weights to the different criteria and has been used for 
various land suitability assessments, from watershed plan-
ning to agricultural land use (Bandyopadhyay et al. 2009; 
Motuma et al. 2016; Yalew et al. 2016).

Fig. 3   Reclassified subsurface criteria: a transmissivity, b regolith thickness, c borehole success rate, d static water level of northern Ghana 
(Forkuor et al. 2013)

Table 2   Reclassified sub-
surface criteria

Suit-
ability 
score

Transmis-
sivity 
(m2 day−1)

Area (%) Regolith 
thickness 
(m)

Area (%) Borehole 
success 
(%)

Area (%) Static 
water level 
(m)

Area (%)

1 3–8 25.98 4–12 2.76 <50 17.82 0–10 82.10
2 8–12 57.75 12–19 34.94 50–65 28.77 >100 15.02
3 12–17 15.13 19–26 39.20 65–75 13.20 70–100 1.09
4 17–22 1.11 26–33 22.81 75–85 31.69 10–30 1.33
5 22–26 0.03 33–39 0.29 85–100 8.51 30–70 0.47
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AHP was used in this study to calculate weights for the 
reclassified and standardised criteria, by first developing a 
pairwise comparison matrix based on Saaty (1980) guide-
line, using a numerical scale of 1–9 to establish the relative 
importance of the criteria (Saaty 2008). The pairwise matrix 

produced for the study is presented in Table 4 showing the 
relative importance of each criterion.

The weights computed using the AHP approach are com-
parative weights of individual criterion, in reference to their 
determined ranks. Computing the consistency ratio (CR) 

Fig. 4   Reclassified socio-eco-
nomic criteria a road network b 
population density of northern 
Ghana
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using Eq. 1 helps to identify and correct the logical incon-
sistency of the pairwise comparison matrix developed based 
on experience or expert judgement. Where the CR value is 
more than 0.1 the judgement could be said to be unreliable 
as they may be too close to randomness and thus need modi-
fication (Saaty 1988; Lee and Chan 2008; Yalew et al. 2016). 
Equation 2 gives the consistency index (CI) which forms an 
input for determining the CR.

where CI represents consistency index, RI represents random 
index.

where λmax is maximum eigenvalue, n is the number of cri-
teria or count.

Using the pairwise matrix each column of the matrix is 
added and each sum is then multiplied by the respective 
weight for the criteria (i.e. criteria weight). The resulting 
matrix, denoted Cv in Table 5, are added together to produce 
Lambda-max (λmax). CI was computed from Eq. 2 by input-
ting λmax value and the number of criteria (n = 10). Using 
the resulting CI which was 0.008, and RI of 1.51 for the ten 
criteria (from literature compiled for RI’s), the CR obtained 
for the study was 0.006. This value is approximately 0% and 
well under the (0.1) threshold, implying good confidence in 
the AHP analysis conducted for the study.

Weighted overlay analysis

The final stage of the suitability analysis was the aggre-
gation of the factors to produce the final land suitability 
map. Weighted overlay analysis was performed in ArcGIS 
considering the standardised criteria and their associated 
weights (Drobne and Lisec 2009). The weighted overlay 
spatial analysis tool assesses the suitability index for a 
pixel by multiplying the suitability score and the weight 

(1)CR =
CI

RI
,

(2)CI =
(λ

max
− n)

(n − 1)
,

Table 3   Percentage of total area covered by socio-economic criteria

Suit-
ability 
score

Distance to roads (m) Area (%) Population 
density 
(km−2)

Area (%)

0 0–100 2.46
1 8–25 4.94
2 >20,000 0.29 25–60 10.83
3 10,000–20,000 10.47 60–118 24.43
4 1000–10,000 73.33 118–261 24.95
5 100–1000 13.45 261–415 34.85
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for the pixel; the summation of the results yields a suita-
bility map using the final formula shown in Eq. 3 (Cengiz 
and Akbulak 2009; Pramanik 2016; Yalew et al. 2016).

where S is suitability, wi is weight of factor i, xi is criterion 
score of factor i.

(3)S =
∑

w
i
x
i
,

Results

The outcome presented in Fig.  5 is the weighted suit-
ability analysis of all three criteria presented in Figs. 2, 3 
and 4. From the map, it was determined that about 40% 
(29,490 km2) of the study area were within high suitable 
area (23%) and very high suitable areas (18%), which sug-
gest credible potential for the technology. The moderately 
suitable class formed 26% of the entire area (19,026 km2), 
while the low and very low suitable areas formed 33% 
(24,398 km2) of the study area as shown in Table 6. The 
study accounted for non-suitable areas (reserved areas) 

Table 5   Normalised pairwise matrix

λmax = 10.076, CI = 0.0084

Criteria layer Land use Slope Soil Flow 
accumu-
lation

Transmissivity Regolith Static water Bore-
hole 
success

Road proximity Popula-
tion 
density

Cv

Land use 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.10 0.10 1.06
Slope 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.10 0.10 1.06
Soil 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.10 0.10 1.06
Flow accumulation 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.13 0.98
Transmissivity 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.13 0.98
Regolith 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.13 0.98
Static water 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.13 0.98
Borehole success 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.13 0.98
Road proximity 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.03 1.03
Population density 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.96

Fig. 5   Suitability map for ASR 
in northern Ghana
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which include protected sites, floodplains and other devel-
opment sites, which together formed ~19% (17,487 km2) of 
the entire study area which was approximately 90,400 km2. 
In relation with this total area of northern Ghana, just over 
50% of the area fall within the moderate and very high suit-
ability class and ~27% within very low and low class.

Discussion

Innovative systems like ASR can enhance water efficiency, 
giving farmers economic benefits and at the same time 
reducing environmental burdens like flood hazard (FAO 
2012; Biplab 2013; Levidow et al. 2014). For example, one 
Bhungroo, an ASR practice implemented in India, is said to 
be able to free 2 ha of waterlogged land and irrigate around 
8–12 ha (Biplab 2013; CA 2015). This could have positive 
impact on poverty reduction in farming communities given 
the net income of $5000 to $10,000 for one Bhungroo tech-
nology supporting 8 ha of farmlands for atleast five farming 
family and has an estimated investment of $10,000 (Biplab 
2013; Naireeta Services 2015). Also, ASR is practiced in the 
coastal dunes in the Netherlands for domestic water supply 
(Stuyfzand and Doomen 2004), and elsewhere in Australia 
ASR has been for irrigation purposes (Gerges et al. 2002; 
Murray 2008). Although there are challenges to the wider 
use of such systems, it believed that proper siting and effec-
tive management of ASR can help reduce them, including 
potential contamination to groundwater (EPA 1999; Jurgens 
et al. 2008).

The study shows that a sizeable area in northern Ghana 
is potentially suitable for ASR. The most suitable areas 
are found in the UER and UWR, whereas the NR mainly 
underlain by Voltaian rocks has limited groundwater poten-
tial (HAP 2011; Forkour et al. 2013), and therefore the 
map showed low suitability. The results support the call for 
greater investments in AWM particularly groundwater stor-
age systems which are more resilient to the high tempera-
tures in the region resulting in high water losses (Evans et al. 
2012; Giordano et al. 2012). Moreover, innovative water 

lifting systems such as motor and solar pumps, and applica-
tion tools such as sprinkler and drip irrigation systems can 
improve yields while minimizing the water losses, compared 
to the labour intensive and inefficient traditional technolo-
gies (FAO 2001; Namara et al. 2011).

In assessing the preference of the criteria, the informa-
tion about the geology and groundwater potential have 
relatively high accuracy and very comprehensive (Forkuor 
et al. 2013); thus, the weight attributed to these components 
was relatively high. The ranking and weighting of the cri-
teria was based on expert knowledge and the significantly 
high weight ~58% for the subsurface criteria means that 
such characteristics were largely influential in the overall 
outcome. Notwithstanding, it is worth re-emphasizing the 
socio-economic influences for the successful implementa-
tion of ASR. Acceptability of the technology and high com-
munity participation are vital to ensuring the maintenance 
and sustainability of the innovative systems (Owusu et al. 
2017). Moreover, using GIS and remote sensing approach 
alone to undertake this study is not complete, and therefore 
field validation will be necessary to make final decision.

Conclusion and recommendation

The study has provided useful insights into the assessment 
of suitable sites for installing ASR in northern Ghana. The 
study primarily employed key biophysical and socioeco-
nomic factors in the assessment. Overall, the analysis has 
presented substantial areas that can be explored for the 
implementation of ASR in northern Ghana. The total extent 
of suitable sites, from moderate to very high, which was 
66% (48,516 km2) is an indication of a majority of the study 
area and a clear investment option for farmers and policy 
makers to explore.

Based on the findings there is potential for scaling up the 
study in the agro-ecological zones of the country, and the 
wider SSA region where the scheme is applicable. In par-
ticular, issues with access to irrigation water and flooding 
of farmlands can be best managed by adapting these AWM 
technologies across the region. Such AWM interventions 
could complement existing practices such as flood recession 
agriculture to promote dry season farming and improve food 
security in the region by helping smallholder farmers grow 
multiple crops per year beyond the rainy season.

Whilst this study provides useful information to guide 
the implementation of ASR, readers are advised to use the 
findings with caution due to several limitations in the study 
approach. The greater challenge faced with the study has to 
do with the overall quality of the data inputs, which gen-
erally were very low resolution. Improved data quality is 
recommended for future work.

Table 6   Percentage of total area suitable in northern Ghana

Suitability Area (km2) Percent of suit-
able area (%)

Percent of 
Northern Ghana 
(%)

Very low 10,507.98 14.41 11.62
Low 13,889.87 19.05 15.36
Moderate 19,025.89 26.09 21.05
High 16,647.41 22.83 18.42
Very high 12,842.31 17.61 14.21
Total 72,913.46 100 80.66
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