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Abstract

The cocoa production in Ghana, largely reliant on rainfall and undertaken by smallholder

farmers, is increasingly endangered by climate change-induced water scarcity. Although

supplemental irrigation has been posited as an adaptive measure, its hydrological im-

pacts remain understudied. This current study seeks to bridge this knowledge gap by

employing the Soil and Water Assessment Tool (SWAT) to evaluate the hydrological and

water resource implications of supplemental irrigation within the Upper Offin sub-basin of

Ghana. High-resolution spatial data and field survey inputs were used to model dry period

baseline and irrigation scenarios for cocoa farms with gentle slopes (2%). The results reveal

that supplemental irrigation from the shallow aquifer can sustainably support irrigation

for up to 5% of the cocoa area (4760 ha) without adversely affecting groundwater flow.

Extending irrigation to 30% of the cocoa area (28,540 ha) is feasible with minimal reduction

in catchment water yield. This study’s novelty lies in integrating high-resolution data

with localized management practices to provide actionable insights for balancing cocoa

productivity and water sustainability. The findings offer practical recommendations for

policymakers, emphasizing that through solar-powered irrigation the shallow groundwater

is a pathway to enhance climate resilience of cocoa productivity.

Keywords: sustainable water management; irrigated cocoa production; SWAT model;

Upper Offin sub-basin

1. Introduction

Africa faces a dual challenge of rapid population growth and the escalating impacts

of climate change, a phenomenon referred to as “Double Exposure” [1]. This dynamic

significantly threatens socio-economic development and the attainment of sustainable

development goals across the continent. Population growth increases demand for vital

resources, particularly food and water [2], while climate change exacerbates water scarcity

through prolonged droughts, erratic rainfall, and rising temperatures [3]. These challenges

are particularly pronounced in Ghana, where rainfed agriculture is predominant and highly

vulnerable to climatic variability [4].

Water 2025, 17, 1841 https://doi.org/10.3390/w17131841

https://doi.org/10.3390/w17131841
https://doi.org/10.3390/w17131841
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-4241-4159
https://orcid.org/0000-0003-0167-4659
https://orcid.org/0000-0001-9595-9879
https://orcid.org/0000-0003-3075-2003
https://orcid.org/0000-0003-2367-6559
https://orcid.org/0000-0002-5219-4527
https://doi.org/10.3390/w17131841
https://www.mdpi.com/article/10.3390/w17131841?type=check_update&version=2


Water 2025, 17, 1841 2 of 23

Agriculture remains the backbone of Ghana’s economy, with cocoa cultivation as a key

export crop and an essential livelihood for smallholder farmers [5]. However, the reliance

on rainfed systems in cocoa production is increasingly precarious due to changes in rainfall

patterns and rising temperatures [6]. The stress on water resources jeopardizes cocoa

yields and threatens the livelihoods of smallholder farmers who make up the majority of

producers [7].

In response to these challenges, there has been growing interest in adopting supple-

mental irrigation for cocoa farming. The Ghana Cocoa Board, supported by government

and donor agencies, aims to enhance resilience and productivity in the face of climate

uncertainties [8]. While supplemental irrigation offers the potential to stabilize yields, it

introduces significant challenges, such as increased water withdrawals that may intensify

competition for scarce water resources, and place additional pressure on ecosystems [9,10].

Thus, addressing these challenges requires sustainable management practices that balance

agricultural needs with environmental and social priorities. The need for rigorous scientific

inquiry becomes clear in an uncertain and complex environmental setting. A research gap

in existing studies lies in the limited understanding of hydrological dynamics in regions

transitioning from rainfed to supplemental irrigation practices.

There exists extensive evidence on the effects of climate change on rainfed cocoa

production [6], and on the considerable yield gaps that exist in Ghana’s cocoa sector due

to multiple limiting factors, including water stress [8]. In recent years, the Ghana Cocoa

Board (COCOBOD) and various private sector actors have trailed solar-powered irrigation

pumps (Cocoa Post: https://thecocoapost.com/ghana-cocoa-boss-hands-over-first-solar-

irrigation-system-to-farmer/, accessed on 20 July 2024). Asante et al. [11] recommended

irrigation as an additional practice. Such irrigation interventions have increased the cocoa

yield by 60% compared with farms only under rainfed agriculture (Blog: https://cgspace.

cgiar.org/items/bd45e5dc-7120-4998-99ac-10b0744ad9d6, accessed on 20 July 2024). Gbodji

et al. [12] found a strong interest in solar-based irrigation in cocoa by Ghanaian cocoa

farmers, though their financial capacity remains low. In the wake of the growing interest,

there is a lack of comprehensive studies that evaluate the hydrological impacts of this

transition from rainfed to irrigated practices on water resource availability and the potential

production of cocoa under supplemental irrigation [13].

Understanding the hydrological implications of transitioning from rainfed to irrigated

cocoa production is crucial for sustainable water management and informed decision mak-

ing. Hydrological modeling, particularly using the Soil and Water Assessment Tool (SWAT),

is an effective approach for evaluating water availability under various scenarios. SWAT’s

ability to simulate the interaction between land use practices, irrigation, and hydrological

processes at different scales makes it ideal for assessing the impacts of supplemental irriga-

tion in the Upper Offin sub-basin [14]. The model has been applied to assess the potential

and impacts of irrigation management in various parts of the world [15,16].

The SWAT model was selected for this study due to its application within the same

river basins. Previous research has demonstrated its robustness in capturing the interactions

between land use, climate variability, and hydrology. For instance, Awotwi et al. [17]

successfully applied SWAT to analyze the effects of land use changes in the Pra River Basin,

highlighting its capability to simulate hydrological responses to landscape alterations.

Furthermore, Awotwi et al. [18] demonstrated SWAT’s ability to model the combined

effects of climate variability and anthropogenic activities on water balance components,

making it an ideal tool for understanding complex watershed dynamics. Given its extensive

validation in Ghanaian river basins and its ability to integrate land use, climate, and

hydrological processes, SWAT is the appropriate model for this study.

https://thecocoapost.com/ghana-cocoa-boss-hands-over-first-solar-irrigation-system-to-farmer/
https://thecocoapost.com/ghana-cocoa-boss-hands-over-first-solar-irrigation-system-to-farmer/
https://cgspace.cgiar.org/items/bd45e5dc-7120-4998-99ac-10b0744ad9d6
https://cgspace.cgiar.org/items/bd45e5dc-7120-4998-99ac-10b0744ad9d6
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While previous studies have explored cocoa irrigation and climate impacts in Ghana,

they often lack detailed insights into sub-basin-level hydrological responses to supplemen-

tal irrigation, leaving critical knowledge gaps [19]. Recent studies by Akpoti et al. [20],

using GIS and remote sensing, show that about 80% of cocoa-growing areas in Ghana

have moderate to very high groundwater availability, implying considerable potential

for groundwater-based irrigation. However, this study also highlights a decline in soil

moisture and surface water levels, underscoring the need for balanced use of groundwater

and surface water to ensure long-term sustainability. Despite these findings, uncertain-

ties remain due to limitations in data resolution, potential deviations in remote sensing

interpretations, and assumptions in hydrological model employed. These factors neces-

sitate cautious interpretations of groundwater availability estimates, and highlight the

importance of integrating field-based validation and context-specific assessments.

This study utilized the SWAT model to investigate the hydrological implications of

supplemental irrigation in the Upper Offin sub-basin of Ghana. The specific objectives

were to (1) quantify water availability, and (2) investigate hydrological implications under

different expansions of supplemental irrigation. The findings will provide critical insights

for policymakers and stakeholders, helping to balance agricultural productivity with sus-

tainable water management. This includes implementing targeted irrigation management

strategies, developing evidence-based water allocation policies, informing investment deci-

sions, and promoting sustainable agricultural practices. Ultimately, the study contributes

to broader goals of climate resilience, sustainable livelihoods, and economic development

in the region.

2. Study Area

2.1. Physical Setting and Climate

The Upper Offin sub-basin, located in the central part of Ghana and within the Pra

River Basin, was selected to examine the impacts of supplemental cocoa farm irrigation on

water resource availability. Geographically, the sub-basin is located between 1.5◦ to 2.5◦ W

and 7.5◦ to 8.5◦ N and has a catchment size of 3068.5 km2 (Figure 1). The sub-basin has a

diverse range of geographic features with an elevation ranging from 157 m asl to 777 m

asl. The region experiences a tropical monsoon climate with distinct wet and dry seasons.

The rainy season in the area is bimodal with a major period from March to July peaking

between May and June and a minor period from September to October. Conversely, the dry

season, lasting from November to March, is marked by minimal precipitation and slightly

hotter temperatures. According to Bessah et al. [21], the mean annual rainfall ranges from

1315 mm to 1553 mm. The mean air temperature over the study area ranges from 23 ◦C to

33 ◦C [17].

2.2. Land Use and Agriculture

The sub-basin is dominated by Orhic Acrisols, sandy clay loam texture, covering 94%

of the catchment. Land cover of the Upper Offin sub-basin, Figure 2A, is dominated by

forest (~42%) followed by cocoa farmland (~31%), and shrubs (~11%). Croplands account

for less than 0.5% of the sub-basin. The predominant landscape slope in the sub-basin, as

depicted in Figure 2B, shows that 45% of the area has a slope above 8%, while 40% falls

between a 2% to 8% slope. Approximately 34% of the sub-basin has slopes below 2%, and

21% have slopes exceeding 8%. Orthic Acrisols (OAc), which fall under hydrologic group C,

is the predominant soil type, covering 94% of the sub-basin (Figure 2C). The landscape is

also dominated by lateral subsurface flow and depression storage on the hillslope because

of the dominant land uses of forest and cocoa [22]. Obalum et al. [23] also described the

landforms of this landscape where depression storage is prevalent.
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Figure 1. Location and topography of the Upper Offin sub-basin in the Pra River Basin of Ghana.

 

Figure 2. Spatial catchment characteristics of the Upper Offin sub-basin; (A) land cover, (B) slope

classes, (C) soil.

Farming, including crop production, livestock, forestry, and fishery, is the primary

source of livelihood in the sub-basin [24]. The average landholding in the districts is 2.0

hectares [25] The main rainfed crops in central Ghana are maize, sorghum, groundnut,

cocoa, yam, and cassava [26,27]. Irrigated agriculture covers only about 3.2% of the

country’s arable land [28].
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2.3. Hydrogeology

Geologically, the Upper Offin sub-basin is predominantly underlain by metavolcanic

and metasedimentary rocks of the Birimian supergroup, which are intruded by biotite-rich

and undifferentiated granitoid of the Eburnean plutonic suite (Figure 3), following the

Eburnean orogenic event, some 2.1 billion years ago, at or after the end of the Birimian

deposition [29–32]. These formations, which underline approximately 96% of the study

area, have been further intruded by mafic dolerite Dikes of the Mesozoic age, accounting for

an additional 2% of the area’s geology. Furthermore, detrital sandstone and conglomerate

of the Tarkwaian group and fine to medium-grained sandstones of the Kwahu-Morago

group of the Voltaian supergroup, are noted to underlie the remaining 2% of the study area.

The hydrogeology of the Upper Offin sub-basin is characterized by limited primary

porosity and permeability due to its predominantly crystalline rock formations. According

to a reclassification of the hydrogeology of Ghana by Banoeng-Yakubu et al. [33], the study

area falls within the Birimian and Crystalline basement granitoid complex hydrogeological

provinces. Groundwater flow in these provinces is mainly through secondary structures

such as fractures, joints, and shear zones formed by tectonic processes and weathering of

rocks, leading to the development of fractured and weathered zone aquifers. Consequently,

the yielding capacities of these aquifers are dependent on the extent of these secondary

permeabilities, which are spatially variable [34].

Borehole drilling records in the study area indicate that average borehole depths are 42 m

in the Birimian rocks, and 60 m in the granitoid due to the typically low success rates in the

latter [34]. The Birimian rocks are among the highest-yielding aquifers in Ghana, with an

average yield of 12.7 m3 h−1, a transmissivity of 7.4 m2 d−1, and storativity ranging between

0.003 and 0.008 [35]. These characteristics suggest that the Birimian rocks have significant

potential for groundwater abstraction, supporting domestic and agricultural water needs.

However, borehole yields in the granitoid are highly variable, depending on the extent of

weathering, and typically range from 0.1 to 30.0 m3 h−1 with a mean value of 2.0 m3 h−1.

Figure 3. Geological map of the Upper Offin sub-basin (Source: Agyei Duodu, 2009 [36]).
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3. Materials and Methods

3.1. Framework of the Study

A hydrological modeling framework, Figure 4, was used to evaluate the status of

water resource availability when converting rainfed cocoa production to an irrigated

system. Examining the impacts of irrigated cocoa production hinges upon a comprehensive

understanding of the underlying hydrology at the watershed level.

In this study, we used the Soil and Water Assessment Tool (SWAT) model, version 2012,

to understand the underlying hydrology in the Upper Offin sub-basin. The model setup

was used to evaluate the impacts of various proportions of cocoa farms being irrigated

during dry periods (November to March) on hydrology and water resource availability.

The SWAT model uses weather data, digital elevation model, soil, and land uses as input to

simulate the hydrology of a catchment [14].

Streamflow data were used to calibrate the hydrology model and literature values on

water balance components were used to compare the results. The model was calibrated

using the SWAT-CUP (Calibration and Uncertainty Procedure) until a reasonable perfor-

mance was obtained. The sub-basin was characterized based on the hydrologic balance

of each sub-watershed using an area-weighted average. A shallow groundwater source

was considered a source of irrigation for cocoa production. Some portions of the rainfed

cocoa area were converted to a supplemental irrigated system. The proportion of the

area with a supplemental irrigation system varied from 5% of the cocoa farm area to 30%,

with 5% increments as different scenarios. The impacts of irrigation on water resource

availability for various cocoa farms were analyzed separately. An optimized irrigation

water withdrawal from shallow groundwater was suggested considering the ecosystem.

Figure 4. Framework to evaluate the impacts of cocoa supplemental irrigation during the dry period

on the status of water resource availability in the Upper Offin sub-basin [37].

3.2. SWAT Model Description

The SWAT model is a globally recognized hydrological model used for water resource

assessment [38] and evaluation of watershed management practices such as irrigation [39].

In SWAT, a watershed is divided into sub-basins based on topography, and each sub-basin

is further conceptually divided into hydrologic response units (HRUs) based on slope, soil,

and land use [40]. The HRUs have a unique combination of land use, soil, and slope. The
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SWAT model simulates the soil water content, surface runoff, evapotranspiration, sediment

yield, plant growth, and the impacts of management practices at the HRU level, and then

aggregates these results at the sub-watershed level [41]. The general water balance equation

used in SWAT is shown in Equation (1). We used monthly time step in our analysis. A

detailed description of the model’s conceptual framework and simulation strategies is

copiously documented in [14,42].

SWt = SWt−1 + ∑
t

1
(Pi − Qsur f ,i − ETi − Qloss,i − Qgw,i) (1)

where SWt−1, Pi, Qsurf,i, ETi, Qloss,i, Qgw,i are soil water content above the wilting point

at the end of day t, amount of precipitation on the day i, the daily amount of surface

runoff, evapotranspiration, percolation into the deep aquifer, and lateral sub-surface flow,

respectively. All components are estimated in the units of mm.

3.3. SWAT Model Setup

First, the SWAT model inputs were obtained and prepared based on the model format.

Given the river outlet location at Adiembra, the 30 m Digital Elevation Model (DEM) was

used to delineate the watershed and generate drainage patterns and associated topographic

characteristics. The land use and soil data, in combination with DEM, were used to create

HRUs. Weather data such as rainfall from CHRIPS, temperature from ERA5, and wind

speed, relative humidity, and solar radiation from CFSR for the period from 1998 to 2019

were used as inputs to the SWAT model. The Upper Offin sub-basin was classified into

20 sub-watersheds and HRUs were defined considering 5%, 10%, and 20% thresholds for

land use, soil, and slope, respectively [13]. A total of 147 HRUs were obtained during the

SWAT model setup in the Upper Offin sub-basin.

3.4. Model Data Inputs

Hydrological modeling using SWAT relies on a wide range of time series and spatial

data. In this study, the spatial and time series data used are indicated in Table 1 to simulate

the various components of the hydrological cycle [43]. The spatial data inputs include the

Digital Elevation Model (DEM), soil characteristics, and land use/cover information. We

used a cocoa farm area map with a 10 m by 10m resolution to locate cocoa areas in the

Upper Offin sub-basin.

Farming practice data such as planting time, plant density, tillage practices, fertilizer,

and pesticide applications were collected through surveys in July 2023 involving 16 farmers

in the Upper Offin sub-basin and its surrounding cocoa-producing area (Supplementary

Materials File S1). Data for this study were gathered directly from cocoa farmers in Ghana’s

Ashanti, Brong-Ahafo, Central, Eastern, and Western North and South cocoa regions.

The farmers were identified through purposive sampling based on their involvement in

irrigated cocoa production. The survey was gathered to obtain key information on the

types, quantities, and timing of different agricultural practices, providing a comprehensive

overview of current cultivation methods in the area. The mean value of average planting

time of cocoa, plant spacing, fertilizer rate, and pesticide application were incorporated

into the SWAT management file. This was due to the necessity of adopting dominant or

representative farm management in the SWAT management file.

The time series data include the weather data, which include precipitation, maximum

and minimum air temperature, relative humidity, wind speed, and solar radiation (Table 1).

In addition, the model requires streamflow records, or evapotranspiration, or combinations

of these data to calibrate and validate the various hydrological components. This study

used observed streamflow records at the Adiembra station to calibrate the SWAT model

and validate the hydrological balance.
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Table 1. Data types and their sources used for water availability assessment.

Data Source Resolution (m/time)

Land use
European Space Agency, ESA, land
covers 2020

10 m

Soil
Food and Agriculture Organization,
FAO, through the World Soil
Information, ISRIC

250 m

SRTM DEM
United States Geographical Survey
(USGS), 2000

30 m

Cocoa farm cover Abu et al. [37] 10 m

Rainfall (mm)
Climate Hazard Group Infrared
Precipitation with Station (CHIRPS)

5000 m

Temperature (OC)

European Centre for Medium-Range
Weather Forecasts, ECMWF,
Atmospheric Reanalysis for Global
Climate (ERA5)

24,000 m

Relative humidity, solar radiation,
wind speed

Climate Forecast System Reanalysis
(CFSR)

55,000 m

Streamflow data Ghana Hydrological Authority daily

Farming practices Field survey -

Note: SRTM refers to Shuttle Radar Topographic Mission.

3.5. Model Sensitivity Analysis, Calibration, and Validation

Based on an ongoing field observation in the micro-watershed of the Upper-Offin

sub-basin and its preliminary analysis, Adusei-Gyamfi et al. [22] identified that subsurface

flow is vital in this landscape. In addition, depression storage is prevalent in the forest

and cocoa-tree-dominated hillslope and the valley bottom landscape [23]. Therefore, we

prioritized SWAT parameters that control the subsurface flow and overland flow. For this

reason, we followed Worqlul et al. [40]’s identified 16 calibration parameters and their

ranges, Table 2, for the SWAT model of Upper Offin sub-basin. For example, we included

the depth of the impervious layer in the calibration because we assumed the dominance of

lateral flow and depression storage in the landscape.

In this study, we adopted these parameters as implemented by others, such as As-

sefa et al. [9]. The calibration parameters were constructed based on replacement (‘v_’)

and a relative change (‘r_’) to the initial parameter value. A global sensitivity analysis

was applied to identify parameters significantly influencing the stream flow. In the global

sensitivity analysis, all parameters were allowed to change at the same time, followed by

the estimation of the standard regression coefficient [40]. The t-stat and p-value were used

to evaluate the significance of the relative sensitivity based on Nazari-Sharabian et al. [44].

The simulation period was divided into three: warm-up (1998 to 2000), calibration (2001

to 2008), and validation (2009 to 2011) based on streamflow data availability. Despite the

rigorous calibration and validation process, it is worth noting that inherent uncertainties

exist in hydrological modeling using SWAT. These include parameter equifinality [45] and

model input uncertainties [46].

Table 2. SWAT model selected parameters calibration for automated calibration and sensitivity

analysis in SWAT-CUP based on Worqlul et al. [40].

Parameter Name Unit Parameter Space

SCS runoff curve number r_CN2.mgt - ±0.35

Soil evaporation compensation factor v_ESCO.hru - 0.01–1.0

Average slope length r_SLSUBBSN.hru m ±0.5

Manning’s “n” value for overland flow v_OV_N.hru - 0.01–0.3
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Table 2. Cont.

Parameter Name Unit Parameter Space

Surface runoff lag time v_SURLAG.bsn - 0.0001–1.0

Depth to impervious layer for modeling perched water
tables

v_DEP_IMP.hru mm 0.0–6000

Base flow alpha factor (days) v_ALPHA_BF.gw Days−1 0.0–1.0

Threshold depth of water in shallow aquifer required
for return flow to occur (mm)

v_GWQMN.gw mm 0.0–5000

Groundwater “revap” coefficient v_GW_REVAP.gw - 0.02–0.2

Manning’s “n” value for the main channel v_CH_N2.rte - 0.01–0.3

Average slope of main channel r_CH_S2.rte m/m ±0.5

Available water capacity of the soil layer r_SOL_AWC().sol mm H2O/mm soil ±0.25

Depth from soil surface to bottom of layer r_SOL_Z().sol mm ±0.25

Saturated hydraulic conductivity r_SOL_K().sol mm h−1 ±0.25

Average slope of tributary channels r_CH_S1.sub m/m ±0.5

Manning’s “n” value for the tributary channels v_CH_N1.sub - 0.001–0.3

3.6. Model Performance Evaluation Criteria

Model performance was performed in two stages. The calibrated SWAT model’s

performance in predicting streamflow during the calibration and validation period was

evaluated using commonly used statistics described below. In addition, the actual evap-

otranspiration (ET) values of the 8-day composite and 500 m spatial resolution MODIS

product (MOD16A2) were extracted at the sub-basin scale from the Google Earth Engine

(GEE) platform. The time series data were extracted from 2000 to 2012. While the MODIS

product offers valuable broad-scale ET estimates for model evaluation, its resolution may

not fully capture the fine-scale heterogeneity of land use, soil, and slope in the sub-basin,

particularly in complex landscapes. We compared SWAT sub-basins and spatial average

output of the actual ET. We also compared the spatial average monthly SWAT actual ET

with the conceptual hydrology model to evaluate if it’s monthly actual ET fits with the

monthly MODIS ET, or the monthly SWAT ET. Thornthwaite Mather’s water balance-based

PED (Parameter Efficient Distribution) model is the conceptual model chosen. The model is

widely used in Africa and can predict overland flow, baseflow, interflow and actual ET [47].

More information about the model is provided in the Supplementary Materials File S2.

The performance of the calibrated SWAT model in predicting streamflow during the

calibration and validation period was evaluated using commonly used statistics, R-squared

(R2), Nash–Sutcliff Efficiency (NSE), and Percent BIAS (PBIAS). R-squared, Equation (2)

varies from zero to one, where one value represents a perfect correlation, and the reverse

refers to no correlation. NSE, Equation (3) value varies from negative infinity to one, where

a value of one represents a perfect model simulation of the observed flow. A negative NSE

value refers to the average of observed time series being better than the model predictions.

The PBIAS, Equation (4), varies from negative to positive infinity, and the model performs

best when the value is zero.

R2 =









n∑ Qobs(i)Qsim(i) −
(

∑ Qobs(i)

)(

∑ Qsim(i)

)

√
[

n
(

∑ Qobs(i)

) 2
−
(

∑ Qobs(i)

)2
][

n
(

∑ Qsimi
2
)

−
(

∑ Qsim(i)

) 2
]









2

(2)
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NSE = 1 −
∑

n
i=1

(

Qsim(1) − Qobs(i)

)2

∑
n
i=1

(

Qobs(1) − Qobs(i)

)2
(3)

PBIAS =

(

∑
n
i=1 Qobs(i) − ∑

n
i=1 Qsim(i)

∑
n
i=1 Qobs(i)

)

× 100 (4)

Furthermore, the calibrated model output of spatial average SWAT monthly actual

ET was compared with an independent spatial average monthly MODIS-based actual ET

product and water balance-based PED model. First, the time series MODIS actual ET was

extracted for each sub-basin from 2001 to 2012 and then compared with the SWAT output

using the coefficient of determination (R2). Then, the spatial average from all sub-basins

was compared with the MODIS spatial average ET and PED ET. This statistical matrix

measures any similarities in the temporal patterns between the three actual ET estimates.

3.7. Impacts of Irrigated Cocoa Production

Hydrological simulation of the Upper Offin sub-basin was performed from 2001 to

2019 using the calibrated SWAT model to obtain baseline hydrologic balance. We considered

a total of six supplemental cocoa farm irrigation scenarios (November to March every year),

from 5% to 30% of the cocoa farm area at a 5% area increment from shallow groundwater.

Figure 5 depicts the sub-watersheds where 30% of supplemental irrigation is applied. It

does not mean that the green-colored sub-watersheds are fully irrigated. Instead, irrigation

was applied to cocoa HRUs with gentle slopes in the green-colored sub-basin. The net

irrigation requirement for irrigation was computed by deducting effective rainfall from

the average irrigation requirement (130 mm per month) for cocoa farming [48]. The

effective rainfall (Pe) was computed using the United States Department of Agriculture

Soil Conservation Service (USDA-SCS) method [49]. The hydrologic balance of each

supplemental irrigation scenario was compared with the baseline to observe impacts on

water resource availability. A one-tailed paired ‘t’ test was used to evaluate the significance

of hydrological changes under each supplemental cocoa farm irrigation. An optimized

water withdrawal for cocoa irrigation was suggested based on changes in groundwater

flow and catchment water yield.

Figure 5. Percent of sub-watersheds in the Upper Offin sub-basin where supplemental irrigation was

applied to the cocoa area in SWAT. Note that the number in the map represents the percent area of

each sub-watershed under supplemental irrigation.
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4. Results

4.1. Cocoa Farm Management in the Area

The farm management survey, summarized in Table 3 and Supplementary Materials

File S2, provides a comprehensive dataset covering key variables for assessing cocoa

farm productivity and sustainability. The survey revealed that the average age of cocoa

trees in the sub-basin and surrounding areas was approximately 19 years, with a plant

density of about 1155 trees ha−1. The average cocoa yield was found to be 425 kg ha−1.

Regarding inputs, 88% of the farmers had access to fertilizer, and 100% had access to

pesticides. Regarding fertilizer application, 64% of the farmers use a single fertilizer, with

86% applying inorganic fertilizer types. Granular fertilizer (such as Asaase Wura and

Cocoa Seed) was applied at an average rate of 371 kg ha−1 at least once every three years,

while foliar fertilizers (such as Cocoasett) were used at 660 mL per ha annually. Organic

fertilizers (such as poultry manure) were applied at 2500 kg ha−1 with a frequency of at

least once every three years. The pesticide (such as Confidor, and Akati master) application

rate was, on average, 470 mL ha−1 at least five times a year.

Table 3. Field survey on cocoa farm management practices.

Variable Mean

Age of cocoa trees (years) 19.1
Irrigated cocoa land (ha) 3.05
Plant density (number per ha) 1154.7
Cocoa yield (kg ha−1) 425.7
Fertilizer access (yes = 1, no = 0) 0.88
Types of fertilizer (inorganic = 1, organic = 0) 0.86
Number of fertilizer types used (single = 1, multiple = 0) 0.64
Rate of granular fertilizer application (kg ha−1) 370.7

Rate of foliar fertilizer application (mL ha−1) 660.0

Rate of organic fertilizer application (kg ha−1) 2471.0
Pesticide access (yes = 1, no = 0) 1.0
Rate of pesticide application (mL ha−1) 470.0
Frequency of pesticide application annually 5.2

4.2. Sensitivity Analysis, Calibration, and Validation

The sensitivity analysis result for the Upper Offin sub-basin, Table 4, depicted that

parameters related to the sub-basin, management, and groundwater were found to be sen-

sitive to streamflow. Manning’s ‘n’, average channel slope, curve numbers, threshold depth

of water in shallow aquifer for return flow to occur, and groundwater ‘revap’ coefficient

were the top five most sensitive parameters in their order of sensitivity. Previous studies

that employed the SWAT model in the Owabi catchment [50] and Pra River Basin [17]

identified 11 and 8 sensitive parameters, respectively, the same as our findings. The relative

sensitivity order of parameters was not presented in those previous studies.

The SWAT-CUP model calibration and uncertainty analysis result in the fitted pa-

rameter values, as shown in Table 4, which reproduce the streamflow of the Upper Offin

sub-basin with reasonable performance. The performance of the model at monthly scale,

Figure 6A,B, was good during calibration (R2 of 0.70, NSE of 0.70, and PBIAS of 3.9) and sat-

isfactory validation (R2 of 0.68, NSE of 0.66, and PBIAS of 12.8) based on Moriasi et al. [51].

The overall model prediction slightly underestimated the observed flow (Figure 6A,B)

except for 2007 and 2009. From 2001 to 2008, the mean monthly observed discharge was

14.0 m3/s, whereas it was 13.3 m3/s for simulated flow. Similarly, from 2009 to 2011, the

mean monthly observed flow was 20.4 m3/s, while the simulated flow was 17.8 m3/s. The

good model performance during calibration and validation demonstrate the SWAT model’s
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capability to reliably simulate the hydrological process in the Upper Offin sub-basin. This

established confidence on the applicability and suitability of the model for evaluating the

hydrological implications of supplemental irrigation.

Table 4. Parameter sensitivity analysis and calibration results for the Upper Offin sub-basin.

Parameter t-Stat p-Value Fitted Value Actual Value

v_CH_N1.sub - 8.73 0.000 0.39 0.39
r_CH_S1.sub m/m −8.51 0.000 −0.62 0.003
r_CN2.mgt - −7.52 0.000 −0.07 69.50
v_GWQMN.gw Mm −6.77 0.000 3740.99 3740.99
v_GW_REVAP.gw - −6.06 0.000 0.05 0.05
v_OV_N.hru - 4.33 0.000 0.32 0.32
r_SOL_Z().sol Mm −3.88 0.000 −0.08 *
v_ALPHA_BF.gw Days−1 1.90 0.058 0.91 0.91
r_CH_S2.rte m/m −1.73 0.085 −0.17 0.002
v_CH_N2.rte - −1.38 0.168 0.43 0.43
r_SLSUBBSN.hru m −1.06 0.288 −0.02 46.50
r_SOL_K().sol mm h−1 −1.06 0.289 0.17 *
v_ESCO.hru - 0.57 0.571 0.67 0.67
r_SOL_AWC().sol mm H2O/mm soil −0.35 0.727 −0.16 *
v_DEP_IMP.hru mm −0.25 0.804 5984.19 5984.19
v_SURLAG.bsn - −0.21 0.838 0.02 0.02

Note: * refers to value varies per soil depth. t-stat measures how a particular parameter is influencing the model’s
output. p-value helps to determine whether or not to reject the null hypothesis. Actual value refers to actual
parameter value where as some of the fitted value refers to parameter relative change from initial value.

To verify SWAT model performance in capturing ET, the dominant water balance

component, ET value from a previously established model in the sub-basin, PED (Parameter

Efficient Distribution), was compared. A comparison with an independent remote sensing-

based product, MODIS actual ET, often used in data-scare regions, was also made to

highlight its applicability in the sub-basin. The comparison of the SWAT actual ET from

20 sub-basins with MODIS ET was very poor with R2 of less than 0.2. However, the

comparison of spatial average ET of SWAT, MODIS, and PED (Figure 7) showed an R2

of 0.68 between SWAT ET and PED ET, while it is less than 0.1 between SWAT ET and

MODIS ET (Supplementary Materials File S2). The MODIS ET algorithm estimates surface

conductance based on vegetation indices and meteorological data but does not explicitly

account for soil moisture constraints [52]. Given the strong consistency between SWAT ET

and PED ET, as well as alignment of parameters with the literature [17], we feel that the

SWAT model provides a more reliable representation of streamflow and ET in the Upper

Offin sub-basin.

4.3. Hydrologic Response of the Upper Offin Sub-Basin, Baseline

From 2001 to 2019, the Upper Offin sub-basin experienced a mean annual rainfall

of 1333 mm (Figure 8). During this period, evapotranspiration was the predominant

hydrological process, constituting 71% of the mean annual rainfall, followed by percolation,

which accounted for 21%. Meanwhile, surface runoff and sub-surface flow account for

5% and 3% of the mean annual rainfall. Catchment water yield, WYLD, is about 14%

(183.5 mm) of the mean annual rainfall.
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Figure 8. Hydrologic responses of the Upper Offin sub-basin. P, ET, Qsur, Qloss, Qgw, and ∆SW were

precipitation, evapotranspiration, surface runoff, percolation, lateral sub-surface flow, and change in

soil water, respectively. All units are in mm or (%).

Previous studies in the region have reported different estimates of evapotranspiration.

For instance, Osei et al. [50] noted that it comprised 55% of the mean annual rainfall in the

Owabe catchment, while ACHEAMPONG [53] and Awotwi et al. [17], estimated 60% and

80% of the mean annual rainfall as evapotranspiration in the Pra River Basin, respectively.

The above suggests that a substantial portion of rainfall is lost to the atmosphere, potentially

limiting water availability for other uses, such as agriculture and recharging of ground-

water. Compared to other regions within the Pra River Basin, where evapotranspiration

estimates range from 55% to 80%, the Upper Offin sub-basin exhibits a relatively high rate,

which could have implications for water resource management strategies, particularly in

maintaining sufficient water levels for sustainable use and ecological balance in the basin.

4.4. Spatial Hydrology and Impacts of Supplemental Irrigation

The results depicted the impacts of different supplemental irrigation scenarios on

water resources and the environment. Figure 9 demonstrates how expanding cocoa supple-

mental irrigation fundamentally alters the hydrological process. For instance, a significant

expansion of irrigated cocoa area to 30% of the total cocoa area resulted in noticeable shifts

in the water balance components. We observed a 2.3% increase in actual ET, indicating

enhanced water consumption by irrigated cocoa plants, and a 9% increase in Qloss. The

increase in percolation from the baseline indicates that some of the irrigation water applied

infiltrates deeper to the soil profile.

Conversely, the most prominent and environmentally significant changes were ob-

served in groundwater flow (GWQ) and water yield (WYLD). Groundwater flow expe-

rienced a substantial 25% decrease from the baseline, while water yield declined by 9%

compared to the baseline. Further analysis revealed a statistically significant (p < 0.05)

reduction in groundwater when supplemental irrigation was applied to just 5% of the

cocoa area. On the other hand, increasing the irrigated area to 30% of the cocoa area did

not significantly impact catchment water yield. Moreover, no significant changes were

observed in surface runoff, sub-surface flow, and soil moisture, with up to 30% cocoa area

coverage using supplemental irrigation.
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Figure 9. Hydrologic responses of the Upper Offin sub-basin due to expansion of supplemental

irrigation. P, ET, Qsur, Qloss, GWQ, SSF, and WYLD were precipitation, evapotranspiration, surface

runoff, percolation, groundwater flow, sub-surface flow and, and water yield, respectively. All units

are in mm.

The spatial hydrological responses of the baseline scenario showed that two sub-

watersheds, northeast of the Upper Offin, showed uniquely different hydrological re-

sponses (Figure 10, left). Catchment water yield, groundwater flow, and percolation were

observed to be high compared to the other parts of the Upper Offin sub-basin, while evapo-

transpiration was low. This was mainly due to the soil characteristics, such as Leptosol soil

(Figure 2C), which is under hydrologic group B and has a good infiltration capacity. The

dominant soil of Upper Offin is under hydrologic group C. Percolation and groundwater

flow were low, while surface runoff was high in the southeast of the Upper Offin water-

shed, where built-up areas and bare lands are dominant (Figure 2A). Kumasi, the second

largest city in the country, is in the southeast of the Upper Offin sub-basin. These findings

underscore the need for careful management of irrigation practices to balance crop water

needs with the sustainability of groundwater resources, particularly in areas with varying

soil characteristics and land use patterns.

Conversely, the impacts of supplemental irrigation on spatial hydrology revealed

considerable changes within the sub-basin where irrigation was implemented (Figure 5).

Particularly, the sub-watersheds containing cocoa plantations that benefited from supple-

mental irrigation exhibited notable increases in evapotranspiration and percolation rates

(Figure 10, right). The increase in evapotranspiration and percolation can be attributed

to the additional water availability from the shallow aquifer to the surface. However, a

notable reduction in groundwater flow and catchment water yield was observed in areas

where supplemental irrigation was a cocoa plantation. Therefore, these changes highlight

the need for careful management and monitoring of irrigation practices to ensure that the

benefits of increased agricultural productivity do not come at the expense of long-term

water resource sustainability.
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Figure 10. Spatial hydrologic responses of the Upper Offin sub-basin for baseline and irrigation scenario.

5. Discussions

The increasing unsustainability of rainfed cocoa farming due to erratic rainfall and

prolonged droughts aligns with broader trends observed in other cocoa-producing regions

across Africa, such as Côte d’Ivoire, Nigeria, and Cameroon. Studies have consistently

highlighted the vulnerability of cocoa production to climate variability, emphasizing the

need for adaptive strategies, including supplemental irrigation [54]. The findings from the

Upper Offin sub-basin in Ghana demonstrate the feasibility of utilizing shallow ground-

water for dry-season irrigation. Similar approaches have been explored in West African

cocoa landscapes, where water availability remains critical for sustaining productivity

and securing smallholder farmers’ incomes [11]. In this section, we discuss our finding

of groundwater potential with other studies and its geological context, innovation in the

irrigation, and future challenges.

5.1. Groundwater Potential for Supplemental Irrigation of Cocoa

The potential of irrigated cocoa production can be realized through the optimized

use of irrigation practices, which plays a key role in enhancing cocoa productivity while
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maintaining the sustainability of water resources. In the Upper Offin sub-basin of Ghana,

there is a significant opportunity to boost cocoa production through supplemental irrigation.

The result suggests that supplemental irrigation could be applied to at least 5% of the cocoa

cultivation area, equivalent to 4760 ha, without causing significant impacts on groundwater

flow. This estimate is based on land use, which shows that cocoa accounts for a substantial

portion of the forest land. Using the average irrigated cocoa land size per household, which

is 3 ha (Table 3), this translates to the potential for more than 1580 households (i.e., quotient

of 4760 ha and 3 ha per household) to practice supplemental irrigation sustainably.

These estimates assume that each participating household would irrigate up to 3 ha on

average, consistent with observed practices. Moreover, the groundwater impact assessment

assumes that the current hydrological and recharge conditions remain stable under this

irrigation scale. The implication is that targeted, small-scale irrigation support to around

1580 cocoa farming households could enhance productivity without placing stress on

groundwater resources. In addition, irrigated cocoa production could be extended to up to

30% of the cocoa area (28,540 ha or over 9500 households) without significantly reducing

catchment water yield. These irrigation practices also support environmental demands for

groundwater use, as indicated by R. van der Meulen et al. [55]. A detailed groundwater

study using a distributed model integrated with field observations is essential to determine

the long-term sustainability of expanded cocoa supplemental irrigation.

Groundwater potential in Ghana holds significant promise for addressing water

scarcity issues, particularly in the agricultural sector [56]. The country’s diverse hydrologi-

cal information, including fractured crystalline basements and sedimentary basins, offers

considerable groundwater resources [57]. Despite seasonal variability and limited surface

water availability, consistent yield from aquifers provides a reliable water resource for

irrigation. In regions like Ashanti, Eastern, and Western regions, where cocoa production is

predominant, leveraging groundwater for irrigation can enhance cocoa yields and improve

crop resilience against climate variability [58]. Sustainable management of groundwater

resources is vital to maintaining ecological balance and preventing over-extraction [59].

To fully realize the potential of supplemental irrigation for cocoa production in the

Upper Offin sub-basin, it is crucial to implement sustainable water management practices

that balance the needs of cocoa farmers with the long-term health of groundwater resources.

This involves not only optimizing irrigation techniques but also investing in monitoring sys-

tems to track groundwater levels and usage rates, ensuring that extraction does not exceed

natural recharge rates. Additionally, integrating supplemental irrigation with rainwater

harvesting and conservation practices could further reduce dependency on groundwater,

making cocoa production more resilient to climate variability. Collaborative efforts involv-

ing local communities, government agencies, and agricultural organizations are essential

to develop guidelines and policies that promote the efficient use of groundwater while

protecting it from over-exploitation. Moreover, educating farmers on sustainable irrigation

practices and the importance of groundwater conservation will be key to maintaining both

agricultural productivity and environmental health in the region.

Additionally, as attention is drawn towards supporting cocoa farmers to purchase

and use irrigation equipment through financial modalities [12], stakeholders must also

consider investing in the management of the water source, as cocoa irrigation is heavily

dependent on groundwater use amid the growing pollution of surface water due to illegal

mining activities in cocoa-producing communities. Supporting these farmers to access

irrigation technologies would result in many farmers using groundwater, which could affect

water resource availability. Failure to invest in water management practices could lead to

unsustainable groundwater use. If groundwater is reduced due to overuse, the irrigation

equipment would not be used, making them idle, which could result in bad investments.
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5.2. Innovations in Irrigation

Integrating solar-based pumping systems with groundwater irrigation presents a feasi-

ble and innovative solution for irrigated cocoa production in Ghana [12]. Solar pumps offer

an environmentally friendly and cost-effective alternative to traditional diesel-powered

pumps [60], reducing reliance on fossil fuels. The system reduces operational costs and

carbon emissions, making it an ideal choice that aligns with sustainable agricultural prac-

tices and contributes to global efforts to mitigate climate change. Furthermore, adopting

innovation bundles, including modern irrigation technologies, water-saving practices, and

farmer training programs [27], enhances efficiency and productivity. These innovation

bundles provide the technical tools needed for improved water management and empower

farmers with the knowledge and skills required to maximize the benefits of these technolo-

gies, leading to more resilient and productive agricultural systems. Financial constraints

(high initial costs, and limited affordable credit), supply chain issues, and a deficit in local

technical expertise represent the most significant adoption barriers.

Implementing an efficient water application system in the sub-basin can substantially

expand the potential of irrigated cocoa areas by optimizing water use and ensuring that

water resources are utilized most effectively. For instance, using advanced technologies such

as drip and sprinkler irrigation systems would significantly improve water productivity

by delivering water directly to the plant roots, minimizing evaporation and runoff. These

systems enhance crop productivity by ensuring that cocoa plants receive the precise amount

of water needed for optimal growth, supporting the ecosystem simultaneously [61]. In

addition, adopting water-saving practices holds considerable potential to improve both

water and crop productivity, further contributing to the sustainability and efficiency of

cocoa farming in the region. These practices not only conserve valuable water resources

but also help to maintain soil health and reduce the environmental footprint of agricultural

activities, ensuring that cocoa production in Ghana remains sustainable and resilient in the

face of changing climatic conditions.

5.3. Future Challenges with Available Resources

However, mining activities in the Upper Offin sub-basin pose a significant threat to

water resources. The region’s rich mineral deposits have attracted extensive mining opera-

tions, leading to a decline in water availability, affecting both catchment water yield and

groundwater recharge, and severely degrading water quality through increased sediment

yield and contamination. Assefa et al. [9] explained that even a 5% mining coverage in

the Upper Offin sub-basin could result in a 7% reduction in catchment water yield and a

5% decrease in percolation, alongside a dramatic 81% increase in sediment yield, indicat-

ing a significant impact on the hydrological balance. Furthermore, mining activities can

introduce heavy metals and other pollutants into water bodies, making the water unsafe

for agricultural and domestic use [62]. This contamination exacerbates the already critical

issue of water scarcity. It highlights the competition for water resources between mining

and agriculture, which can lead to conflicts and necessitates stringent regulations and

continuous monitoring to safeguard the region’s water security.

Research conducted in various basins in Ghana, such as the White Volta River basin

and the Pra Basin, has revealed that precipitation plays a crucial role in groundwater

recharge, as evidenced by stable isotopes indicating peak recharge periods during specific

rainy months [63]. Studies also suggest that regional groundwater flow systems are key

to recharge, especially in areas with uniform hydraulic conductivity fields, based on

simulations in Northern Ghana [64]. Moreover, the assessment of granitic aquifers in

Ghana has underscored the potential of managed aquifer recharge (MAR) to support

groundwater resources, highlighting the importance of site-specific conditions in recharge



Water 2025, 17, 1841 19 of 23

mechanisms [53]. The lack of detailed and specific investigations for the Upper Offin River

Basin makes it difficult to definitively ascertain the dominant recharge processes. However,

considering the study area’s climatic conditions and hydrogeological settings, both local

recharge from precipitation and regional recharge from basin transfer could have significant

implications for water availability and sustainability.

Efficient water resource management in the Upper Offin sub-basin of Ghana and in the

West Africa region requires carefully balancing various water uses to ensure sustainability.

With agriculture being a primary water use, precise water allocation models are necessary

to optimize usage without depleting resources. These models must consider current

and future demands, including the impacts of population growth, climate change, and

potential shifts in land use. Future research in the Upper Offin sub-basin should focus on

developing integrated water resource management strategies that harmonize the competing

needs of agriculture, mining, and other water withdrawals. Such modeling practices need

parameterization of the crop growth phenology of cocoa to model crop yield under rainfed

and irrigated conditions. Advancing such knowledge could significantly enhance water

use efficiency in a landscape. Additionally, engaging local communities and stakeholders in

water management decisions is crucial for fostering sustainable development and ensuring

that water resources are managed in a way that benefits all users while preserving the

ecological integrity of the sub-basin.

6. Conclusions and Recommendations

The traditional resilience of farming on the rainfed system is increasingly unsustain-

able due to erratic rainfall and prolonged droughts, posing significant risks to agricultural

productivity and the livelihoods of smallholder farmers. This growing concern has sparked

increased interest in supplemental irrigation as a means to enhance cocoa production and

sustain the livelihoods of these farmers. The study highlighted the considerable potential

of supplemental irrigation for boosting cocoa productivity in the Upper Offin sub-basin of

Ghana. It was found that irrigation during the dry period from shallow groundwater could

be applied to up to 30% of the cocoa farm area without significantly reducing catchment

water yield, providing a viable pathway for increasing crop resilience against climate

variability and securing farmers’ incomes.

The findings underscore the opportunity of using the available water resources to sup-

port sustainable cocoa production. This requires the integration of advanced technologies

such as drip and sprinkler systems, which are designed to maximize water use efficiency.

Additionally, integrating renewable energy sources, particularly solar-powered irrigation

systems, could be encouraged as a key component of sustainable agricultural practices.

These systems must be carefully tailored to local conditions to ensure long-term sustain-

ability and minimize environmental impacts. However, it is important not to overlook the

importance of implementing sustainable groundwater management practices to prevent

over-extraction and maintain the ecological balance in the region. Comprehensive training

programs for farmers on modern irrigation techniques, water-saving practices, and sustain-

able cocoa farming methods are essential, and both governmental and non-governmental

organizations should support these to ensure widespread adoption and effectiveness.

Strengthening institutional frameworks is vital to facilitate the adoption of supple-

mental irrigation and sustainable water management practices. This includes developing

incentives for farmers to adopt innovative irrigation technologies and ensuring they have

access to the necessary agricultural inputs to implement these practices successfully. Fur-

ther research on the long-term impacts of supplemental irrigation on cocoa productivity

and the hydrological system should be prioritized, with regular updates to models and

predictions to reflect the changing climate and environmental conditions. Moreover, local
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communities must actively engage in decision-making processes related to water resources

management and cocoa farming practices. This inclusive approach ensures that stakehold-

ers at all levels are informed, involved, and committed to the successful implementation

of sustainable practices, which have the potential to improve productivity, enhance liveli-

hoods, and ensure the sustainable management of water resources in the face of growing

environmental challenges.
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humidity, solar radiation, and wind speed data are available at https://climatedataguide.ucar.edu/

climate-data/climate-forecast-system-reanalysis-cfsr (all accessed on 20 July 2024).
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