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Abstract

Climate and landise change influence ecosystem serwpes provided by hydrological
processes of river basins. Previous studies used either different climate models with the
same resolution or the same model at varying resolution to examine the impact of climate
and landuse change on hydrological ecosystservices. The potential of reducing
uncertainty in climate change impact studies with different climate models at different
resolution is yet to be explored. This study, therefore, was designed to use climate models
of varied resolutions to assess the comal impact of climate and langse change on
hydrological ecosystem services such as seasonal water yield, nutrient and sediment
delivery ratios in the Pra River basin, Ghana.

The StatisticalMechanics anddynamical Systems theaes were adopted as framerk

and the Theory of Change for validatiofwo Rossby Centre Regional Atmospheric
Models, two Weather Researeimd Forecasting Modelsnd one statistical downscaling
model at 44km, 12km and 2m resolution respectively were purposively selected and used
with generated land use/cover maps of 1986, 2002 and 2018 from satellite images to model
seasonal water yield, nutrient and sediment delivery ratios. Using the reference data from
19812010, climate projection was conducted for 2G99 and using the Intefed
Valuation of Ecosystem Services and Tradeoffs (INVEST) model. The results from the
mod el were evaluated based o0n-udeahangewitdrs p e
the basin. A multstage sampling technique was used to purposively seledsttidtd and

344 farmers to whom a sessiructured questionnaire focusing on perception of climate
and landuse changes was administered. Questionnaire data were analysed using
descriptive statistics.

The ensemble of the five climate models projectedfalito decrease by 1.77% and
temperature increase by 1.25°C in future. The variation in monthly rainfall could result in
seasonal shift from a {modal to monemodal rainfall pattern in future. Agricultural
expansion and urbanization were the driversanfdl cover change in the basin. Mean
annual water yield at ©335 mm in the control period was projected to decrease by 35% in
future under the ensemble mean climate. The combined impact of climate anddand
change was adverse on nitrogen delivery asmdgimentary on phosphorus and sediment
delivery when compared to their individual impact. Awareness of climate change was high
(98.3%) among the farmers and they were extremely vulnerable to its impact. The use of
improved crop varieties (97.1%), agrocheats (96.2%) and ofarm tree planting
(95.3%) were the major climate change adaptation strategies of farmers. Farmer's
observation of temperature trends was consistent with gauge station records, however,
rainfall trend was contrary. Farmers indicatedtthgriculture (79.4%) and smalitale

mining (42.7%) were the major cause of deforestation driven by financial status (72.4%),
climate change (64.5%) and market demand (63.7%).

Climate and landise change will influence water availability and nitrogerpogk
adversely and control erosion and phosphorus export in the Pra River Basin of Ghana
between 2020 and 2049. Therefore, management practices that protect vegetation should
be encouraged to control nutrient enpned s e
through climatesmart agriculture.

Keywords: Climate change, Landse change, Hydrological ecosystem services

Word counts: 500
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CHAPTER ONE

INTRODUCTION

1.1 Backgroundto the study

Globally, available water quantity andjuality are diminishing, making water a scarce
commodity in this era of climate change. Degradatioa whtersheds one ofthe direct
causs (Murphy andKapelle, 2014)Ec o sy st e mb6 s duncatians pglayarveal a n d
role in water sustainability(Enanga et al, 2011). Climate changethreaens the
sustainability ofecosystenservicesgspecially in developing countriédianget al., 2014;
Boon and Ahenkan, 20)2with the potential to cause negatitrend in thechangeghat
could happeriBangastet al, 2013) Climate change ifurther projectedto increase global
temperature and chandbe pattens of rainfall, with more erratic changes in tropical
regions(LépezMorenoet al, 2011 Marcéet al, 2010). The projectd changes coultead

to environmental extremeike flooding and droughtswhich may beless feltby the
developed worldbecause ofbetter economic and political stability, andnproved
agricultural technology (Davist al, 2015). Howeve the impact is quitgreatin Africa
due to poverty angolitical instability amongst othe(6AO, 2009;Bo et al, 2004;UNEP,
20029).

Hydrological ecosystem services (freshwater, soil and nutrient regulationerasitn
control among others) and dwgalrological processeare directly affectedby changes in
terrestrial ecosystem componen&rgumanet al, 2007). Forested areas contribute to
groundwater recharge and maintaining surface water amsist of rich biological
diversity. Sustainability ofiydrological ecosystem servicasound the globe is currentdy
challenge due to unplanned use that resulted fpmmpulationand economiocgrowth,
changes in land use and global dynamicoifd/Bank Group, 2016).Seasonal changes
and water demand is a majosk especially now under climate changed consistent
population growth (Allenet al, 2018;IPCC, 2014) The iverine ecosystem could be

degraded as environmental flow redu¢ignovskyet al,, 2010).

Water management systemsspecially for agricultee, should be part of the forest
conservation measurd=ailure to protececosystem serviadirectly linked with freshwater

provision will affect livelihoods This is because¢he production of theseecosystem
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servicesare fundamental téood securityas well as the potection of humarives and
properties Duku et al, 2015; Jujnovskyet al, 2010).Ecosystem servicesme thebenefits
humansderive from intermediary productions via theelationship betweerecological
structures and procesg@aumanet al, 2007). Measures of valorising ecosystem services
are necessary as partasfinnovative mechanisno highlightpositive outcomesapable of
addressing the challenge of degradation in watersh®dsetter understandingf the
interactions betweehydrolagical systemand its impacting factors (climate and land use)
on social and ecological systems aeeessary for effective governarared formulation of

adaptation and mitigation strategies

1.2 Problem statement

Inte-Governmental Panel on Climate Charf?CC,2007)projected 10 30 % reduction
in water availabilityin mid of thecertury at mid-latitudes and in the dry tropicsvater
availability in major West African basirs projected to decrease by 1310 % from mid
to the end of the twentfjrst century(Sylla et al, 2018. This isalsothe present scenario
in the PreRiver Basin Ghanagdue to current land use tren@ssareDonkor and Adimado,
2016; Kusimi et al, 2015; Murphy and Kapelle, 2019Qduro et al, 2012 Akrasi and
AnsaAsare, 2008 The main sources of pollution in the river basie illegal artisanal
smal | scal e miners patamsey (see IFig. 1.4)aicbarge efd
untreatedliquid waste into water bodies antutrientladen run-off from commercial
activities ofresdents innearby villagegAnsaAsareet al, 2014). The quality of najority
of the river watein the basins reported to be fairly gogdew were poor and none the
class of good water quality (WRC, 2018roundwater as an alternative source of water
for agriculturaldevelopmentaspotentialat only 24.5 % ofthe total land area of Ghana
(Gummaand Pavelic 2013) This calls for the regular assessmentsuoiffacewater yield
and quality in the basithreatened byincertainclimate anduncontrolledland useland
cover(LULC) changegObuobieet al, 2012).

A rising world population, forecast to (&5 and 9.7billion people by 280 and 2050
respectively wth Africa contributing abouR0 % and 26% in the respective projected
years will result inincreasedwealth and changing dietary preferendéfN, 2015.
Compostion of food demand is projectdd be 2960 and 3070 kcal/pitd 2030 and 2050

respectively(AlexandratoandBruinsma, 2012Bruinsma, 2000 According to Stedutet
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al. (2012),a 70 % increase in food production at the global scale is required to meet the
demand ir205Q Water scarcity is the major potential constramfuture food production
(Davis et al, 2015 Stedutoet al, 2012. Human activity, population growthailure to
implementpolicy and inadequate law enforceméaive led to the degrading state tife
Pra River Basirto the extent that although water is largely available, it tsmthe form
that could be readily utded, thus resulting in water stress (Murpdnyd Kapelle, 2014).
The populationof the basinis made up of farmersajorly, who cultivate cocoa (the
highest economic crop in Ghana) at large sdaéforestation praes (timber extraction,
fuelwood and charcoal productipncrop prodation intensification throgh inorganic
fertiliser usageand poor farming practiceare changing thevegetativecover in the basin
thereby aumenting or degrading the services it pras@usimi et al, 2015;Akrasi and
AnsaAsare, 2008 Braumanet al, 2007. According to Bentil (2011) a water treatment
plant in Ghana stopped its operations due to intense sediment egpartresult of
galamsey Sustainable management of river basseritical challenges in Ghana due to

intense human activitie®(ncanet al, 2019.

According to Obuobiest al (2012) the Ra River Basin is already watstressed The
basin was projected &xperience watr scarcity {ater supplyless than 1000 ffcapitaly)

and absolute scarcitywéater supply less than 500 Sfrapita/yy in 2020 and 2050
respectively Qbuobieet al, 2012) Climate change is expected to worsen the situation in
the Pra River Basin since tpeojections were don&ithout consideng its impact(IPCC,
2014). Modelling how hydrological system will respond to a specific Representative
Concentration RAway (RCP) and landse changgives an indication of what is likely to
happen andhelpto prepare appropriate adaptation measures to redocg&ssfiherefore,

to achievethe desired state (water quantity and quality being adequate for both
environmental flows and human needs) of theRvar Basin,furtherresearch isequired

to provide relevant informationto all users for valosation and uderstanding of the
impacts of their activities (MurphgndKapelle, 2014).



Rive:r Pra

Fig. 1.1. State of the Pra River: (a) before and (b) aftemseillegal miningfigalamsey
activity.

Note: Thelaterimage described d@iNowo was in2016
(Souce Arthuravlensah2016



1.3 Justification of the study

Climate change impact studiesther combine different spatial resolutions of the same
climate modelNikiemaet al, 2017;Bossaet al, 2019 or different models of the same
resolution(Okafor et al, 2019; Stanzelet al, 2018;Sylla et al, 2018; Amisigo et al,
2015; Aich et al, 2014 Jacobet al, 2007 in reducing uncertainty of projections. In
Ghana, no climate impact study the best oknowledge at the time of this work had
employed a high spatialesolution climate model(in meters) to assess future water
availability under climate changé& his study combined different regional climate models
with different spatial resolutions including a statistical downscaling mgdsoblution in
meters)to compmre model performance atlocal scale and also to assess ithpact of
climate changdérom their ensemble meam hydrological ecosystem services in the near

future.

Mapping ecosystem services atloeir distribution at a local scateelps to identifyareas
under pressure for immediateterventions(Bangashet al, 2013). The capacity of a
vegetation cover to offer hydrological ecosystem serviceshi&eeduction of runoff and
nutrient regulationdepends on the dynamics of changes in land use and tamet c
(Jujnovskyet al, 2010) The effect could be either adverse or complimentangrefore,
this study sought to investigate the trendtlud impact of changes in vegetation cover
hereby referred to as land us®/er changesn hydrological ecosystem service delivary
orderto determine théest adaptive management practifmgshe sustainablprovision of
these serviced-urthermore, tb study compared the standalone and camed impact of
climate and landise change on hydrological ecosystem services to identify theesolurc

adverse impact oservices for proper and specifiterventionsespecially in policy

Hydrological ecosystem services are poorly monitare@ub-Saharan Africa (SSAjor
sustainable utilisatiobecause of limited understanding of its importancevedinood and
poor availability of dataThe Natural Capital Proje¢Sharpet al, 2016)has developed an
ecosystem valuation model call¢gde Integrated Valuation of Ecosystebervices and
Tradeoffs (INVEST) with minimum input data requirement whichillvserve the needs of
SubSaharan Africa but it has not beadequatelyadoptedyet. Testing and adopting the

L nvEST simplifies water movement by combining the movement of groundwater and sudtere Mv
assumethat groundwater and surface water follows the same flow path to reach a stream. The mael run
production function informatioim literatureencoded withirits deterministicsubmodels (Sharpt al.,2016).
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INVEST model which is capable of serving areas with scarce data (Volk, 2014) will
facilitate a decisioamaking process protect the degrading esgstem and improve
monitoring of ecosystem conservati@h@rpet al, 2016;Dimobeet al, 2015. This study

was also with a view toproviding frameworks for a broad range of policy and planning

decisions relating to the environment and human-baig n thePra River Bsin.
14 Aim and objectives

The aim of tlis studywas to a&ses<slimate and landise changémpacton the seasonal

water yield, sediments and nutrients delivextyos in the Pra River Basin of Ghana.
Specifically, the studgoughtto;

I.  project climate variability and change of temperature and rainfall froor f
regionalclimate modelsand one statistical downscaling modé&i the period2020
I 2049(future) with reference to 198 2010(control).

II.  analyse land use/cover changes from@882018n the basin.

llI.  modd the changesn seasonal water yieldediments and nutrients delivengtios

in the Pra River Basifor both historical and projected climate periods

IV.  assess the perception and adaptasivategies of farmers to climate charandthe

drivers of land use/cover chanigethe basin.

15 Researchquestions

I. What would be the futurechangeand trend in temperature and rainfall
distribution in the basin using a downscaled regional climate models and
statistical downscaling model?

il. Have the land use/cover changed significantly over timtbe Pra River Basin?

iii. What are the impacts of climate and land use/cover changes on water yield,
sediments and nutrient yield in the basin?

Iv. How do farmers perceivand cope withclimate change andvhat are the

observed drivers of landse change in the basin?



1.6 Hypothesis

i. Combined tmate and landise changeimpact onseasonal water yiels in the
same pattern as individual impattthe basin level.
ii.  The amount of sediments and nutrient delivatjos in a basin is a function bbth

climate and landise changes.

1.7 Scope ofthe study

The climate analysis was limited to seven stations awtilabledata of rainfall, maximum

and minimum temperature between the period of 198010.Future clmate projections
were between the period of 20202049 and analysis was carried out for thean
temperature at 2 m and rainfall. TwBoordinated Regional Climate Downscaling
Experimen{CORDEX) on the African domain and two Weather Research and Fongcasti
(WRF) modelsfocusing on the West African Region and one statistical downscaling model
for station level modéng were used. Land use analysis was limited to two interval image
analysis (1986 2002 and 2002 2018) due to lack of good freely availaldatellite
images.Information available and reported in literature were used to ghtbphysical

data for the modelling of water yield, sediments and nutrient delivery ratios in the
Integrated Valuation of Ecosystem Services and TFadfie (INVEST) modés. A total
number o0f344 respondents out of 399 sample size from 10 randomly sampled districts

were interviewed.



CHAPTER TWO

THEORETICAL FRAMEWORK AND LITERATURE REVIEW

2.1Conceptual Review

2.1.1 Hydrological ecosystemservices

An ecosystemis a compex system ofa plant animal, fungal, and microorganism
communitieswith their associated neliving environmentsuch as water resources in the
context of this studyall interactingas an ecological uniCBD, 2009;Bondet al, 2008.
Water resarces povide numerous servicas humanswhich are sometimes termed as
hydrological servicesThey encompassall the benefitshumans getbecauseof the
terrestrial ecosystem effects on freshwater. Previotisdies have divided ecosystem
services intdhree categries regulating, provisioning ancultural servicesGICES 2013;
Kandzioraet al, 2013 MEA, 2005. The services that defineater resources in any
categoryis further defined by theiquantity, quality, location, andiming of flow
(Braumanet al, 2007). The process of water flow in a landscape is impacted by its
surrounding ecosystem. Therefore, water resources are dinafttigncedby terrestrial
ecosystem servicds either improve or degrade the supply of hydrologic ises/on its

attributes

The definition of hydrological eosystem servicebas been evolving over the years
(Schmalzet al, 2016 Martin-Ortegaet al, 2015. Land cover/usés one of the immediate
terrestrial ecosystems with direct impact on water resoutlsesffect on theseervices
differs from location to location due to the spatial and temporal seal@ their
inconsistencies with landscape hydrologic resporiRedr{gueziturbe, 2000). It is evident

that those located upstream of a basin or watershed receive differefitsbéran those
downstream. Landise change might have positive or negative impact on water resource
availability as well as the microclimate of the basin. Hydrological response varies with
climate, geography and ecosystem typeaumanet al, 2007). However, limited research

has beerctonductedn the tropics compared to the temperate ecosysteascertain this

fact This has brought to the fore the needassess hydrological ecosystem services

varying soil typs, rainfall patterns and changing lanskes

Agricultureas a laneusepracticecan introduce pollutants into a streaina faster rate via
both surface and stgurface lateral flowwhereas this might not be the case in a forest
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environment du¢o increased infiltration anceducel water yiet by its canopies effects on
precipitation.The geographic variability in the coupled impact of vegetation on hydrologic
ecosystem services makes it difficult to predict the actual anthropogenic influence in the

procesg{Martin-Ortegaet al, 2015; Braumaet al,, 2007)

2.1.1.1 Valori sation of ecosystemservices

Valuing the attribute of ecosystem service is paramount to decision making. However,
variation in the locationof the servicesand land use being compared or contrasted
influence the outcome ohé¢ value An earlier study irthe USA discovered thaarmers in
California have a net benefit from vegetated buffer stiggch improvethe water quality
available to them and #ie same time reducing solil erosi@Rein, 1999) Also, the kind of
ecosytem being delivered affects its value. The importance of watersheds and river basins
to a communityoften determines the kind of community and traditional laws made to
protect it Although this hasled to the evolution of modelusedto value hydrological
ecosystem service& (o et al, 2006, most African countries are yet to understand and
plan based on drainage basin instead of the usual administrative bouniaoi®r area

of disparity is the spatial and economic disconnection between land usdrsrefidiaries

of ecosystem services beingrided (Braumanet al, 2007). A good policy mechanism is
needed to harmonisedbe two sides tourtail the rate at which landse changes ocqur

with or without the corresponding consequences on water delivery Ibasin under

consideration.

In the era of external drivers such as climate change, ecosystem service management must
be prioritised for sustainability. Majority of the policies available tanage ecosystems

are governmenbased. The policy mechanismee aisually voluntary paymentswhich

allow non-government agencies to contribute to conservagomernment control of land,
government regulationsnd gowernment incentivpayments (Braumaat al, 2007). FAO

(2002)in their bulletinand other studies sh as Daily and Elliso(R002)expands on these
mechaisms The gwvernment can protect hydrologic ecosystem services by directly
payinglandownerdo be able to control the changes that take place on them. Land use has
been identified to play a major rol@ the characterisation of water resources and
ecosystem services delivery in a basin or watershed. In some couatn@®ynersare

paid specific amount for the services supplied from their land whereas in other countries
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services are valued before paymés made. Governments adopt different measures of
conservation and protection based on the prevailing conditions on the land that supplies
them with the needed servicaddrtin-Ortegaet al, 2015). To assess feedback between
hydrologic service delivergnd land use, appropriate policy mechanisms must be in place
to harmonise geographic, economic and cultural differences betaredmwnersand those

who benefit from services delivereg such ecosystems.

Braumanet al (2007) identified thatsite-specifc assessmeninformation about the
biophysical, social, economic and institutional dimension of ecosystem seavecesry
important in the quest to understand and manage it. This is due to the variations in delivery
based on landscape, vegetation andnaie influence which are also geographically
oriented. The information is vital feolicymakersas they will be informed of the changes

that are natural as well as those exacerbated by humbakpfadan a specific conservation
approach to them. The smthature of ecosystem services makegppingan important

tool in the assessment of the connections between delivery and benefiblapgsng of
ecosystem servicess usually conductedby proxybased mapsTerradoet al, 2014
Eigenbrodet al, 2010.

2.1.1.2 Attributes of hydrological ecosystenservices

The attributes of water services are quantity, quality, location delivery and timing of
delivery. Most people are informed about the first ,tmdnich are water quantity and
quality because of their imediate impact on the environment and human activities. Water
quantity is theamount of water available for drinking tor agriculturalpurposesit also
describes the volume of floagter whereas water quality i@ measure of thievels of
chemicalspathogens, nutrients, salts, and seelms in surface and groundwater (Brauman
et al, 2007). Ecosystem only modifies the water moving through it but datesreate or

add to its mass. Howevean ecosystencontributes maximally to the quality of water
passng through it by either adding or removing contamination from the flolhe
quantity of water availablat a particular time and location can be calculated with the

water budget model iBquation2.1.
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L 0 OT w (2.1)
where;
0 = Water discharged from a watershed (surface + grohd)Recipitation
E = BEvapotranspiration (water use by plants + evaporataod)
T = Changes in water storage (surface + ground)

Ecosystenservices such as transporting and redistriloutb wateraffect the volume of

water available to users in a watershElde use of water by plants reduces water quantity
available in a basirits location per time might be beneficial or harmful when found where

it is not needed such as floodimgar s@lements Both the bcation of water above or
below ground levels are important faatershed management plannifgraumanet al,

2007) Downstream users might not have access to the volume delivered to the watershed
from preciptation as compared to the uptream. Changes iman ecosystem (land
use/cover changes) alter its delivery of water quality and can be measured with indicators
such aghanges ifoads andconcentratiorof chemical and physical properties aaitéred

response to changes in extreramfall events

Murphy and Kapelle (2014ecommendshe assessment of land use/cover dynamics in the
critical riparian areas all river basins in Ghana due to the role playedaégodynamic
characteristics of vegetation in the redistribution of wdt®m vegetation to the
atmosphereThere ardimited studiesdone onthe comparison of changes sarfaceand
groundwatemavailability in a givenLULC change On the other handubstantiafesearch

on surface flow in catchmenkss shown that streafiow is reducel by approximately45

% when grassland is converted to forest land c@Besumanet al, 2007) Taller trees,
deeprooted plants, smooth vegetation amongst other characteristics have their specific
contribution to either the availability or scayciof water in a watershed. Soilslope,
vegetatiortype andts ageand management practicea watershed amome of the drivers

of water resources availabilityThese drivers vary spatially and in time, therefore,
recommendatian were made for site-specific and regional assessment®r regular
monitaring of their contribution to hydrological ecosystem servidege to the daily and
seasonal variations in contamination movements through a watershed which can span
many years, assessments of these servioest be done over an extended period.

Therefore, models have been introduced for the assesamemhonitoringof ecosystems
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effectson quality of water in a watershe@ggstadet al, 2013 Tallis et al, 2013.
Ecosystemcontribues to water qualityof both surface and groundwater flowwkrough
various processes includinghysically trapping water andsediments, holding
contaminantsenhancing infiltration via reduced water spetdnsformingbiochemical
componentof nutrientsand contaminantsand rutrients uptake and regulation with its
erosion control and water purification characterigMartin-Ortegaet al., 2015).

Vegetative cover and tree heights influence the fentle which raindrops hit the surface

of the soiland further contributes tthe reductionof rainfall impactby the amount of

debris on the surface of the soil. It has been discovered that forests and other matured
ecosystermimprove the quality of water in a catchmefite protection of watersheds is
mostly based on the abilityfdand covers to either improve or maintain water quality
(Braumanet al, 2007). This affirms that land cover is a major driver in the delivery of
ecosystem service, melation towater quality And change@ land coverover time inany

basin calls forassessment so thsite-specific plaming and adaptation strategies dam
developed Murphy and Kapelle (2014) recommended that a critical assessment and
identificaion of ecosystem services needbe carried out for the PRiver and Kakum

River basinsin Ghana. Precipitation is distributed seasonally across the globe and in an
uneven quantity. Knowing when precipitation will occur is very important to famer
construction workex and anyone who uses water for his/her activiti#sis is because

water has asignificantimpact ontheir projectéoccupation both directly and indirectlyhe
attribute of timing is defined as when water is or will be available (Brawghah, 2007).

The timing of precipitation determines how beneficial or harmful it willpke location.
Information about the duration, seasons and predictable changes in stream flows and flood
peaks are necessary for adaptation and management adjustment in a caidieriening

of delivery is affected by landse alterations whichaffect infiltration, groundwater

rechargesubsurfacdateral flow and rate of runoffuillemetteet al, 2005).

2.1.2Water footprint

Water covers about threpuar t er s of t Howevee W .5 ¥ lofdtgs sainer f a ¢
water (Shiklomanowand Rodda, 2003)Freshwaterforms only 2.5% of the global water

stock. This is further distributed over the earth in the form of ice, snow and liquid.
According to Hoekstra and Mekonnen (2014¢cessible freshwater of the global water
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resources is less than %. Freshwate as a renewable resourceakes the accessible
amount enough to meet human needs. However, the uneven spatial and temporal
distribution of it often causes water scarcity (Savenije, 2000). The increasing deamand
water also increases the pressure on adaeswater resources especially in countries that
are unfortunately located iwaterscarcezones. To effectively manage and account for
freshwaterresources, the quantity and quality cannot be limited to the available or

accessible amount in a countryrimer basin (Hoekstra, 2011).

The concept ofvaterfootprint is rooted in the earlier concept of virtual water introduced in
the 1990s (Allan, 1998). Virtual water comprises of the total volume of water required to
produce a good or service and it coesglall inputs throughout the supply chain of
production (Hoekstrand Chapagain2007). Waterfootprint is defined as an indicator of
freshwater use that considers the direct and indirect water required to produce a product,
measured over the full suppthain Hoekstraet al, 2011). The concept also considers the
origin of the water usedts quantity and quality impacts by grouping thernoiblue, green

and grey water (Hastingsnd Pegram, 2012). Blue, green and grey water is one of the
central conceptsf water footprint that distinguishesitonsumption. Otheconceptsare

the direct and indirect water use and consumptive versuscorsumptive water
withdrawals The consumption concepts are defined as follows (Abdelketdat, 2018;

HastingsandPggram, 2012):

1 Blue waterfootprint It refers to theamount of water used for the production of a
good or service sourced from the surface or ground.

1 Green water footprintlt refers tothe amount of rainfall directly trapped by crops
for the production ofjoods or services before the renagnrunoff or infiltrate into
the soil to recharge groundwater. Tempibyastored rainfall on top of soils for
plant usas considered under green water footprint.

1 Grey water footprint It refers to theamountof fresh water needed to dilute

pollutants in a water body to acceptable standard of water quality.

World Bank statistics indicate that %6 of t he wor |l dés poorest
SaharanAfrica rely on agriculture as the main source of livelihoQ&/FN, 20L8).
Enhancing agricultural performance is considered central to social and economic
development in tils region A projecion carried out by the Water Footprint Network in
sevensubSaharan African countries in 2016 reveatealt agriculture contributes bseen
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221 42 % of their GDP employing about #% of the total workforce in tis® nations.
Moreover, the rain use of the water footprimtasfor agriculture.

Ghana was reported to face blue water scarcity during dry seasons (Noveralbeuary)

in the yar. Globally, blue water scarcity is estimated at%85oer river basin analysis.
When the annual average monthly blue water scarcity values per riverabagieighted
according to population per basin it increases the global blue water scarcity & 133
(Hoekstraand Mekonnen, 2011). Ghanaasa net virtual importer of blue water and the
largest green water exporter amongst skgencountries. It means that Ghaeapors
more produd produced fom rainfed agriculture than itimports. The project
recomnendedthat farmersshould be trainednh sustainable agriculture practices that will
increase their yield and reduce water footprint since their production is majorfedain
(WFN, 2018).

2.13 Climate Change

The IntergovernmentaPanel onClimate Chang (2007) defineslimate as the average
weather or the statistical mean and vac@of relevant variabledike temperature,
precipitation, and wind over &ong period. The World Meteorological Organization
(WMO) defines the classical period of climate esssnent to be a minimum of 30 years.
IPCC (2007) furtheconnected the definition alimate changéo it causewhether natural
variability or human activity. Howevethe United Nations Framework Convention on
Climate Change (UNFCCChattributed climate ltange to human activities eithéirectly

or indirectly The climate is affected when changestime atmosphere, landycean,
biosphere and cryosphere resulting from both natural and anthropogenic actiarties
perturb t he Hudgetprbodadag arraaidtiveafdrcing (Cubels et al, 2013).
The drivers of changm climatemayinclude, changes in the solar irradiance and changes

in atmospheri¢racegas and aerosol concentrations.

According to researchaeh of the last three decades has beenessively warmer at the
Earthds surface t haal830nThe gobataveragembigngldnd c a d e
and ocean surface temperatutata as calculated by a linear trend skavarming of

0.85°C (0.651.06°C) over the period 1880 to 2012 (IPCCQ12). Anthropogenic

greenhouse gas emissio(GHGSs) have increased since the pneustrial era, driven
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largely by economic and population griovin , confirming UNFCCCO6s
change (IPCC, 2007%lobal warming since the miventieth centurycould betraced to

the humarinduced concentration afarbon dioxide, methane and nitrous oxidethe
atmosphere. Between 192010, findings show thaHGs contributedo aglobal mean
surface warming between 0.5°C and 1.3Bihdoff et al, 2013). Anthropogenic forcings
were reported to have a likely camiution betweeni 0.6°C and 0.1°Cand thatfrom
natural forcings likely to be betwe&0.1°C and.1°C (Bindoff et al, 2013).

Climate change assessment in Africa recorded low to medium confidergstanical
trends because of partial lack of dalize to insufficientclimate stations with consistent
records and alsoinconsistencyin the reporting of available datadowever, extreme
temperatre change wsobserved for areas with adequate d&eanewatneet al, 2012.
The future temperature under RCP &eéenario for Africaprojected an increase in the
range of3°C - 6°C in reference to 1986 2005 as base period for the*2dentury which
was observed to be rising faster compared the global risemperaturgNiang et al,
2014)

2.13.1 Climate RepresentativeConcentration Pathways (RCPs)

The terms climate scenarios and climate pathways have been used interchangeably due to
the overlapping nature of the route or their definitidRegenbloom, 207). According to

IPCC (2000) a climate scenario entails the integrated description of likely future
possibilities of the atmospheric system basednternally consistent narratives of both
guantitative and qualitative trend#.is the conceptual framerk behind the development

of greenhouse gases emissions, climate change projections and climate change impact
assessment (Alleat al, 2018).The concept of scenias allowed the inclusion afocio
economicinfluenceon energy ad landuse change trendmd its possible emissions into
climate projection in biogeochemical models. Scenarios focusliorate policy. The

Special Report on Emissions Scenarios (SRS)been in use since the inception of the
IPCC Assessment Reports (IPCC, 2006ggettet al, 1999. Climate pathwayon the

other hand encompses the periods of scenario evolution from the greenhouse gases
emissionscenariosd the socieeconomicdevelopment and allows for the representation of

scenarios as a standalone or in combination viitere (Allenet al, 2018).

The trajectories of GHG concentration for climate projection are descubddr the
Representative Concentration Pathways (RCPs) (van Vuwetrett, 2011). Due to the
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limitation of SRESto account for GHG emission reduction future, the RCPsvith a
focus on humanduced climate change was developed into four trajectories of GHG
concentrationso span the Zlcentury. The century was projected to start with a radiative
forcing of 2.6 W/nt and run through two intermediaryraentrations at 4.5 and 6.0 W/m
before ending the century at a maximum of 8.5 Y\#man Vuureret al, 2011).TheIPCC

Fifth Assessment RepofAR5) and theCoupled Model Intercomparison Project Phase 5
(CMIP5) assessed the RCPs (IPCC, 200aylor et al, 20139.

2.13.2 Global Circulation Models (GCMs)

Global circulation modelsare based on computer programing of physical processes to
replicatethe functioning of the global climate system, as accurately as possible (Fetnech
al., 2007). The complex inteactionsmoddled are between the atmosphere, ocean, land
surface, snow and ice, the global ecosystem and a variety of chemical and biological
processegFlato et al, 2013). It helps to understand how the climate system responds to
increasing concentratisnof greenhouse gases in the atmosphere. Global circulation
models use mathematical equations to replicate the global climate system in three in three
spatial dimensions and in time. However, due to the limitation of GCMs in capturing local
climate varialities, local climate simulations are needed for impact studies (Machenhauer
et al, 1999. The development of downscaling models has providadappreciable
solution to this gap which was in climate change impact stu@igsate scenarios from
GCMs can b used to assess the impact of climate change on agricultural and hydrological

resources (Wiglegt al, 1990).

2.13.3 Climate downscaling

Regionaiscale climate informatiois important because global models are often too low in
resolution to resolve geonal features (Flatet al, 2013). Statistical and dynaoal
downscaling are used to generate regipacific climate informationDownscalingis a
medium of closing the gap between climate models and observed records for the purpose
of impact studies(Wilby and Wigley, 1997).Statistical downscalg (SD) involves
deriving empirical relationships linking largeale atmospheric variables (predictors) and
local/regional climate ariables (predictands)nterpolations are some of the statistical
measuresised for downscaling large scale atmospheric variables to local climate (Wigley
et al, 1990). Statistical downscaling methods may also be applied to RCM output (Paeth,
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2011; Van Viliet et al, 2011; Seguiet al, 2010). The whole ideology of downscaling
presupposes thathecauseof anthropogenic forcirgy there will be significant (and
predictable) changes ithe stochastic simulation parametéssich as weather patterns),
depending on the methodology adoptad.downscaling models have been found to be
developed on oner more of the four methodshamely; regression methods, weather
pattern approaches, stochastic weather generatorgvatedl area climate wdels (Wilby
and Wigley, 1997).

2.1.3.4 Statistical downscaling model for climate projection

Statigical interpolation procedures adopted in statistical downscaling models are probably
the most efficient method for obtaining details of local scenarios from GCMs and RCMs
(Wigley et al, 1990).The three main classes of spatial downscaling are transfetidas,
weather typing and stochastic weather generatBendchet al, 2007). There are
numerous types of statistical downscaling climate mpaekagesavailable for climate
impact studies, namely the Statistical Downscaling Model (SDSM), the Longsht
Research Station (LARS) Weather Generator (LARS) and the Automated Statistical
Downscaling (ASD) tool. Statistical Downscaling models have been usesisigsang
climate impacts with highly efficient predictions in terms of accuracy |&@lvnscaliry

in SDSMby two statistical process namely,stochastic weather genaoat and multiple

linear regressioalgorithm.

2.13.5 Uncertaintiesin climate moddling

Parameterisatiohas been identified as a major error in climate models (Etab, 2013.

It is due to the limited, though gradually increasing, understanding of very complex
processes and the inherent challenges in mathematically represgriagnospheric
process. Cloud processes, distribution of aerosols and simulation of sea ice majoain
sources of uncertainty as well as the paransation of nitrogen and forest fires which
pose as limitations in the biogeochemicalmpmnents in Earth System Models
Parametegation errorsaarethe same in regional climate modeBvanset al, 2012; Boone

et al, 2010;PfeifferandZangl, 2010; Lapriset al, 2008; Wyseket al, 2008).

Resolution ofa climatemodel, propagation of bias the modelassociation, palaeoclimate
reconstructions, specified greenhouse gases scenarios in radiativagsprand

observational erms are also sources of uncertainty (Flatal, 2013). Some phenomena
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or aspects of climate are found to be better simulated with models run at higher horizontal
and/or vertical resolutiorBesidesthe propagation of bias of eomodel affects others in

the association The root cause of biases resulting in the error of ggafion is still
unclear The nsufficientlength or quality of observational data makes model evaluation
challenging especially with the quality of data omtia cloud properties, ocean heat
content, heat anfieshwaterfluxes over the ocean and extreme precipitation. It has been
found that newly observed data affect model evaluation conclusidhe é¢arrentanalysis
(Flatoet al., 2013).

2.14 Land use and land cover (LULC) change

Land use is defined differently by different disciplines and sectors. Whereasttiraln
scientistssee land use as human induce change on natural vegetatioocitiis@entists
and Bnd managerslefine it in the context okociceconomic purposes (Ayivoand
Gordon 2012 Ellis and Pontius,2007. It implies that lanelse change may not be a

physical alteration of land covenly.

2.14.1 Drivers of land-use change

Landuse changes ka been found to be influenced by margctiors globally. These
drivers or factors may vary from location to location pertaining to the activities and
environmental conditions of the place and triggered by interactions between biophysical
and human activitiesQeistet al, 2006) One of the majodrivers of laneéuse change in

the Pra RiveBasinis populdion growth. Very dendg populated cities lik&Kkumasiand
Obuasi ardocated in the basin (G$3014. This city is mostly termed the central part of
Ghana, receiving migrants from mostly therthern part of the nationAaawenand
Owusu, 2013)Population growth has been found to increase the demand of land for both
settlement and agriculture to meet the food need of the people (Alexandgr2015;
Foleyet al, 2011;Wood et al, 2004; UNEP, 20®2b). The cemandof energy in terms of

fuel resources also ineases causing the trend in laumgk patterns to chang®t{apassn et

al., 2016 Lambin and Meyfroidt, 2011;Schréteret al, 2005. A study byAddo et al

(2014) reported on the change @bpping in the northern region of Ghana to jatropha
curcas to meesomebioenergy demand of the world. This was seen as a threat to food
security as most of the arable lands were being used to produce Jatropha for biofuel
production.
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Mining was anothemajor driver of laneuse change ithe basin (AnsaAsareet al, 2014,
Murphy and Kapelle, 2014 WRC, 2012). Both legal and illegal mininges attracted
workers from the nation and around the world. The foreigners comeawitriety of
dietary needs whicdemand change in land use to miet dietary needéStrapassoret
al., 2016; Alexanderet al, 2015). Mining activities increase the economic Gapty of
dwellers and influencéheir dietary choicesWeinzettelet al, 2013; Tilman et al, 2011).
Globally, populationhas been found to be the largest driver of agriculture land use change

followed by dietary changeS{rapassoet al., 2016.

The international market andrect foreign investments arethea drivers of landuse
change (Alexandegt al, 2015 Knickel, 2012). ThdPra basin is dominated lzash crops
especially cocoa. The demands of the foreign market diredtect what is being
produced. A shift innternationaltrade on these crops may definitely change the current
land use (Strapassat d., 2016). Knickel (2012) reported that betweefo2d 20 % of

land n subSaharan Africa has been leased to produce food to meet the growing demand in
Asia and some Arab countries. Policy interventjespecially in the area of development
projects,are adso drives of change in land use (Knickel, 2012; Woetlal, 2004). An
exampleis the proposed hydrenergydam on the Pra River (Kak®ahet al., 2016; WRC,

2012). Policies changed the production pattern in Europe in the 1980s to early 1990s
(Knickel, 2012).

Land tenure systenmare also driving changes in land use in thebasin. Land systems
have been found to be a major driver in West African countries (Waiaal., 2004). The
land tenure systems in tfFabasin does not allow the leasing of farmiands due to the
fear that inheritance might be lost along the line. This resthetuse of land accordirig
the conditions of the owners sincadis in thePrabasin are owned by families under the
custodian of traditional ruler&’éboah and Shaw,023). Climate change is anothériver
that cannot be ignored heerraticpatterns of rainfall in the tropics has a major imparct o
food production since agriculture in s@aharan Africa is majorly rainfed (WFN, Z0)1
Knickel, 2012 FAO, 2011). Nutrienabsaption by crops will be affected by the limited
availability of moisture in the soil resulting from chamgrainfall patterns and increasing
temperature trends (Amisiget al, 2015; Obuobieet al, 2012). Climate change will
impact crop yields, forag the changes in typed crops to be cultivated and at which

location to maxinse yield (Strapassoet al., 2016).
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Droughts, topography and bush fires are other biophysical factors that might drive changes
in land use in the Pra River BasiGdssessand Bewket, 2014;Lambin, et al, 2003.
Therefore, the dynamics of land use in the basin is a complex interaction of factors such as
biophysical, economic, political and social with technology as a contemporary major

player.

2.1.4.2 Landuse change asses&nt procedures

Mono-temporal classification is widely used in literature (Kadebal, 2015; Ouedraogo
et al, 2014;Houessotet al, 2013;Schulzet al, 2010 for land use classificatioDespite
the fact thatprocessing of single date image is fasdsr comparedot multi-temporal
classification, the vast area covered by basins in Ghana will mean thattempbral
classification will be the most appropriate to use in this study (Zoungtaia2015).

Ground control points (GCP) takemth a haneheld Global Positioning System (GPS)
device for supervised classification of satellitmages is scientifically accepted as an
approach that reduces errors in land use classificdtioaddition to than-situ collected
points, highresolution imagegALOS, ASTER, Quickbird and Google Earth¢ould be

used to train and validate the image before going to the field. Similarly, LULC maps of the
location may serve the same purpose if the accuracy is accefffaigalton and Green,
2008) Landsat images are fieered for land use assessment du@dspatialresolution
(Braimoh and Vlek, 2005)Postclassification change detection algorithis the most
common approach used for monitoring land cover chasgee it provides more useful
information on the initlkand final land cover types in a complete matrix of change
direction Shalaby and Tateishi, 200Fanet al, 2007; Campbell, 2002)In addition, it

goes beyond simple change detectiyquantifying the differentmagnitudeand ratesof
changes describdaly Aldwaik and Pontiug2012)in terms of intensities. The concept of
intensity analysis after the pedassification will unravkein detail the behaviar of each

land class in the assessed period as required for future planning and recommendations in

this study.

2.1.5 Hydrological ecosystenservicemoddling

The availability of accurate atia is fundamental for developingfficient policies to

improve water resources availdly and accessibility langia et al, 2010). Theoften
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expensive complex and time-consumingnature of data collectiomakes modelling the

best option to monitor and evaluate large scale assessment such as in watersheds and river
basins (Kusimet al, 2015). Application of models to areas that especially have inadequate
data provi@s valuable informatiofor adaptation and management planr(iiganchoulet

al., 2010).

Vigerstol and Aukema (201t¢porttwo types of tools for freshwater assessment. They are
hydrologic tools (such as theoit and Water Assessmentool [SWAT]) and Ecog/stem
service tools(e.g. InegratedValuation EcosystemServices andTradeoffs [INVEST]
mode). Hydrological tools have been found to provide a higher degree of detail and
mostly focus on ecosystem service drivers whereas the ecosystem service tadés grov
more general picture of ecosystem services and are more accessible-érpeds.
Ecosystem service toglsuch as InVESTare designed to be relatively gas apply, to
facilitate tradeoff quantificgion between multiple service@Bagstadet al, 2013).
Lumping the quantification of these services togetlkieuld reduce theefficiency,
thereforethe use of specific models to assess specific services based on discipline is more
appropriate and has proven to give good resdty instance, the &l and Water
Assessment Tool (SWAT model) #®rnold and Fohrer(2005), the Variable Infiltration
Capacity Mode (VIC model) byNijssenet al (1997) and theHydrologic Engineering
Centebs Ri ver AnBHECGRAS moded pysBruaner, 2010Wwere develped

for specific hydrological service assessmexito, the development of thedSGS Land
Carbon projecfocused on carbon molieg (Zhu et al, 2010. These models argata
driven by their efficiency affected by inadequate dat&lowever, ecosystem service
tools/models arsitill efficientevenwith limited data Simple deterministic models such as
INVEST and ARIES are more appropriate in such areas whereadaitability is scarce
(Vigerstol and Aukema, 2011). Both models predichangesresuling largely from
reduced infiltration which is an undesble change in the groundwaterystem.
Understanding of how ecosystesarvicemodelsoperatewill help its adoption in different
locations across the glolfBagstacet al, 2013h.

2.1.6 Conceptual overview ofthe INVEST models

The INVEST model simplifies water movement by owining the movement of
groundvater and surface water. It is assumed that groundwater and surface water follows

the same flow path to reach a stream wheres ieventually discharged as bisw.
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Mendozaet al (2011) used INVEST to test water yield in groundwdai@minated systems

and the results were acceptable and can be calibrated tesdimesstreamflow data.
Environmental poblems such as erosion, water quality depletion, declinamguatic
habitat, and reduced groundwater recharge stern from faster runoff which is an undesirable
effectof modéling these impacts. INVEST uses published production function information
encoded within deterministic modetsrun its dataAlthough ecosytem service flows are
accounted for in some models such as hydrology and viewsheds, geovistors such as

use and flows are not systematically presented by the results (Bagsia@013; Syrbe
andWalz,2012).

The current generation of INVEST s does not address uncertainty. Due to that,
Kareiva et al (2011) recommendhe use of ecological coefficients ranged values to
parametege the INVEST modelsldeally, such sensitivity analyses would explore and
account for potential parameter cortalas (Elston,1992). I'VESDs Ti er 1 mode
feasible for use by resource managansl gave adequate supporting data, GIS software
licenses, and a moderate level of GIS exper#dssembling the neled spatial data and
parameterigg the underlying dataables can béme-consumingand risks error if done

poorly. However, when it is finally done for any area, it requires no more parameterisation
for other works. Getting thenderlying datais the largest obstacle tthe widespread
adoption otthe INVESTmodel.

Although InNVEST and ARIES simplified groundwatgystem to such a degree that results
are difficult to precisely interpret, Bagstad al. (2013)) discoveredgroundwater flows
from these two models wereonsistent with field studies amndisciplinary hydrologic

models verifying the efficiency of the model on ecosystems services.

2.1.6.1 Overview of Nutrient Delivery Ratio (NDR) model

The NDR model descrilsghe trangortaton of nutrient on the basis afassbalance It is

based orthe empirical reationship of nutrient uninterrupted flow for a long period in space
(Sharpet al, 2016). Sources of nutrient across the landseapknown as nutrient loads in

the modelNutrients loads for the model is determined from the land use maps created for
the specific study location The model divide the nutrient flow into surface and
subsurfaceBy design the user is at liberty to model both surface and subsurface or only
one of them. Secondly, the modmimpute delivery fadors for each pixel based dhat

pixelés properties in the same generated flpath Fig. 2.1). The slope and retention
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efficiency of the land use in questisusually used for the pixel characterisation. The
output is the computed sum of the pd@el contributions in the watershext sub

watershed arriving at the outlet.
Limitations of NDR Model

The outputs of the model are invariably affected by the sensitivity of the limited inputs
data. It implies that errors in the empirical load parameter values will largely affect the
predicions. The averaged values used in empirical studies which are the basis for the
determination of the retention efficiency affects the uncertainty of outputs (Shaitp

2016).

2.1.6.2 Overview of the Sediment Delivery Ratio (SDR) model

The SDR model wikks at the spatial resolution of the input digital elevation model (DEM)
raster. The amount of eroded sediment is first computed, followed by the sediment delivery
ratio, which is the proportion of actual soil loss reaching the catchment outle? (Fig.

The sediment delivery ratio (SDR calculated on the difference betweerslope and
downslope charactetics for each pixelon the flow path(Sharpet al, 2016).Borselli et

al. (2008) verethe first to work on this method of sediment delivery deteatibn and

later improved bySougnezet al (2011),Lopezvicenteet al (2013) and Cavallet al

(2013 to the current state used in this study.

Limitations of the SDR model

The SDR modeivas builton theUniversal Soil Loss EquatiofJSLE) which can onf
capture rill orinter-rill erosion processes (Renaed al, 1997).Only gully erosion can be
added by the user amongst other sediments sources not consiteredore, the errors in

the USLE equations from its empirical paeiers dfect the estimatiao of SDR.The model

allows for parameterization with sigpecific information such as erositivitgraibility,

crop management and practices faci@sugnezet al, 2011). Furthermore, the model
does not differentiate the swes of sediments in thet&b delivery in the total sediment
budget.Also, the &planationgiven by the literature on SDR model should be considered
when users are interpreting model absolute values. Inputs parameters significantly
influence the results generated by SDR dodts simplicity and the low number of
parameters required to run it. Sensitivity analyses are recommended by developers of the

model during adoption for appropriate conclusions (Skagh, 2016).
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2.3.5.3 Seasonal water yield model

Understanding the effect of landscape management on seagealflow is of critical
importance to watershed management. Environmental factors like climate, soil, vegetation,
slope, and position along the flow patiffect the contribution of a landscape to
streamflow. Water flowing across the landscape is edhaporated, transpired, withdrawn

by a well, or leaves the watershed as deep groundwater flow or streamflow. Two
approaches are considenaatderwateryield in an individual pixel. The firgjive credit to

the net amount of water generated in a pixebe equal to the incoming precipitation
minus the losses to evapotranspiration in that pixel (&ER). Actual evapotranspiration

can be greater than precipitation in this schentadfwater is supplied to the site from
upgradient. If that happens, the rggneration in the watershed could be negative. Its
limitation is that evaporated or withdrawn water along the flow path is not considered.
Besides, it does not differentiate the water yield eithestemamflowor from another
source. The second approagives credit to the water from a parcel that shows up as
streamflow (Fig.2.4). That is evaporated water is considered to be zero when generating
flow for a parcel of land (Shast al, 2016).

The first approach of the seasonal water yield model engdsashe landise and land

cover of asite since the focus is on net generation from that pixel or parcel of land (Fig.
2.4). The model accounts for the subsidy of water from upshipels but does not
consider downgradient effects. It represents a paietatigenerate streamflow but not an
actual generation of flowl'he topographic position of a pixel is emphasised more in the
second approach as that determines the potential for water generated on that pixel to be

consumed before becoming streamflow (Rid.).

The generated water in the second approach represents the actual streamflow generated by
a pixel. Since actual streamflow cannot be less than zero, this approach, unlike the first,
will result in indices that are greater than or equal to zero. T¢wmseepts were used to
develop a set of three indices, one doiick flow, one for recharge (which represents the
Opotenti al basefl owd) , and one for actua
generation of streamflow with watershed residence timesaoiths to years, while quick

flow represents the generation of streamflow with watershed residence times of hours to
days. Therefore, water yield is more of surface flow than accodotesibsurface flow

and deep percolation.
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2.1.7Approach for a household survey

An informal interview has remained one of the effective methodslitain informaibn

from targeted respondertisforea survey questionnaire is designédchecklistis another
method from literature [kpa et al, 2009 Geist and Lambin, 2002to know what
information to concentrate anParticipatory Rural Approaches, namely: focusugro
discussions, senstructured interviews and direct observatiansmethods forcollecing
qualitative dataA checklistis sometimes used to guide focused gralipcussions to
obtain information from respondents. Thesfrmatiors are most at times ¢hbasis for
questionnaire designed for further interviews (Dimola al, 2015; Damnyaget al,

2013. Both andomand purposivesamplingtechniques aracceptable for climate and
land-use change studieghich could be drign by specific factors like agethen assessing
climate change. A respondent should be well knowledgeable and fully engaged in for
example farming for 20 30 years to be able to give an accurate observation of climate
impact on farmingThe Statistical Package for Social Sciences (SR&84BM statistical
software, is very useful in the analysis of data from the su&eye analyses carried out

are tests of normality t-tests ranking and Chsquare (Kruskal Wallis H) testfor
validation ofthe significance of the associatiamong dta collectedBoth logit and probit
model of regression can be used on data to determine significant factors influencing
decisions oconditionsbeing assessedobit is mostly preferredo probit model since the

logit model is more interpretabl®imobeet al., 2015;Houessotet al., 2013;Long, 1997).

2.2 Theoretical Framework

The enserbling of both dynamical and statistical climate models in this study was based
on the theory of statistical mechaniesd the dynamical system theory. Statistical
mechants first reported by Jaynes (195©ombines physical laws on microscopic
particles, statistical methods and pabllity theory todownscale atmospheric variables to

a mean state of local relevan&tochastic methods for downscaling is based on this theory
because is able to captueerors of models, quantify uncertainties in predictions and
ensemble simulationg(ankzeet al, 2014. The limitation is that extremes conditions
including atmospheric circulations (Shepherd, 2054¢ not captured by stochiast
met hods wunder t hethesry ahiclh is &ccoorndet fornmettee ldgnaniicals 6

system theory.
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Dynamical system theory uses differential equations to represent coggptems. Small
scale processes goarameterized in dynamical models for evepresentation of the earth
system (Dijkstra, 2016)Therefore, the combination of models from both theories in
accessing fuure climate impact could compieent the deficiencies in each of the theories
thereby reducing model biaseBefijamin andBudescuy 2018; Baumbergetet al, 2017,
Frankzeet al, 2014)

The Theory of Change was h e bases of validating cl i
perception survey. The logic model and ldegn outomes elements of the thedrgised

on the definition of Weiss (1995) dma in this study. The principle of how climate
change is seeand why changeare being made by farmers to ptdo the impact of
climate changeThe theory of change has been used to investigate the social inclusion of
resilience to climate change (Fgits, 2018).

2.3 Literature Review

2.3.1 Climate change andwater resources

Climate change is expectéul result inerraticrainfall in the tropics (IPCC, 20075tudes

show that it haslecreasé rainfall, runoff and river flow in the Mediterranean afeépez
Morenoet al, 2011;Milly et al, 2005).Previous studies orver basirs showthat climate
changemayimpact ecosystem services delivery especially during dry conditions (Terrado
et al, 2014). Hence, the application of futel climate change preation (rainfall and
temperature)re essential to identify and determine the possible impacts on ecosystem
services provision and regulatiohefradoet al, 2014 Bangaskhet al, 2013. The gap was

the use othe same spatial resolution of different magler different spatial resolution of

the same modeah previousclimate changeimpact studiesBoon and Ahenkan (2012)
assessed the impact of climateange on livelihood in Sui Forest Reserve in Ghana and
concludedthat the principal livelihood sourcesfedted by climate change impacts are
agriculture, forest resources and water resourtkssng different climate models at
different spatial resolutions could reduce the uncertainty of climate projection and improve

resilience through specific adaptatioragtgies.

Obuobieet al (2012) analged anensembleof RCMsfrom Ghana Meteorological Agency
(GMet) and reportedthat ECHAM4/CSIRO models jointly projesd hotter and dryer
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climate conditions in 2020 and 2050 for the Volta and Pra basins in Ghana. Tindaiiga
temperature in the White Volta and Pra basins are expected to increase by 0.6@nd 0.5
respectively, in 2020 relative to the baseline values from 1961 to 1990. There was also
1.9C increase projection for temperature in both basins for 2050ipRagon was also
projected to decrease 2020by 12.3% and 17.8% and in 205My 19.6% and 25.9% in

the White Volta and Pra basins respectively. Curre@lyana hasnorethan 2000 r of

water available to a persoArtisigo et al, 2015).Similarly, the effect othese projections
onthewater is expected to worsevater stress conditiorfsom 1,160 ni/p/y to 529 ni by

2020 and 165 by 2050.Moreover, annual freshwater availability per capitayreduce

to water scarcity (681 #rper capita per yeat)y 2020 and absolute scarciB06 m/ply)

by 2050 Therefore, populatiogrowth and climatechangethreaen water availability in

both 2020 and 205@&misigo et al (2015) worked in the Pra basin of Glaaand projected

T 2 5% &hd+60.9% change in catchment rundfir Ghanadry and Ghana wet scenarios
respectively whereas the gl omands ci¥3fda.rdi o
dry and wet conditionsespectively for the period 201:1205Q These two studies used
limited number ofRCMs and allat spatial resolutionsf about 50 km for their impact
studies There is the need to assess the impédalimate changewith adequate climate
datg using regional climate models to gebre consistenécenarios at high resolutiorte

support decision making in t®uthwestern coastdlasins of Ghana.

2.3.2 Land use competition for water supply under changing climate

Boultonet al (2014), for example, assessed the case of European settlemaotraia

and found out thathanges to land use and land cover in the area edfthe ecological

health of Australianfreshwater ecosystemSome of the impact of LULC changm
freshwater ecosystems are changes in environmental flow and limited water &rpply
human consumptiorD@aviset al, 2015) Environmental flowsard e f i ned as fit he
guality and timing of wateflow required to sustain freshwater and estuarine ecosystems
includinghuman livelihoods and webleing that depend on these ecosysteiirF( 2018).
Knowledge on how water is distributed and the spatial arrangemenés poksible
modification to the pattern of water abstraction is necessary to receive enough flow in
streams and rivers on a preferential basis. Timing as a service yalgtrmines how

beneficial modest flow at the right time thie year affects ecological outcomes and protect

29



individual species until when there is water stress (Behdl, 2008). Conservation
policies that support freshwater protectisometimes exchlle social, economic and
cultural values of water which are very essential to indigenous pe®pkrefore,
indigenous knowledgeeedgo be incorporaid in natural resources decistamaking fora
better understanding of the process to improve water manage(@ale et al., 2013
Ryderet al, 201Q Fazeyet al, 2006). Changes in landise alsampactsignificantly on
groundwater rechargeC(osbieet al, 2010). Land clearingor agriculture production
diverts freshvater meant for immediate human needs. Niegthuman needgherefore,
interfere with natural flows. Aargentresponsen land change management is requi@d
avoid the multiple losss of ecosystem servic3aviset al, 2015).

In China, for exampleZhanget al (2016) conducted research onetiimpact of land use

and climate changes on hydrological ecosystem services (water supply) in the dryland area
of the middle reaches of the Yellow River to identify innovative strategies for -water
efficient land management to imwe water quantity for seice water supply. The study
showed that vegetation restoration efforts such as trees and grass planting are effective in
controlling soil erosion on the Loess Plateau. Chaingésnd cover/usenodify physical
properties of the soil. Howevethe effectof vegetation restoration (langse change) on
hydraulic properties remains to be researchixlsed streamflow, precipitation, potential
evapotranspiration and climatic water balance as paraméershe investigation.
Knowledge about badéow formationon catchmenscalewas found to be inadequate and
therefore needs further improvement. Ecosystem services including hydrokmgidakin

a watefscarce zone/environment, need to be balanced with minimum tradeoffs (@hang

al., 2016). Soil erosion is anajor factor of soil nutrient depletion via runoff leading to
water quality degmdetion (Kusimi et al, 2015). Studies have shown that soil erosion has
degraded about 3% of theglobal agricultural land with high records of 45, 65% and

74 % in South Anerica, Africa and CenttaAmerica respectively (Arekhi2008).
Sedimentation impacts are mostly felt in reservoirs/dams where wWedgrholding
capadies are reduced (Akuffo, 20D3

In Africa, carbon sequestratiarould be improved through the conseiwa of forest and
its resource. However, human activities such as agricultural expansion and tree harvesting
constrain this mitigation potential in AfricaDi{mobe et al, 2015) Therefore,
understanding the extent of vegetatmver changeis important © supportpolicies that
focus on stopping or reducing the rate of deforestata.et al (2008) defineland
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degradation as the lorigrm loss of ecosystem function and productivity caused by
disturbances from which the land cannot recover unaided awndcurs slowlywith
cumulative long-lasting impacts Muchena, 2008) on humans. Landécover dhiangs
have profound impacten carbon storage, water cycle regulation and other ecosystem
functions (MEA, 2005)lt is therefore important to understand howsth&hanges occur,
and theunderlying driving factorsinfluencing the change. Theglobal environment
including climate from the local to thglobal scaleandits biodiversity are affected by
changes in LULC Salaet al, 2000; Lambin, 1997) thereby resulgnin a decline of
ecosystem services and function as well as land degraddtitougek et al, 2008).
Therefore, monitoring LULC change is relevand sustainable landscape and
environmental managememt.regular map update is recommended for West Atacaid

the estimation of LUL@&hanggDimobeet al, 2015).

2.3.2.1 The role of @uffer in hydrological ecosystem service delivery

An integral part of water management at the basin scale is the maintenaizariah r
buffer stripsin the landscapefEnangaet al, 2011; Sweeneyand Blaine, 2007 Decker
2003).However, the increasl food production to meet the increasmgnan population
makes itdifficult to control the buffer zone encroachmesgpecially in perurban farming
communities Riparian bufler stripsregulatenutrientsfrom agriculture lands that runoff
into streams Kibichii et al, 2007. The size of a riparian buffer has been found to
influence its capacity to control the intrusion of harmful chemicals from adjacent land uses
into streamgEnangaet al, 2011; Coopeet al, 1995).There is therefore the need to
determine or estimate the effective buffer strips foheaatershed or basin since lanske
activities and soil types waracross nationslt will also enrich policy with scierific
evidence. Land useherefore,impact water resources both at the lew#l change in
vegetation and the activities of humans in the soil.

2.3.2.2 Impact of land use/cover change

The widespread catchment erosion and subsequent river sedimentatien shatage,
pollution, and othephysicochemicatieteriorationresulting from human aeities impact
both immediateand distant areas affect by deforestationEllis and Pontius(2007)
reported that the impacts of lau$e changes on river catchmerdsuld be very
devastating, and could result in loss of biodiversity through habitat loss, habitat

31



fragmentation, and edge effecteispective of the causes of lanse change. Soil erosion
negativey affects soil fertility. This makes the regulanonitoringof landuse change and
sediments yield in a catchment or basin key to the formulafipolicies and strategies to
protect hydrological ecosystem servicdhe effect of laneuse change on freshwater
ecosystem services in Ghana is not different from otfagions Martin-Ortegaet al,
2015;Ayivor andGordon 2012.

2.3.3 Modelling water availability and quality under climate change

Ecosystem service valuation has been a subject of academic interest for a while. Currently
its evaluation informgpolicymaking at all levels (Dailyet al, 2009; Ruhl et al, 2007).
Various aspestof the service such as ecology, economics, and geography have been
integratedinto software as decision support tools for management amdecvation
(Vigerstoland Aukema, 2011)Ecosystem mapping tools support decision making by the
provision of easy to interpre¢sults and findings that can be easily related with in terms of
value.Bagstadet al (2013) reportedthat landscapscale urban growth scenarios were
more closely agined for the two model@nVEST and ARIESWwhereas sitscale mesquite
management scenasizveremore divergentThey recommended followp studies, which

could test the models in different geographic contexts to improve understanding of the
strengtls andweaknesses of the models aadhance their readiness asdayto-day

resource managemestipporting toal

Land use and land cover changes and their manageifffectbboth water flow and erosion
regulationat the basin scal&¢hmalzet al, 2016 Franket al., 2014).A gap identified by
Schmalzet al. (2016) was the relatiortgp of landuse changempacts on human well
being which occurs on different spatial and temporal scaleish need to be understood
whennew management strategies are defined. Té¢tainly was a reasonable approach to
providespatiotemporagpatterns of different river basins which can be used by stakeholders
for further discussion and planning of sustainable land management. Kasei (2009) used the
WaSIiM-ETH (Water Balance Simulation rdeli ETH) hydrological model in the White
Volta basin withPwalugu a north of basin and Bui as south of ba3ime findingsshowed
thattemperature and rainfall were projectedntcreaseoy ameanvalue of1.2°C and about

15 % respctively with the regiomal model MM5 (Meteorological Model version 5)
However, the IPCC Scenarios A1B and @Enechet al, 2007) simulated inWaSiM by
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German RgionalClimate model (REMO) projected temperature to increasel8g and3
% 1 6 % decrease in precipitatiod he study was for the peod 20022050 compared to
19612000 over thé&/olta basin. This reduced projected total mean dischargedy 5

The demand of watedependent sectors in Ghana showed titvatriver basins across the
nation in their current state were napable of meeting the demands for agriculture,
domestic and industrial, and hydropower generatiGhmisigo et al, 2015)
Calibration¥alidation of modelds normally difficult in many SSA countrieslue to the

lack of both quality climate data and runofatd (Sharpet al, 2016) Data for basin
monitoring are very essential in this current advancement in spatial research and

predictions

2.3.5 Overview of Ghana and her watersheds and/or basins

Ghanais located in West Africdbetween latitude 4.67 to 2N and longitude 3.38V

and 1.26E with a total land area of 238,533 k(fig. 2.1). The Gross Domestic Product
(GDP) of the country is currently based on service and industry although agriculture
employs the highest population of the labour fqig@ess@hand Addo, 2013)The country

is covered by 27 basins (Fig. 2.1) grouped into three major surface water flows or
resources, namelyhe Volta river system, thBouthwestern river system and tGeastal
river system (GoG, 200AQUASTAT Survey, 200h Thetotal renewable water flows in
Ghana is 53.2 trillion ity. About 57 % of the renewable water resources are internal
while 43 % are contributions from outside the country (Margat, 2001g. Molta river
system Southwestern river system a@bastal riversystemcovers 70 %, 22 % and 8 % of
land surface respectively (WRC, 2012).
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CHAPTER THREE

METHODOLOGY

3.1 Study area

3.1.1 Location and area

The PraRiver Basin is located between latitis#®5 8 N°LaAndN7ansdg0?2l50ngi t
W and 21 3 W, cover i ng 2arossing foer aegiani GHarBanadnglyt  k m
Ashanti, E&stern, Central and WestefRig. 3.1). It is located south to the Volta River

Basin in GhanaTlhe basin has the densest population in Ghana with more than 1300 towns
located in it (WRC, 2012). Kumasi, the capital of the Ashanti region is the main plate mo

of the migrants from Northern Ghana relocate to because of its position (central) to the
southern part of Ghana. The mineral deposits spread across the basin has attracted both
large scale and smadktale mining companies and activities. Majority of meallscale

mi ni ng, | oc galdmgey k aown opaer &ating il legally

from all over the nation and from neighbouring nations into the area.

3.1.2 Climate

Pra River Basinexperience two rainfall seasons-(bodal: major and mior) annually

under thewet semiequetorial climatic belt. The major rainfall is normally from March to

July and the minor starts in September and ends in October (Dickson and Benneh, 1995).
The long dry season over the basin is between November and Ntaecbasins mainly

under the semileciduous agrecological zone and therefore benefits from the moist
southwest monsoon (Fig8.2). Annual rainfall amount ranges between 1250 and 2000 mm
and with a relative humidity between 60 % and 95 % (Akrasi argiAsare, 2008)The

annual mean minimum and maximum temperatures &@ &1d 32C respectively

3.1.3 Vegetation

The Pra Basin idabitat to most of the valuable timbers trees in Ghana withimaist

semi deciduous foreg¢Fig. 3.2). The climate is gable for rapid vegetation development
especially the bmodal rainfall pattern that ensures moist in the soil in most part of the
year. The mean height of timber trees ranges f&bn 45 m (DicksonandBenneh, 199b

Mo s t of Ghanaods svike Afucarbnaleogal (Kinapagvorensigy @etda

(Ceiba pentandrpand Emeri Terminalia ivorensig can be found in the basiihe
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vegetation comprises ofimbers shrubs/bushesanasandtreeswhich protect the soil and
provide the service of erosioormrol

However, in the dry season, certain tree species shed their leaves during the long dry spell
(Kusimi et al, 2015; WRC, 2012DicksonandBenneh, 1996 Land use activities within

the basin are very inteng@nly a little of theoriginal forest rerainsin the basin de to the

rapid expansion of cocoand cash crops industri€&usimi et al, 2015; Dickson and
Benneh, 1995). The basin contains most of the large cocoa growing areas in the Eastern,
Ashanti, and Central Region§€ocoa followed by oil gan are the major treecrops
cultivated in the basinCommercialsed farming is gradually growing in the aread is
currently the leading producer of tuber crops in Ghana (Kusimal, 2015; Nutsukpoet

al., 2013).

3.1.4 Hydrology

The mean annual dis@ngerate of the Pra River waal4 m®s? (Akrasi and AnsaAsare,
2008) and flows tdhe Gulf of Guinea at Shama town in Western Region. Pra River Basin
has thelargestarea coverage within thsouth Western drainagan the nation (Kusimet

al., 2015). Thee regional capitals namely; Kumasi in the Ashanti region, Cape Coast in the
Central region and Sekondiakoradi in the Western region (Fi®.1) source their
municipal water from the basin for both domestic and commercial purposes (WRC, 2012).
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3.2 Climate variability and change analysis
Variability and change werassessed withiand betweewbserved and future respectively.

3.2.1 Datasetdor climate analysis

The dataset were the gauge stagiandthe model output temperature and rainfall data.

3.2.1.1Meteorological data

Historical climate data from seven climate stations withst recent operation date in 1972
(Akim Oda) and earliest operation date in 1912 (Kibi) for the Pra River basin were
acquired from theGhanaMeteorological Agency GMet) (Fig 3.3). The parameters
considered were temperature (maximum, minimum and meanaénfall. Solar radiation,

wind speed and relative humidity for the two synoptic stations (Akim Oda and Kumasi)
were also acquired for the determination of evapotranspiration for the basin. The data
period was between the years of 1975 and 2010. Aithiy e ar sd mi ni mum r e
of 198071 2010 was used to evaluate therformance of the climate modelsArguezet al,

2012 Fenechet al, 2007 due to acceptablemissing datarange for rainfall and
temperatureClimate stations thdtad missing daten rainfall for the reference perioglere

Atieku (2.5%), Konongo (0.8%), Dunkwa (1.1%), Kibi (14.2%) and Twifo Praso (4.7

%). Kumasi and Akim Oda had no missing data on rainfall. Kuptésnongoand Akim
Odaand Dunkwa had less than 86 missing datadr mean temperatur&hereasTwifo

Praso Kibi and Atiekustations were betweelb i 50 %. The historical analysis for the
basin was done for the period 1982010 and projection was limited to near future from

20207 2049 (30 years as required in climatelysis).

3.2.1.2Assessedslobal Circulation Models andRegional Climate Models

Global circulation modelsutputsfor the assessment of global climate change impact in
the basin was done with td& GCMs of the fifth Assessment Report, ARBGC, 2014
from theclimate database of théniversity of Prince Edward Island (UPEI) (UPEI, 2017).
Four regional climate models (RCMs) were used in this study (TableTdé)wo RCMs
from the Rossby CentreRegional Atmospheric model (RCA4jrom the Coordinated
Regonal Climate Downscaling Experime(@ORDEX) projectat 44 km spatial resolution
for this study werethe second generation Canadian Earth System McehESM2)and
themid-resolutionmodelClimate Model CM5A-MR) (full description in Table.1).
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Table 31. Description of thedur regionaklimate models used

Model Model Name Originating Country Adopted RCM  Resolution
acronym group Acronym
GFDL- Second Generatior NOAA USA GFDL WRF 12 km
ESM2M Earth System Geophysical Fluid
Model Dynamics
Laboratory
HadGEM2 Second Generatiol Hadley Centre for UK Hadgem WRF 12 km
ES Earth System Climate Prediction
Model and Research
IPSL- Mid-resoluton Institut Pierre France IPSL SMHI- 44 km
CM5A-MR  model(1.25° x Simon Laplace RCA4
2.5°) Earth Systen
Model
CCCma Second Generatiol Canadian Centre Canada CanESM SMHI- 44 km
CanESM2 Canadian Earth  for Climate RCA4
System Model Modeling and
Analysis
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The mean temperature (tas) and rainfall (pr) of the selected models for both historical
simulation and projections were downloaded from the CORDEX websit&NES,
2017). The Representative Concentration Pathwéig€P) 4.5 simulations from 2006

2010 wasadded to the historical simulation of the CORDEX RCMs dataset to complete the
30-year period from 1981 2010(Dosioand Panitz2016).

The Weather Research and ForecasfWiRF) RCM at 12 km spatial resolutigenerated
the two remaining regional climatmodels They were the General Fluid Dynamics
Laboratory Earth System Model (GFEESM2M) andthe Hadley Global Environment
Model (HadGEMZ2ES) (Table 3.1) Both were obtained frorthe West African Science
Service Centre on Climate Change and Adapted Land(W#&CAL) geoportal forthe
same parametermgan temperatureégdg andrainfall [pr]). The historical simulation of the
WRF data was from 19802009 and the future period was 2020049 Heinzelleret al,
2016, 2016, 2016¢ 2016a). The links to datasources of the nuels are presented in
Appendix|. Due to the focus of thistudy, only the near future (202€2049) data were
acquired. All analysis of th&/RF model in the study were based on the reference period
19807 2009 for all stations. Thieistorical simulationalso endedn 2005,therefore20061
2009 RCP4.5 projectiongere includedDosioandPanitz 2016).

The Representative Concentration Pathways (RCPWa$ .choseiffior this study beause

it represents the mitigation option of the emissiaensrios which United Nation
Framework Convention on Climate Change (UNFCCC) through Kyoto protocol and Paris
agreement are aiming to attain globaMutheeet al, 2018 Lomborg,2016van Vuuren

et al, 2011Cubash et al, 2013 Clarke et al., 2007)). The Sahel and tropical West Africa
werealso found to be hotspots of climate change under both RCP4.5 and RCP8.5 pathways
projected to occur by late 2030s to early 2040s (Mo, 2013 Diffenbaugh and Giorgi,

2012.

The model names GFBESM2M, HadGEM-ES, IPSL-CM5A-MR, and CCCma
CanESM2 areeferred to hereafter as GFDL, Hadgem, IP&idCanESM respectively

3.2.2 Instruments for climate modeling

The statistical downscaling model was the main instruments used for the climate analysis

in modelling he local climate of the basin.
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3.2.2.1 Statistical downscaling model

The Statistical Downscaling ModglDecision Centric (SDSMDC) version 5.2 developed

by Wilby and Dawson in December 2015 witis@atialresolution of 2 m\Wilby et al,
2014;Wilby andDawson, 2013Wilby et al, 2002 was adopted for comparative climate
projections. This was to reduce the uncertainty levels of future climate and increase the
accuracy of risk and vulnerability assessment in the study diea. predictors for
calibrationand validation of the SDSNDC werealso acquired fronthe samesource.The
SDSMDC 5.2 and predictor variables were downloaded freely from Loughborough
University website hosting SDSM. Observed data from 98110 obtained from Ghana
Meteorological Ageay (GMet) were used for calibration and validation of the models at
the seven climate statioriSach climate variable was prepared in text file format for each
station to fit intoSDSM Factors for the generation of future climate in SDSM were
acquired fron the ensemble mean of the 43 GCM®m the Coupled Model
Intercomparison Project Phase 5 (CMIP5) on the climate database Ohihersity of

Prince Edward Island (UPEI, 201 Nlean of ensemble CMIP&aluesfor 2020s (2011

2040) and2050s (2041 2070)were used since the near future period of this study was
from 20201 2049.The modeldownscaleclimatevariableof a location or statiofrom the

large atmospheric variables by combining stochastic weather generator and multiple linear
regressior{Wilby etal., 2002). SDSM-DC hereinafter was referred to as SDSM.

3.2.3 Climate data analysis

The analygs of therainfall and mean temperature outputs of five climate models
namelyCanESM, IPSL, GFDL, Hadgem and SDSM weegried outfollowing the steps
presented in Fig. 8. Amelia package in R software was used to fill gapdata for the
reference period 1982010 to enhance theerformance assessmentioé models at equal
conditionsof station data (Argueet al, 2012). Rainfall data were subjected guality

control in RClimdexafter filling the gaps to identify outliers and erroneous daizh as
negative rainfall values which were then remoyAduilar et al, 2009). The R software
(Packages: ncdf.tools, ncdf and raster) \itasher used to extracRCMs daily rainfall

using the geographicabordinates of the seven climate stations.
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3.2.3.1GCMs projections over the basin

An area assessment of temperature aranfall from CMIP5 models in the Fifth
Assessment Report (AR5) over the Pra River Basin wae by creating arectangular
boundary on th@JPEI climate databaseThe boundary covered an area4df, 192 km
(almost twice the actual area of Pra River Bdscause this was a rectangular fit box)
between latitude 4.94 and 7.26N and longitude 0.9%V and 2.683W. The National
Center for EnvironmentdPrediction (NCEPYeanalysis data for the base period 1981
2010 was used to determine the change in thie frasn 20117 2100 under global climate
change from théAR5 43 GCMs. The method of validation of models using the 1xStdev
and 2xStdev as zone of acceptable models (Fenech, Feb&chet al, 20079 was
employed to determine GCMs with good skill of higtal simulation of temperature and
rainfall as the validated pjextion for the basinTwo of the GCMs with RCMs available
on CORDEXearlier described (Table 3.tere acquired from the African domain for this
study.

3.2.3.2 Bias correction of RCMs

The biascorrection of simulated precipitatiowas performedusing the ihear scaling
method and doublequantile mappingwhile temperature as biascorrected usingnly
variancescalingmethod(Teutschbeirand Seibert2012 Leanderet al, 2008;Lenderink

et al.,, 2007). The linear scalingmethod aims to pesttly match the monthly mean of
corrected values with that observed onesTeutschbeirandSeibert,2012. However, the
variance in the dats not corrected by the linear scaling methad.effective appoach to
correct both the mean and the variantéemperaturés the variance scaling methothe
variance scaling methaabtljuss the RCM controlrunto havethe same mean and standard
deviation (i.e., variance) athe observed time serie§he quantilequantile or double
qguantilemappingensureghe reproduction o€umulativeDistribution Functions(CDFs)
the RCM period and thebservation period are identicaBBgrdossyand Pegram 2011).
The &) transformationwhich creates iddital distributionprovides a purely statistical
correction of the RCM results, independent of the weatlkipe based on the test
distribution created (Bogneat al, 2012) It has been found that empirical estimation of

CDFs and inverse CDFs from dakelps to illustratehe @pacity of thealgorithmusinga

44



guantilequantileplot, which is the scatterplot between empirical quantfesbserved and
modeled data(Ringardet al, 2017; Cannonet al, 2015; Suret al, 2011). Since bias
correction was not an objective for thisidy, only RCMs output thatvas not within
acceptable performances under thee-seriesbased metric were biarrected for the

purpose of producing an ensemble climate output for the basin.

3.2.3.3 Calibration of r ainfall and mean temperature in SDSM

The best predictors selected for rainfall calibration were direct shortwave radiation, surface
lifted index, vorticity near the surface, vorticigt 850 hPa and vorticitgt 500 hPa, surface
divergence, precipitable water, total precipitatiod aelativehumidity at 850 hPa ars00

hPa andnearsurfacerelative humidity Each station was calibrated wighminimum of

four of the listed predictors at 9% confidence levelRainfall and temperature were
calibrated as conditional and unconditional modelseesgely. At the screeningtageof

the variables for calibration, correlation gb < 0.05, followed by scatter plotasused at

first and second stage to select the minimum number of atmospheric variables from NCEP
The predictorghat best correlated vitmean temperatuneere surface liftedindex, mean

sea level pressure, geopotential hemff850 hPapotential temperatureglative humidity

at 500 hPa heightearsurfacespecific humidity andmean temperature at 2.nthe
simulated historical data fro 19817 2010 from the model was used in measuring its

capacity or skilto capture rainfall and mean temperature in the basin.

3.2.34 Performance evaluation of climate models

The performance evaluation wfodels isbased on their abilés to reprodue precipitation

and temperatureof the study area. The performance was evaluated by comparing the
rainfall and temperature of the models (btasrected or not) with observation datasets
using the frequeneased indies and timeseriesbased metrics Coeficient of
determinationNashSutcliffe efficiency andRoot Mean Square Errevere the timeseries
based metrics for the performance evaluation of the madeégldition to mean, median

and standard deviatiorfrequencybased indicegMoriasi et al, 2007; Klein Tank and
Kdnnen, 2008
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3.2.35 Standardised Anomaly Index (SAl)

Standardied Anomaly Index (SAl) was used to investigate annual rainfall anomaliée
SAl of rainfall was computed to determirke interannual variabilityof rainfall of both
the baseline data and the projected rainfall d@adguet al, 2013). The index is a
descriptor of rainfall variability, and indicates thedeviation ofa rainfallevent from the
mean value under consideratidhwas further used taletermine dry and wetearsfor
both the baselineand projected dataPositive and negative values ofA$ represent
preciptation above average, and belawerage respectivelyhe standardlassificationof
rainfall anomaly indexby van Rooy (1965presented in Table 3wasused in this study

The Standardised Anomaly Index (SAly Hadguet al (2013 was calculated as:
"YO 'O— (3.2)

Where
X is the annual/seasonal precipitation;
W is the longterm seasonal mean and

O is its standard deviati on

3.2.3.6 Onset, cessation and duration of rainfall

Daily observedand projectedainfall datawere used taalculate the onsetnd cessation
dates and duration ghiny season oength of the rainy seasohRS) in the study area

This was to predict to an extent what should be expected over the location by all who
deper on rainfall for their activitiesThe length ofthe rainy seasowasthe difference
betweenthe onset and cessation dat&be onsetand cessation dateand LRS were
determined by modifying the Walt@laniran method (Matthewt al, 2017) inMicrosoft

Excel 2016.0nset was calculated from the first month of effective rainfall where effective
rainfall is defined byaccumulated rainfall totalsqualto or exceedhg 50.8 mm (2 inch@s

The formula is:

6¢i Qdo 00 (3.2)
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where;
D = number of days in the first monttith effective rain
F = accumulated rainfatbtal of the previous month
R =total rainfall in the first montlvith effective rain

Cessationdateswere calculated with theameformula but in a backward formdtom
DecemberThe month that hd accumulated rainfall totglequalor exceethg 50.8 mm
then becomes the end of thening seasoriMatthewet al, 2017) The WalterOlaniran
method is said to perform poorily the forest zone compared to the SavannahSudan
Sahel. According t@arbuttet al (1987), the thresholdralue of rainfall amount required
for a day to be countealsa rainy day in West Africa is 0.85 mm which might not be the
same for the forest and coastal zones when considered separatelynodHieation
involved a month being selected as onset whéerfall amount inthe succeeding months is
not less than 50.8 mm as developed by Walteniran method for the months in which
onset is calculated (Mattheet al, 2017). The same modificationas done for the

determination of the cessation of rainfall.

Spatial analysis was done in ArcGIS 10.3. The ordinary kriging interpolation method using
spherical semvariogram wasmployed in generatinthe projected temperature and rate

of change in rairdll and the graphical presentation of outputs in maps.
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Table 32. Classification of rainfall anomaly index (RAI)

Rainfall anomaly index Class description
O 3.00 Extremely wet
2.00to0 2.99 Very wet
1.00 to 199 Moderately wet
0.50 to 0.99 Slightly wet
0.49 t0-0.49 Near Normal
-0.50 t0-0.99 Slightly dry
-1.00 to-1.99 Moderately dry
-2.00t0 -2.99 Very dry
O-3.00 Extremely dry

(Source: van Rogy1965
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3.3 Trend of land usécover changes

The analysis was done to address the second specific objective of this study.

3.3.1 Data sources for image processing

All data for image processing were secaryddataexcept the ground control pas

3.3.1.1Landsat Images

Satellite images thatoverthe PraBasin for the year$986 20® and 208 wereacquired
freely fromUni t ed St ates Ge o | oGlobat Wisuals@ianr \Wewer 0 s
(GLOVIS) based on cloud cover and qualityhe spatialresolution of Landsat imagesed
was 30m with a cloud cover criterion of less than 9@ Table 3.3 shows the dates and
characteristics of the Landsat images used in this sflidg.three paths and roves
Landsatweretaken at Datum WGS84 idniversal Tansverse Mercator (UTM) zone 30

andwerealready geometrically corrected

3.3.1.2 Ground truth and r eferencedata

The 1986 images were classified with Google Earth historic imagjeedameyear and
theland cover shapefile database from the Geologicalegudepartmenof Ghana. The
globeland30 mayfor 2000 produced by the Chinese (global land cover map satial
resolution 30 m)was acquired Chenet al, 2014) and combined with the dnd cover
shapefile database and Goodlarth historic image of 2002003 to classify the 20D
Landsatcombinedimages of the basin. The recently released 2016 European Space
Agency (ESA) Climate Change Initiative (CCI) S2 prototype land cover map atfor

Africa was acquired from ESA and combined with 150 ground copuits collected

with handheld GPS and Goodkarth image of 208 to classify the 208 Landsat images

for the study (BraimolandVlek, 2005).

3.3.2Image analysis for LULC changeassessment

Image processing and analyéiem the acquisition of the imagésom GLOVIS to the
intensity analysisfollowed the chart in Fig. 8. Image preprocessing started with
atmospheric corrections to merging under raster and extractitimedftudy area from
image using clipper before the training of site for the classibican R softwareFiltering

and sieving were the main imagespprocessig carried out.
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Table 33. Characteristics of Landsat images

Year

1986

2002

2018

Characteristics
Date Acquired
Spacecraft ID
Sensor ID
Date Acquired
Spacecraft ID
Sensor ID
Date Acquired
Spacecraft ID

Sensor ID

Basin area coverage (%)

p193 r056
198612-22
Landsatb
™
2002-12-26
Landsat 7
ETM
2018-01-28
Landsat 8
OLI TIRS
1.20 %

p194, r055
198612-29
Landsatb
™
2004-02-06
Landsat 7
ETM
2018-01-29
Landsat 8
OLI TIRS
175 %

pl194, 056
198612-29
Landsatb
™
202-01-15
Landsat 7
ETM
2018-01-03
Landsat 8
OLITIRS
81.3%
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Fig. 3.5. Landuse change analysis
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3.3.2.1Landsatimage classification and accuracy assessment

Atmospheric correction of all images for the purposthetemporal aalysiswasdone in
QGIS 2.18using the preprocessingool under SemAutomatic Classification Plugin
(SCP). Band combination 543 and 65#ere usedto differentiate the various land use
classes for Landsat 5 & 7 and LandsataBellite mages respectively in QGI®lolade,
2012. Based on theixel grouping and unsupervised classification records, the unit
classification were Foresfrable/Bare lands (cultivated, harvestadeas cleared fields,
bare aregs Open vegetation (Grasslarghrubs mixed vegetation), Wategwaterbodies

and Settlement (housings, rogdsiral settlement, rock outcrops, e&s detailed in Table
3.4 (Mahmoud, 201p

Supervised classification was carried out in R software using the random forest algorithm.
Training site for classificatiowascreated in QGIS from ground control points, reference
maps and knowledge of the study area. Accuracy assessment indicatingviieof
correspondence aflassified maps to realitywere assessed based tire confusion matrix

from the random forest algorithm which was set ataximumof 100 samples for each

class. The error matrix technique, which is one of the most widely usedthod for

accuracy assessmenas adopted for this purpogeorkuoandFrimpong, 2012Braimoh

andVlek, 2009. Both the pixel-based and ardaased error mattesweredone Qlofsson

et al, 2013). The error of commisein ( us er O6@errosaotanisrsa oyn) ,( produ

accuracy) and overall accuramgredetermined

3.3.2.2 Interval, categorical and transition intensity analysis

The ntensityof change at each of the three levelsassessed with the intensapalysis
softwaremacros in Mcrosoft Exel 2016. The postlassification confusion matriwas
transferrednto the model at twantervals (19861 202 and 20@ i 2018). Theinterval

level determined the period with the highest annual total changealasses whereas the
categorical and trait®nal levels examined thehange in each class in relation to the
uniform annual change per interval and uniform rate of change per category respectively
(Aldwaik and Pontius, 2012)All changesat interval, categorical and transitional levels
with intersities higher than uniform rate are termed fast, active and ¢drgile values

below uniform intensities are termadslow, dormant and avoided respectively.
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Table 34. Modified land use/cover classification scheme

Land use/®ver

Characteristics

Forest

Open vegetation

Arable/Bare lands

Settlement

Water

Trees usually over 5m tall with crowns interlockifggnerally forming
50-100% cover or more than 150 trges hectare)

A complex mixture of grasses and shrubs with or withsuattered
trees with less thanOltrees per hectar®pen stands of trees usua
over 5m tall with crowns natsually touching (generally forming 2!
60% cover owith approximately 7850 trees per hectare

Cultivated areas of diverse characteristics with  fi
crops loth food and cash crops such as maize, bewatera as well a
harvested fieldsBare lands describ&reas that do not have an artific
cover & a result of human activities including thcseas with les:
than 4% vegetative cover (bare rock areagisamnd deserts).

Areas of human settlements, commercial and induskeialopments

Areas permanently covered with standing or moving waltérs

includesinland waters, streamsvers, lagoorand reservoirs

(SourceMahmoud, 2016EAO, 1995
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3.4 Modelling hydrological ecosystem servicewith IN'VEST

Hydrological modding followed the framework in Fig. @. Three submodels of INVEST

were calibrated based on the spatial parameters prepared in GIS. Digital elevation model
(DEM) and shapefile of area of interest (watershed) were central to alnsdeéls.
Rainfall maps on monthly and annual baswsre usedor the water yield and nutrient
delivery ratio models respectively. Rainfall was converted into erosivity by a factosdor

in the sediment delivery ratio model. Each model made use of both biophysical tables
(containing physical and biological properties like coefficients of land classes for the
delivery of a service) and spatially parameterized physical component tcaigetiees

needed outputs.

34.1 Sources of data used in INVEST models

Climate and landise data were obtained from the results from objective one analHileo
other data, especially management practices were from literature and reports.

34.1.1 Requireddata to run the NDR model

The type ofinput data, sources and natuioe the NDR model are tabulated Trable 3.5.

All raster inputs were processed in ArcGIS 10.3. The biophysicalwasélled with total
phosphorus and nitrogen data from literatureos&rAfrica as provided by the model
(Sharpet al, 2018). Details on settlement were taken from South Affieackhowet al.,
1980), open vegetation and water from Senegal (Lewial, 1999), forest from Ivory
Coast (Bruijinzeel, 1991) and arable/baneds from Nigeria, Mauritius and Burkina Faso
(Lesscheret al, 2007; Kwonget al, 2002; Mackensen and Folster, 2000). Averages were
determined across thHand class to provide single values for the model. The biophysical
data is presented ifable 36.
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Fig. 3.6. Hydrological ecosystem service mddwey in INVEST
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Table 35. Data needs of the NDR model

Data

Nature/Function Source

Digital elevation
model (DEM)
(required)

Land use/land

cover (required)

Nutrient
runoff  proxy

(required)

Watersheds
(required)

Biophysical
Table (required)

Threshold flow
accumulation

value

Borselli k

parameter

A GIS raster dataseTo ensure proper flov https://urs.earthdata.nasa.govi

routing

A GIS raster dataset. The LULC codms Generated from Landsat imag

an integer.

A GIS raster dataset. €h annual Rainfall data from the study

precipitaton for the basin wsused.

A shapefile of polygons Ghana Geological Survey

Department

land use/land cover classdable in csv Land use maps and empirical

format, with water quality coefficient literature

A stream layer from the DEM Generate from DEM in ArcGIS
10.3

The default value is 2. Use default value

(SourcePrepared by author from Shagpal, 2016)
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Table 36. Nutrient and phosphorus requirement for NDR model

LULC Class Load Eff Load Eff LULC Crit Crit Load Load Prop

n n p p veg len len subn subp subn
p n

Settlement 4.00 0.05 0.6 0.05 0 150 150 049 0.0001 0
Water 1.3 0.05 0.08 0.05 0 150 150 0.0001 0.0001 0
Forest 1.8 0.79 3.88 0.79 1 150 150 0.18 0.0011 0
Open 1.26 0.52 041 0.%2 1 150 150 0.37 0.04 0.02
vegetation
Arable/Bare 16 052 0.7 0.3 1 150 150 098 024 025
lands

*n i Nitrogen; p- Phosphorus; Eff Efficiency; vegi Vegetation; Criti Critical; len’

Length; suli subsurface; Prop Proportion

(Source: Sharpt al, 2018 Lesscheret al, 2007 Kwong et al, 2002; Mackensen and
Folster 2000; Lewiset al, 1999; Bruijinzeel, 1991; Reckhoet al., 1980)
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3.4.1.2Data requirement for the SDR model

The type ofinput data, sources and natuig the SDR model are presentedTiable 3.7.

All raster inputs were processed in ArcGIS 10.3. Rainfall erosivity values were determined
based on thenodified Fournier indexMFI) method because is suitable for the tropical
region (Kusimi, 2014; Smithen and Schulze, 1982). ®oddibility factor (K) were
adopted from Ashiagboet al (2014) which wascalculaed from the alternative soil
erodibility factor (ERFAC) from equation 3.3 (Table 8.

The range of the sokrodibility factors was comparable in decresing value to the
findings of TeyeMensah (1997) for four locations along the coast of Ghana and two in the
semtdeciduous agrecological zone foGhana. The estimatedflctor from nomograph
was between 0.38J and 0.48/J at Axim and Juaso respectively while the measured k
factor was between 0.38J and 0.62 t/J at Ho and Juaso respectivéby¢Mensah,
1997). However, the findings of Teyglensah (1997) was a mixture of soil types per the
location while the Kactor from the alternative equation in this study was for specific soll
type (Table 3).

b

0 QOO ETD Co . e X (3.3)

The support practice factor (usle_p) presented in TaBlev8s assmed as 1 for all the

five landuse classes because there was no provision for conservation support in the basin
(Kusimi, 2014). Table & alsopresent the sources of cover management factors (usle_c)
averaged for this study. Rainfall erosivity (R) was determined using the interpolation table
of rainfall (mm) and R factor reported by Elbasital. (2013) at a correspordce of 150

mm rainfall to 400 MJ mm hah? yr! erosivity. This was determined to be at r = 0.99
between Zimbabwe and Ethiopia and r = 0.81, 0.54 and 0.&btonier indexFl), half-

month rainfall erosivity(Mi) and monthly rainfall () formulas repectively. Earlier
findings by van der Poel (1980) proposed 100 mm to 400 MJ minrhgr* change in R

factor.
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Table 37. Data needs of the SDR model

Data Nature/Function Source

Digital Raster @tasefrom a GIS platform https://urs.earthdata.nasa.gov
elevation model

(required)

Rainfall Raster datasétom a GIS platform Estimated from rainfall

erosivity index
(R) (required)

Soil erodibility
(K) (required)
LULC
(required)
Watersheds
(required)
Biophysical
Table
(required)

Threshold flow
accumulation
value (required)
"Qdand06
SDRmax

Raster datasétom a GIS platform

Raster datasefrom a GIS platform The

LULC codewasan integer.

A shapefile of polygons

Land use land cover classes table @8V
format that contaimcorresponding factors fc

the modding.

Stream layer from the DEM

The default valuewere™Qds 2 andO6 = 0.5.

Its default valuavas 0.8

Calculated frorERFAC
formular (equation 3.3)
Generated from Landsat
images

Ghana Geological Survey

Department

Land use maps and empirical

literature

Generate from DEM in ArcGI<
10.3

Use default value

(Source: lPepared by author from Shagpal, 2016)
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Table 38. Soil erodibility factor (K_factor)

Type of sail K_factor Area (km?)
Acrisols 0.255 18,328
Alisols 0.245 318
Fluvisols 0.295 854
Leptosols 0.275 206
Lixisols 0.234 722

(Source:Ashiagboret al, 20149

Table 39. Cover management factor (ulse_c) and supportipeaiactor (usle_p)

LULC Class

Sourcesfor usle_c estimation

usle ¢

usle_p

Settlement
Water
Forest

Open vegetation

Arable/Bare lands

Built up- 0.99 (Adedijiet al., 2010)
Kusimi, 2014

0.001 (Roose, 1&)

0.02 (Adedijiet al, 2010)

0.038 (EfHassaniret al., 1993)

0.03 (El-Hassaniret al., 1993)

Woody savanna 0.01 (Roose, 187)
Woody savanna 0.11 (Adedi et al., 2010)
Shrubs 0.471 1.00 (Mati,1999
Grassland 0.018 (EfHassaniret al., 1993)
Grassland 0.014 (EfHassaniret al., 1993)
Grassland 0.043 (EfHassaniret al., 1993)
Croplands 0.314 (Angimeet al., 2003)
Croplands 0.122(Angimaet al, 2003)
Croplands/Natural 0.415(Angimaet al, 2003)
Croplands 0.017 0.1 (Roose, 187)
Croplands 0.16(Adediji et al, 2010)
Croplands 0.68(Mati, 1999
Croplands/Natural 0.02 Mati, 1999
Croplands/Natural 0.8 (Gobinet al, 1999)
Croplands/Natural 0.33 (Gobiret al., 1999)
Baren/sparse 1 (Adedijiet al, 2010)
Baren/sparse 1 (Roose, 1977)

0.99
0.0000
0.0233

0.1119

04451

1
1
1
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3.4.1.3Data needs of the seasonal water yield model

Data characteristics and sources used to run the seasonal water yield model were described
in Table 3.10. The Penmaionteith evapotranspiration method Iimstatv3.36 was used

to calculate the reference evapotranspiration (ETo) inputs fosd¢heonal water yield

model. Average insolation incident on a horizontal surface (kd4y), relative humidity

at 2 m above sea level (%), wind speed at 10 m above the surfdlce e&rth (m/s)
records, from 1983 2010 were downloaded from NASA Power databaS&SA
POWER, 2018 to calculate ETo of stations. Mean temperature input was from the
observed data from each climate station. Wind speed was converted to 2 m above earth
suface with factor 1.33The ETo for 20201 2049 was calculated with SDSBIC and
Ensemble mean temperature of each climate station with downloaded average insolation
incident on a horizontal surface (MJfaay), relative humidity at 2 m (%), wind speed at

10 m above the surface of the earth (m/s), from 202017 from NASA Power database

and replicated five times to cover 30 ye:
wind speed and relative humidity from 20R@®049 will not differ from the recordef

20121 2017.

The estimated curve numbers are presented in TaldleMBdreas crop factor sourced from
Sharpet al (2018) are presented in Table 3.1All maps of monthly precipitation and
reference evapotranspiration were created in ArcGIS 10.3 amitimary kriging spatial
analysis tool because of the distribution of the stations. Digital Elevation Model (DEM)
downloaded from Earthdata NASA and hydrological soil groups acquired from

International Soil Reference and Information Centre (ISRIC) azsepited irFig. 3.7.
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Table 310. Data requirement of the seasonal water yield model

Name

Description and Type

Data Source

V)

ETO,a

DEM

LULC

Soil group

AOI/
Watershed

Biophysical
table

Rain events
table

Threshold
flow

accumulation

a1 R

Maps of monthly precipitation (mm).

Observed and modelled data

Maps of monthlyreference evapotranspiratic NASA POWER and climate

(mm) usingthe PenmarMonteith Equation.

Digital elevation model. Raster of decimals

Map of LULC. Raster of integers

Map of SCS soil hydrologic groups (A, B, (

or D), used in combinatiomwith the LULC

map to compute the CN map.

Shapefile delineating the boundary of t

basin.

Table comprising, each LULC type:

A CN for each

A Monthly Kc val
.csv file with column names: CN_A, CN_EI
Kec_12

CN_C, CN_D, Kc_1¢ .

Table with 12 values of rain events per mor
A rain event is defined as >0.1mm (USG:

.csv file with column names: month ai

events

Generated stream layer.

data

https://urs.earthdata.nasa.gov

LULC maps(Landsat imaggs

International Soil Reference

and Information Centre

Ghana Geological Survey
Department

NaturalResources
Conservation Service (NRCS)
and Agricultural Research
Servie (ARS); Wahington
State Department of
Transportation

Determined from observed an

modelled rainfdldata

Develop from DEM in ArcGIS
10.3

Model parameters used for research purpo Use default values

Default valuesvere| &= 1/12}

(Source: lPepared by author froi@harpet al, 2016)
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Table 311. Estimated curve number (CN)

Description CN_A CN.B CN_C CN_D
Water 0 100 100 100
Forest 0 50 60 65
Settlement 0 75 83 86
Arable/Bare lands 0 68 76 80
Open vegetation 0 65 77 82

where A, B,C and D are soil hydrological groups

(Source: Natural Resouwres Conservation Service (NRCS) and Agricultural Research
Service (ARSINRCS], 2017; Wghington State Department of Transportation [WSDOT],
2014)

Table 312. Other LULC characteristics for SDR model

Description Kc (17 12) Root depth  sedret_eff
Water 1 800 0.43
Forest 1 7000 0.6
Settlement 0.3 350 0.05
Arable/Bare lands 0.56 1300 0.28
Open vegetation 0.74 4000 047

Kc = plant evapotranspiration coefficiestedret eff = sediment retention etfiency
(SourcePrepared by author froi@harpet al, 2018)
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Fig. 3.7. DEM and Hydrological soil groups (250 m) in the Pra River Basin
(Source: Prepared by the author with data from NA&SAhdatand Soilgrids)

64












































































































































































































































































































