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ABSTRACT

Climatechangis one t he most t ownildcNarherosswstodielsaget s |
linked climate to increased incidence and severityngfacts of natural hazardach as
droughts, floods and wildfires. To this end, climate science research has been and still
continues to be one of the most actarea of scientific enquiryin a quest to better
understand climate systems dynamics and mepently their interlink with other
systems. In this studthe climate and land u$dandcover changgynamics are explored

and then their impacts on surface hydrological conditions in the upper Mzingwane
sutcatchment(UMS) of Zimbabwe assessethitially, an in-depthreview of exsting
climate and hydrologypublishedresearch inZimbabwe over thepast 29 yearss
undertaken usin@ systematiaeview approach It emerged that of the 107 studies
reviewed,the two predominant themes covered were climate im{38€6)and climate
vulnerability, adaptation andhitigation (39%)while climate and hydrological modelling
were the least covered themegl# Mostof the research is outdaten Zimbabweand

has limited use of more recent climate and hydrologreadelling tools and techniques.

With regards to landscape degradatibistorical land use and landcovelnangesand
modeled future land use anthndcover scenarioy UMS were exploredthe using
Geographic Information Systems and Remote Sendingmerged thatextensive
deforestatia has been taking place in the UMS with losses of ovek#80etween 1089

and 2018nd this trend is projected to continue into the future with over 40% of forest
cover lost by 2038These changes are most likely to be driven by increased human
activities in the area especially smattale and illegal gold mining

To better understandhistorical precipitations onditions in the UMS, climatestation
historical precipitation records are used to assesntieth centuryclimate extreme
events over UMSThough results indicate statistically insignificant trenihglication is
that high intensity and short period precipitatenentshave been increasing despite the
overall decrease in total precipitati@vels over the UMSGenerallymean precipitation
anonalies show a general negative trend of betw&e®6 mm and- 6.36 mm in the
northern and western region of the UMS suggesting general dogitwgeen 1920 and
2001 For example,results showdeclining trends in 5day maximum precipitation
(RX5Day), (mean =0.879mm/annum). Overall, the smoothed/®r moving average
trends formostindex anomalies seem to reveal a near 20 to 30 year pericalieitythe
UMS.

Future climate projectiona the UMS for the near future (20222040), midterm future
(2021:2060) and long term future (2062099)are exploredisingthe Conformal Cubic
Atmospheric Model (CCAM) datdownscaling of 6 GCMs Models show an overall
anomaly signal ranging frord5mm to +18mm change in annual total precipitation over
the UMS.Mid to longterm precipitation anomalies range between +3mm and +9mm
compared to +3mm and +15mm in the Afediure periocsuggesting decreases magnitude
of changein total precipitationin the future.Four of the ensemble members generally
show positive spatial pierns of changevhile two show the opposite trends in long term
average of monthly precipitation though the@sensus on a south to north increasing
gradient in precipitation in all future period§he Max Plank Institute (MPI), the
Geophysical Fluid Bnamics Laboratory Climate ModelGEDL CM2.5 and the
National Centre for Meteorological ResealClimate Model version 5 (CNRMMS5)
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have highest competence in simulating monthly average precipitation while the
Community Climate System Model Version 4 (Q@4 has lowest performance. With
regards to temperature projections, all ensemble members show a clear comsansus
increasingrend in bothmaximumand minimum tempeture with magnitudes of changes
varyingbetween 1.1 upto64 fr om t he nrermfuturd. Dhese thangdso n g
translate to betweenr0.7 t o +1d& B8 mdean temperaturehanges which
showsconsistengradual warmingver the UMS. This could have significant impacts on

both human health, agulture and water security.

For the first time in theNorthern Limpopo basin, a physical, semistributed
hydrological model is successfully applied to simulate strearoffuwith satisfactory

levels of accuracysing downscale@€CAM data. Majority ofthe ensemble members
simulate simulated peak stream dischargegiingbetweenl244.8m’s!and 42.9m°s?

though most (4) of the downscalings simulate a mean increase in peak discharge of ~620
m3sti.e. ~7.83 mslyr! over the entire future periolheNorESMI and the GFDICM3

model project declining trends in peak stream discharge though the former simulates the
highest peak discharg&244.8m3s?) in the baseline period (1996015).Theincreases

could be related to projected increases in predipitdy the CCAMensemblanembers

as earlier presented@he impact of land use and land cover charmayethe stream peak

and total volume discharge seems tarmonclusivein that in the 20& (2038) LULC
changeforcing of the hydrological modedhow a decease (increase) istreampeak
dischargeand volumen the UMS The increase in dischargeuld relate to the projected
increase irbareland/ impesious surfaces related to human development/ activities in the
UMS.

Overall, thestudy manages to add newdwledge to fill gapsn historical and project
future climate change/ variability scenarios in the UMS. The extent of past and future
landscape degradation is quantified indicating extensive deforedtationtinue into the
future. With projected futureclimate projections of increasing total precipitation and
temperatures, the projected impactinsreased streamun-off and peak discharge.
Novelty in this study is the first time use oflownscatd, and/ biagorrectedhigh-
resolution CCAMdatatogetherwith simulated LULCscenariogo modelfuture multk
temporal surface stream ruroff at a subcatchment levelhese study findings are
consequential in understanding the climbatd C-hydrology nexus and therefore
valuable in planning for climate change imga mitigation, strategy and policy
developmenso as to avemegative water security and livelihood impacts in the UMS
and beyond.
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CHAPTER 1: GENERAL INTRODUCTION

1.0INTRODUCTION AND BACKGROUND OF THE STUDY

By 2025, it is estimated th&B8% ofthe global projected populatiaf 8 billion will be
living in water stressd regions(Arnell, 1999 with climate changepotentially
exacerbatinghepressures itheseareaswhich includesemtarid regions in Sutsaharan
Africa. Without any adaptation mechanisms in pladayashi et al. (20)3projecta
massiveB3% increase ithe global watestressed populatiofi.e. 1.8 billion in 2000 to

~ 3.3 billion in 2050. Amidst this ongoinglimate changeiscoursewithin the scientific
community(HendersorSellers and McGuffie, 201Zasterbrook, 20)6the 2015 state
of the climate review blunden et al. (2016 revealed overwhelminghiftsin global
climatic conditionswith some areas becomimgtherwetteror drier. This hasolsteed
thegenerakonsensuthat climate changeasnegativeimpactson various systems in the
biosphergLetcher, 2009Boone et al., 2008 The changingor varying global regional
and localclimatic trendshavenot onlystrondy influenced/impacted orwater resource
availabilityand accessibilityput alsdivelihoodsin genera(WaterNet, 2003Love et al.,
201Q Stigter and Ofori, 2014Schilling et al., 202D The broad range opresent and
futurethreatspresentdby climate change arat variability extend toothermost critical
resourcesuch adood, ecosystems, energy, and hunmealth(Pielke, 2013Ngwenya
et al., 2018bHayes et al., 201 WNichols et al., 2020 This has over the years reinforced
thewidespread appreciation tife reciprocal feedback loops, complex patterns and non
linear dynamics exhibited by hydexological processewith changing or varying
climatic conditions(IPCC, 2001 Liu et al., 2007 Vicuna and Dracup, 200,7thus

necessitatinghe need to expand scientific knowledge on the same

Similarly, changes idandscape heterogeneities in space and éisna resulbf natural
processesand primarilyhuman activitiegLiu et al., 2007, have been noted to have
varying impactson hydrological processest different scalesas well Evidencefrom
integrated studies of coupled humaatural gstems(Gergel et al.,, 20Q2Nerner and
McNamara, 200/Li et d., 20193 have revealedthat population growth, emerging

societal #luence and government policielsave significantimplications on landsape




(landuselandcover)changesvhich tend to have an aggravatieffect on thedynamics

of natural hydrologicaprocesses in a given ar@édocking and Haberlandt, 20p2

As suchadvandng scientific evidence anthetheoretical understandiraj complexities
of mechanismspatterns magnitudesand probability ofincidenceof variouseffectsof
climate change/variability and landscape change dynaomdsydrological systemisas
overthe yearvecomdamperative This has led tdiscovey of new connections between
key factors and the formulaion of pragmaticapproacheso addressntrinsic socic
economic challengesaimed at presening contextual recommendations fobt r ue 6
sustainality (National Research, 2002 While some studies havéocused on
hydrologicalchangesat long-term - macroscalelevels (Helmschrot and Fligel, 2002
Arnell, 2009, othes have expbred the samever transiento mediumtermtime periods
at catchment andnesescalelevels in temperateand semiarid regions of the world
(Becker et al., 20Q4Jhlenbrook et al., 2004 ira et al., 201Y). Over the yearsthere has
alsobeenanincreasing interest itheintegration of climat modelsin such studieg an
attempt tounderstanduture effects of climate change on catobmb hydrology(Gleick,
1986 Bouwer et al., 2004Maina etal., 2013 Chen et al., 2008 such aswater yield
andor runoff (LaFontaine et al., 201®okhrel et al., 2018alkland and White, 2020
Climate models have alsproved useful in understanding dynamiesnd effectsof
important phenomena such ag fPacific Decadal Oscillation (PDO) and tké& Nifio-
Southern Oscillation (ENS@IRandall et al., 2007&hristensen et al., 2018°CC, 2013
Manatsa et al., 20).7

Relative toclimatic modelsvarious hydrologicamodellingapproaches have also been
usedto understand the mechanisms and driving forces betfindges imydrological
processesso asto allow for reliable estimates aivailablewater resources withinver
basinsworldwide (Zhu and Ringler, 2012Noldesenbet et al., 2016iu et al., 2017
Siderus et al., 2018 The models rang&om simple lumped and conceptual catchment
models tothe morecomplex distributed and physically based modslsch asthe
Hydr ol ogi ¢ Engineering Center 6s-HMBy dr ol ogi
Topografically-driven rainfall-runoff Model (TOPMODEL) and the Soil and Water
Assessment Tool (SWATBuch modeltiave been widely usdd numerousstudies to
better understand hydrological processes in different parts of the (Fathder et al.,
2001, Gumindoga et al., 201&hen et al., 2018
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Further developmenta theapplication of tydrological modelfiaveseen themergence
of what Xu (2016 referredto as stateof-the-art new generation distributed models
integrating Geographic Information Systems (GlI®motely sensed data alobal
Climate Models The adantage of such modelas been theiitexibility and ability to
simulate different climati@andor physiographic conditionand processeat various
spatal scalesn predicing future effects of climatend landscape changésndersen,
2008. However, thoughhe exploitation of GIS and remotensingtechniqueshas
increasd within this domainin Sub-SahararAfrica, Murayamaet al (2011) found that
gaps still remain in terms streamliningpolicy formulationand implementation on ¢h

samewith water resources monitoring and management

Consideringhe prevailing semyarid conditiongherein southern Africdas considered to
be highly vulnerable to the effects dimate change(Ngcobo et al., 2093 Over and
above the overarching effects of climate chanigerte g i valmegalsilty according to
SADC (2011 has beerexacerbated byoor policy responses in the wake sbcic
economicand environmental chaagrelated tonumerousanthropogeni@ctivities such
as agriculture, minigp anddeforestationin this region As such, whilenumerous studies
such ashose byGleick (1987, Hendrix and Glas€R007), Farjad et al. (20)7andMoyo
and Nangombe(2015) have explored tee and othe related challengesgritical
knowledge gapsstill exist concerning the potential futurenpacts of climateand
landscape changes dhose aspects most importan(e.g. water)to society and
economes in southern Africa Furthermore, despite the wide scope of applicatibn
Regional Climate Models (RCM8#) hydrological studie§Gangodagamage et alQ®,
Hewitson et al., 20Q4Salathé et al., 201(Daron, 201%, few studies have been
undert&en within this domain irsouthern Africa This necessitates the need for more
multifaceted researcto closesuchknowledgegapsand helpidentify opportunities for
guided policy responses anihnovative interventiors aimed at buildingandbr

strengthenig climate resilience and adaptatimncommunitiesvithin the region.

In light of the earlier discussed aspedt®e focus of thisstudyis thusto explore the
&limatelandscape change andrimce hydrolog$ nexuswithin the semiarid upper
Mzingwane sub-catchmentin Matabeleland South Province of ZimbabweEhis is

achievedby integratingRCM datg a semidistributed hydrological modil@nd remotely
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sensed data tadvancethe understanithg of, and predictfuture state of surfacewater
resourcesandhene contributing tosustainablevater resources managemént better

watersecurity

1.1 PROBLEM STATEMENT AND JUSTIFICATION OF STUDY

TheupperMzingwanesub-catchmen{UMS) (Figure 3.1)s one of the mogirolific sub
catchmerg in terms of capturing anstoring water in the Northern Limpopo bagivu

et al., 2008, with greateconomic valuén and beyondhe semiarid Matabeleland South
province of ZimbabweHowever,there are concerns about impacts of climate change
andbr variability such as high rainfall variabilityn this and other lowveld catchments

in Zimbabwe(Mazvimavi, 20103 Thissubcatchmenhasseen extensivimnoughlargely
unquantifiedandscape/environmentmbnsformationsirivenlargelyby sociceconomic

and political factors aimed at improvingral livelihoods e.g. the Government of

Zi mbabwebés accelerated | and refos(mandnd bl ac
Yeh, 2004. Furthermore, dspite having a functional Catchment Councili.e. the
Mzingwane Catchment Council) manage the catchmenVaterNet(2003 noted that
there was a general lack of integrated maeagent approaches (aimed at linking
agriculture,soil, water, climate), human capacities and weak institutional arrangements

to bolster sustainable water resources within the catchment.

Furthermore, nderlainby the vast Zimbabwean Craton greenstone (kalbwn to be a
rich-gold bearing rock deposit(Shadeed and Almasri, 2010the environmental
disturbances within thentire Mzingwane catchmemrtave been exacerbated by an
increase irboth loosely regulatedegal andextensivellegal goldmining also espoused
by the Zimbabweangovernmend s black economic empowerment policieShe
environmental degradation has also beempounded by poor land and agricultural
practicesespecially in coomunal and resettlement area$ere land tenure systems are
alsopoorly monitoredLove et al., 200pb Consideringthe already established intricate
coupling of humamatural systemacross paceand time(Liu et al., 2007Werner and
McNamara, 200); e.g. landuse and river rwoff, the described scerios indicate
considerabléanduselandcover change.ULCC) over the yearwith possiblempacts
on the surface hydrological processéthin theUMS (Ngigi et d., 2007, Thanapakpawin
et al.,, 2007 Khare et al., 2015 Overarchingthis is theprobableimpact of climate
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changel/variabilityon thesub-catthmen® water resourcewhich do not only sustain the

| ocal communityds |livelihootZi mbhabwe &
largest city).

In light of the evident significance of the Mzingwane catchnmsseraklimatelanduse
hydrology reléed studietiave been undertaken over the géaan attempt tainderstand
interlinkages of thesekey aspectso as tcenhance formulation of sustainable land and
water resources management policies and strategiessi¢dbra watescarce catchment
Such sudieshave covered aspects such(@gestimating and interpreting hydrological
drought indicegNyabeze, 2004 (ii) charactesing catchmentunoff vis-a-vis rainfall,
interception, transpiration and evaporatidnganai and Mason, 200 Kiii)) general
environmental degradatioiShadeed and Almasri, 201@Gnd (iv) modelling the

c at c h rmyanddgioas processes/ water balance usuagious statistical techniques
(Love et al., 200lLove et al., 201Ppamong othersThe general conclusion from all these
studies has been a confirmed impafchatural and human activities on t@éevironment

and water resources within this catchment.

GIS andRemote sensingave been widely used LULCC andhydrologicalmodelling
studiegylobally (Finch, 1997Gangodagamage et al., 208yad, 2005 Andersen, 2008
Deus et al., 201)3as alsawithin the semtarid catchmentsf southern Africa such ashe
Musengezi and Manyame catchments in Z@enbezibasin of Zimbabwe (Kite and
Pietroniro, 1996Rwasoka et al., 20115umindoga et al., 201®lamini et al., 2016
Gumindoga et al., 20)6However,only two known studesi.e. Mpalaet al, (2016 and
Sawunyameet al. (2006 have attempted to us&IlS andRemote sensingp explore
hydrologcal dynamicswithin the Mzingwane catchmeralbeit othergLove et al., 2001L
that used the techniques in rather simplistic crosssectional manner showing a
knowledgegap in use of thesealuabletechniques in the Mzingwane catchmemt

general

Furthermore, little is known @t surface runoff (stream flow) dynamicsand its
relatiorship to climate andLULCC in a spatietemporal context within this sub
catchmentthus presenting a challenge managing water resources in tlasea In
addition to this,no known studyto datehas been done tdemonstrate the potential
application of climatic models arydrological model# this region(i.e. noattempthas

been maddo integratedownscaled RCMlatg hydrologicalmodellingtechniquesand
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remotely sensed data a GISenvironmentto advance the understandingtbe multi-
temporalcatchmentandscape changesdto predict future surfaceun-off within the
entire semtarid Matabeleland region of Zimbabjve Furthemore, quantifying
hydrological changes within thisub-catchmentunder different climate and LULCC
scenarios will provide aoundbasis for understanding and predicting the influence of
LULCC and climate on water security, and subsequently idelptify landuse practices
thatmightreducenegativampacts For thefirst timein this regiontheutility of medium

high resolutiorsatellite remotly sengddatais demonstrateth theassessient ofhistoric

and future LULCC on multi-temporal scaleover the UMS. The generationof new
knowledge in this importastib-catchments thusof unquestionablstrategiamportance

at both local andational levet, hence thenotivationto undertake this study

12 AIM

The aim of this studyasto assess changes dmnariability of climateand LULQC and
their impactson surfacehydrological conditions(river runoff/ discharge)within the

UMS, so ago understanduture water security in this region

1.3 SPECIFIC OBJECTIVES

1. Toreview published past literature on climate and surface hydrological conditions
in Zimbabwe for the past 30 yeafscusing on:
1 Assessingey progress/ developments and knowledge gaps in climate and
hydrology science research in Zimbabwe.
2. To quantify past and future spatemporal landuseland cover (LULC)
dynamics in the&JMS.
3. To analysehistorical climatictrendsand identifyany climate anomalies within
the UMS,; focusing on:
i Historical trends of precipitation extremes the UMS using daily
precipitation records
4. To analyse future climate conditions the UMS using a downscaled RCM
focusing on:
1 Using bias corectedConformal Cubic Atmospheric Mod€&CAM) data

to analyse future climatic conditions ihe UMS




5. To predict future climate and LULC change impacts on surfaceoffuim the
UMS; focusing on:
9 Simulatingfuture surface ruroff in the UMS using the EHC-GeoHMS
model(forced with future climatic and LULC variables from Objecti2es
and 4)

14STUDY CONCEPTUAL FRAMEWORK

This studywasguided by two scientific theoretical constructs aimed at understanding the
climate- landuse changesurface hydrologpexus

I.  The Global Climate change theory: whiedekgo present physical evidence
of and explain the causes of global climate change through objective analyses
of past and present scientific data concerning patterns of past climate changes,
influences ofbcean temperature and solar variations, and atmospheric carbon
dioxide (CQ) concentrations on global climate and possibly forecast future
climates.

ii. Water balance modelling theory: which seeks to understand and/or explain the
dynamics of and relationshigsetween various components of the water
balance such as evapotranspiration, surface and groundwater flow and
discharge using mathematical representations of these processes and their

characteristics at varying temporal and spatial scales.

The conceptualramework guiding this study is shown on Figurd. It adapts some
aspects of the frameworks proposedTognberth (199Pand Satake and Lin (2032
which attempt to explain the relationship between biophysical, ®mtinomic factors

(not included in this studynd climate to hydrological systems processes in a given area.
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Figure 1.1: Study conceptal framework

1.5MAIN STUDY DESIGN

The study followed a quantitativaatchment based approach in the assessment of the key
elements of the resear@he. analysis of historical and future climatic variations, multi
temporal quantification of LULCC and @station of surface rwoff characteristics of the
Upper Mzingwane catchmeénifThe approach adapted and integrated aspedtecona

and Dracup $2007) two stage methodologynd components of Jack el.0 $2016
cascading process of modellingvhich involve (i) downscaling a selected RCM
(statstically or dynamically) to resolve finexcale features (atscale less than 100km)

and (ii) use of an impacts model to relate changes in climate to changes in specific

phenomena such as crop yields and water availability (i.e. surfacdfrurthis gsudy).
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Figure 1.2: Overall sudy flow diagramshowing the main steps to be followed in éméirestudy

The main steps in the study (shown on FigLi® entaikd firstly, a multitemporal

analyss ofhistoricalclimatictrendsand identification of egmate anomalieand secondly

the quantification of the spatitemporal LULCC dynamicswithin the UMS using

Landsatsatellite imagerywhich formedthe basis fosimulatingfuture LULC scenaris

up to year 2038Thirdly, future climatic scenarios were sitated usingdownscaled

ConformalCubic Atmospheric Model (CCAM) data reveal futurelimate trends in the

UMS. Lastly, the HeeGeoHMS model was forced using future LULC scenarios and

simulated climatic conditions to revelitely (projected)future surfae runoff in the

study area




16 THESIS STRUCTURE

Chapter 1: The context of the thesis presented in this Chapter the form of an
introduction andbackground of the studylThe problem statement Kighlighting the

research gapjhemain studyaim andspecificobjectivesare also presented hare

Chapter 2: This Chapter isa generaliteraturereview of the thesis. It explasgrogress
and knowledge gape climate sciencandhydrologicalresearch in Zimbabwagainst a
global andregional overview bclimate and hydrologicalesearchThe chapteris based

on amanuscript submitted aralirrentlyunder reviewn a scientific purnal

Chapter 3: This Chapteis bagd on a published paper analysimistorical and modelling
future land use and land cawehanges in the UMSt shows past land use and landcover
changes from 1983 and 2QX8d presents modelldand use and land cover scenarios
from 2023to 2038.

Chapter 4: An analysis of historical precipitation extrensxtrends in the UMSising
obseved data is presented this Chapter. A in-depthassessientof past precipitation
scenario®nd the associated climate anomailiethe study areare explored hereiffhe

Chapter is also based on a manuscript submitted and under review in a sgoemtfc

Chapter 5: In this Chapterthe bias corrected Conformal Cubic Atmospheric Model
(CCAM) dataareanalysed to reveal future trendsabimatic conditions (temperature,
precipitation humidity) in the UMS.The utility of the CCAMdatain simulatng future

UMS climatology is als@ssessed.

Chapter 6: This Chaptepresents andses the CCAM future climatgcenariosogether
with future/modelled_ULC scenariogfrom the preceding Chapter 3 and 5 respectively)
to force the hydrological modaHécHMS) to simulate future scenarios of stream flow in

the UMS thus revealing future water security scenarios in the study area.

Chapter 7: Thisis the final Chaptemwhich synthesises all findings from the preceding

chaptes, interpretsandprovidesoverallconclusionsand recommendations
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CHAPTER 2: STUDY LITERATURE REVIEW

Based ora publishedpaper:
Title: Climate change/variability and Hydrological modelling studies in Zimbabwe: A
review of progress and knowledge gaps

Abstract

This paper reviewsealelopments in climate science and hydrological modelling studies
in Zimbabwe over the past 29 years in an effort to expose knowledge gaps within this
research domainA global and regional overviews presentedand then follows a
systematic thematic appoh in reviewing specifically online published, peeviewed
journal articles on climate change/variability and hydrological modelling in Zimbabwe.
The state and progress towards advanced integrated climate and hydrological modelling
research is assessddacking benchmarks in the research methodologies (tools and
techniques) used theregincluding Geographic Information Systems (GIS) and Remote
Sensing (RS)Descriptive summaries of key findingse presentedhighlighting the main

study themes (categes) and general conclusions arising from these studies while
examining their implicationsn future climate and hydrological modelling research in
Zimbabwe. Challenges associated with climate and hydrological modelling research in
Zimbabwe are also brigfldiscussed and the main knowledge gaps in terms of research
scope and methodologies employed in the reviewed stadieslso exposedin
conclusion, plausible potential areas of focus in updating and advancing scientific
knowledge to better understande tblimatelandusehydrology nexus in Zimbabware
presentedWhile this paper is primarily relevant for researchers, the general findings are
also important for policynakerssince it exposes potential areas for policy intervention

or agenda setting in d&ar as climate and hydrology science research is conceFhed

is doneto effectively address pertinent questions in this domain in Zimbabwe.

Keywords: Zimbabwe, Climate change, Hydrology, Modelling, GIS, Remote sensing

Article highlights

A Climate sience research in Zimbabwe is outdatespecially studies focusing on
predicting future climate conditiongshough there are many new and advanced
methods to achieve this in this field, regionally and globally.

A Over the past thirty years, climate impaitidies and climate vulnerability, adaptation
and mitigation studies have been the predominant type of climate studies in

Zimbabwe while studies focusing on predicting future surface water resources

! Paper published in Springer Nature (SN) Applied Sciencamal, DOI:
https://di.org/10.1007/s4245021-045129
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scenarios have also been lagging behind (i.e. havimgited coverage in term of
length of time and location) in Zimbabwe.

A knowledge gap exists in as far as understandingethgonship and thenpacts of
climate and land surface cover changes on water res@sgcegealed by the minimal
research has be done in this domain. Thereforé¢his could havelimited
development of practical strategies and interventions to ensure future water security
in Zimbabwe.
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2.1 INTRODUCTION

A review of global climate changes since 1700 has revealed that over theesnt
twenty climatic events covering continentaiale temperature dips, hydroclimatic
anomalies, stratospheric perturbations and general atmospheric composition changes
have occurred, impacting millions of people in many w#&jachos et al., 2001
Bronnimann, 2015Easterbrook, 2016Pecl et al., 201)7 As such, understanding and
predicting these intesinnual, and mukdecadal variations anthanges in climatevith
resultant impacts has become a critical and active area of research globally over the
deades. Several studies have been undertaken to quantify the extent of impacts and the
dynamics (in space and time) of climate change on water res¢aroed, 1999 Arnell,

2004 Hanson and Dettinger, 2006urdak et al., 20Q@aina et al., 201.2Moumen et

al., 2019 Bodansky et al., 2020food securityPielke, 2013Reddy, 2014Stigter and

Ofori, 2014 Alberts, 2017 Soussana et al., 201 @cosystem@\ational Research, 2002
Roberts et al., 2007Thompson et al., 201Albrich et al., 202}, energy, and human
health(Pedersen et al., 2014Bande et al., 2016laines and Ebi, 20)9All these tudies

have revealed that climate change is a significant factor to consider in holistic planning
for community resilience and adaption, fostering global progress towards achieving the
United Nations Sustainable Development Goals (UN SDGs), Agenda 203Paaisd
Agreement goalgBiermann et al., 2017Silva, 2019 Zhenmin and Espinosa, 2019
Kawamoto and Kanie, 2020These impacts are expected to vary in different countries

in various regions of the worldconsidering the differences in climagensitiviyy of
vulnerable populations with likely increases in poverty and inequities as a consequence
of climate changeespecially in developing countri€sloegh- Guldberg et al., 2018

First, 2019.

In developing countries in Africa for example, where the impacts of climate system
changes are predicted to be manifest in more uncertain {od® and Comin, 2003
Lemos and Rood, 2010aron, 2014Giugni et al., 2015Morioka et al., 2015Scholes

et al., 2015Gumindoga et al., 201 Ahmadalipour et al., 20)9expanding knowledge

in this domain has become more pertinér@nce the steady developments in research
therein. Insouthern Africa studies also indicate a continued high climate variability
(Grab and Nash, 2008leukom et al., 201,4Morioka et al., 201pmarked by recurrent
and projected futurdroughts and floodévan Wyk, 1998 Zengeya et al., 201 Eccles
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et al., 2019Emmanuel, 2019 The scope of these studies has been diverse, covering
various focus areas such as climate model({fBpuffer, 2006 Randall et al., 2007a
Engelbrecht and Engelbrecht, 2018évellec et al., 2036 hydrological impacts
(Mimikou et al., 1991 Abtew and Melesse, 201@biodun et al., 201,7Farjad et al.,
2017 and other general impact stud{®urwira and Skidmore, 2008/aina et al., 2013
Wanders and Wada, 20IMe gi ). 2018

Despite all the advances made in the aforementioned studies, knowledge gaps are well
acknowledged particularly considering the inherent uncertainties in the new
developments in climate science modelling and climate impsetsament techniques
(Creese et al.,, 20)6Tools and approaches are now available and more are being
developed that allow for a better undarsting and characterisation of the implications

of climate change and variability to assist in better climate risk management strategy
developmen{Zscheischler et al., 201&ckstein et al., 2099n developing countries

such as Zimbabwe. As such, the scientific community within and outside Zimbabwe has,
over the past decades, bedie to exploit various tools and techniques to generate new
knowledge pertaining to local climate dynamics and impastsasto better guide
decision making specifically tailored to local needs. One key area of focus has been the
implications of climateehange on water resourcasdhydrological systems, considering

that a significant part of Zimbabwe is generally samd in nature.

Furthermore, considering the acknowledgement of sypatiporal land use and land
cover change (LULCC) as an importéattor (with both direct and indirect implications)
on hydrological systeméNie et al., 2011 Mishra et al., 204, Khare et al., 2015
Boongaling et al., 2018irhanu et al., 2019ebrehiwot et al., 20)9attempts have also
been made to explore the climatg LCC-hydrology interlinkages using coupled systems
approaches in various studies globdllyu et al., 2007 Werner and McNamara, 2007
Nguyen et al., 201, Pokhrel et al., 2018ran et al., 201P All these studies indicate a
wide scope of themes covered over the yeassmentioneckarlier,and as such, it
becomes important to explore and charasegetihese studies in a more systematic manner
SO as to better appreciate the advances made so far and identify the knowledge gaps
therein. Very few known studieapart fromBrazier (201% andBhatasara (20)7have
attempted to extensively r@w climate change research in Zimbabwatbeit from a

Foucauldian discourse perspective and general impacts and mitigegispective,
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respectively. With regards to clingaliydrological modelling no known stuigs have
reviewedprogress and gaps in thisrdain hence in this papeanattempt to expand the
scope of review in these aremsmade. This is achievedy presenting key research
developments in climate science and hydrological modelling in Zimbabwe over the past
three decades. The ultimate goslto expose knowledge gapad possible areas for

further research in Zimbabwe.

2.2METHODS

A systematic searcfor relevant peer reviewed literature from a range of databases
searched using Google Scholar (GS) search engaseemployed. The search lexged

G S 6strength of cataloguing 100 million records of academic literature and most
importantly being able to competently find potentially valuable grey literature (i.e.
articles published by necommercial academic publisher@jaddaway et al., @L5).
EBSCO Discovery Service wit hi-libraryraseurcesni ver si
was usedo augment the GS search and to widen the scope and dépehoolinesearch.
Thesearch was limited to papers published in English between 1990 a®yadAGlimate
change and variability dynamics, climate modelling and hydrological modelling
covering briefly the global, continentagnd regional perspectivesand then more
extensively the Zimbabwean context. The literature search inclusion and exclusio
criteria are summarised in Tab®l. Thematic analysis adapting and integrating the
approaches dPerkins et al. (20)8&ndNichols et al. (202Pwas used in assessing the
content of the selected journal articles and categorising them according the study
keywords and their dominant/predominant focus areaidi{e.g. general climate trends
study, climate impact and climate modellin@limate impact studies were further
categorised according to impact ardasy. agricultural impacts, livelihood impacts,
ecological impacts, hydrological impacts and energyaictg. We also identified and
categorised studies specifically integrating hydrological modelling and climate modelling
andleveraging GIS and RS techniques. The various hydrological and climate modelling
techniques/ tools used in the selected studies aise assessed. General descriptive
statistics (frequencies and proportionsihles andpie chartsare used to present the
findings of the study. Figre 2.1 summarises the main stepstioé study methodology.
However, it is important to note that someergint published studies could have been

missed probably due to poor indexing or publication in unrated online journals and
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databases. Furthermore, some studies covered more than onewimchemeant that

they had to be categorised in more than one group

Literature search (Online databases)
(Google Scholar and EBSCO search: Key words used and
Application of inclusion and exclusion criteria)

e ,

Literature included in the systematic review and thematic Literature excluded in the systematic review but
analysis (grouped into themes) considered for background reading and discussion

|

|

|

Theme 1 :
(n=?) i
Proportion (%) Theme 2 :
(n=?) i

Proportion (%) Theme 3 :

(n=?) i

Proportion (%) Theme %’ !

(n=2) !

Proportion (%) i

|

!

v

Discussion, conclusion and recommendations

Figure 2.1: Methodologcal flow diagram showing the main steps of the study approach

(Adapted fromNichols et al. (202))

Table 2.1: Literature inclusion and exclusion criteria summary used to select articles covered in
the review

Inclusion criteria Exclusion ciiteria

Published, peereviewed academic journal article: Unpublished, noifpeer reviewed material
on global, continental and regional scope on clirr

change and/ variability (trends) and hydrology.

Published, peereviewed academic journal article: News articles, Unpublished thesis,
onclimate change and/ variability, climate and  Unofficial reports, Blog sites materials
hydrological modelling in general and specifically

in Zimbabwe.
Peefreviewed journal articles on climate impacts Old publication (>15years) for global,
general and lodgZimbabwe) continental and regional scope

Peerreviewed journal articles published in Englis Non-English language publications
language from 1990 (for Zimbabwe scope)

Published book sections/chapters, ebookspRep General, nosscientific reports
(used in discussion only)
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Figure 2.2is a mapshowing the main water catchments, settlements and the hydrology
(rivers and damsgp Zimbabwe highlighting the location of the entire Mzingwane

catchment (nesting the UBin the northernmost extent of the catchment).
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Figure 2.2 : Map showing location aZimbabwe relativéo other countries in Africand the main

water catchments and climate stations

2.3RESULTS AND DISCUSSON
2.3.1 Climate change/variability

2.3.1.1 Global and regional climate change/variability studig¢sA brief

overview
Climate change refers to a statistically significant variation in either the mean state of the
climate or in its variability, persisting for an extended period (typically decadesgar)
due to natural internal processes or external forcings, or persistent anthropogenic changes
in the composition of the atmosphere or in land(lBEC, 2007. Most scientists haye
however settled to use the terdclimate chang@&to refer primarily to observed and
predicted changes mainly as a result of human actiitiescher, 2009Maina et al.,
2013 Nica et al., 2019Li et al., 2020; although others suggest that climate changes are
a result of natural cyclg&asterbrook, 2006 Over the years, the debate has evolved to
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include populist ideolgies charged with political underton@3unlap and McCright,

2008 Antonio and Brulle, 201,1Dunlap et al., 20168VicCright et al., 2016Huber, 202),

while some have presented alternative views inwaash been ter med t he 0c|
hi atusd wher e sci emetrogatdifshe temporarp fogdowmiritmeg t o r
global average surface temperature warming trend observed between 1998 aisch2013

genuine slowdown or a redistribution of enenmgyhe earth systerfferraro et al., 2015

Sévellec et al., 2016ran et al., 2016 Climate variability on the other hand has been

defined as variations in the mean state and other statistics (such as standard deviations,

the occurrence of extremes, etc.) of the climate on all temporal and spatial scafes bey

that of individual weather events due to natural internal processes within the climate

system (i.e. internal variability), or variations in natural or anthropogenic external forcing

(i.e. external variability]IPCC, 2007.

Studies by the Integovernmental Panel on Climate Change (IPCC) exqefime,

2016 IPCC, 2018IPCC, 2019 and other studies such Aaachos et a20017), Stocker et

al. (2013 and Scholes et a(2015 indicate that the earth's climate has experienced
complex evolution marked by periodic and anomalous variability both at global and
regional seles with diverse impacts on populations throughimaé. Such changing
climatic patterns have been linked with various extreme events or phenomena such as
droughts and floodqWaterNet, 2003 Reddy, 2014 Wanders and Wada, 2014
Zscheischler et al., 201Bmmanuel, 2010 This notion is also buttressed in a review of
observed (1902000) and possible future (20@00) climatic conditions across Africa

by Hulmeet al. (2017, who concluded that the climate of Africa is warmer than it was
100 yeasagq with some regins experiencing substantial in&mnual and mukdecadal

rainfall variations with dramatic impacts on both the environment and some economies.
Impacts of anthropogenic processes on the global carbon cycle and the resultant
greenhouse effect have beerkmmwvledged as directly linked to global and regional
climatic systems perturbationsith the same devastating effects on numerous vulnerable
communities around the wor{tPCC, 200lKond r at o e yIPCELt200§Randall 2 0 0 3
et al., 2007alPCC, 204, Hulme, 2016 First, 2019. To mitigate against such impacts,

197 countries signed the 2015 Paris Climate Agreement in which signatories agreed to a
goal of holding global temperatures well below 2°C above thengphestrial levels and

to pursue efforts to limit it to 1.5°CHulme, 2016. The IPCC further emphasised a dire

need for drastic global actiofTollefson, 2018 to achieve his in light of a narrow
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window period of up to 2030 to stem catastrophic climate change projected by scientists
such adiller and Croft (2018 However, such global climate change governance efforts
have not been without major drawbacks highlighted by the withdrawal of the United
States of America (USA) in 2017 from the Paris Acgoctting unfairness of the
agreement and possible threats to US economic intg@siser, 2017 Zhang et al.,

2017 Nong and Siriwardana, 2018-urthermore, it is worth mentioning that the recent
SARSCoV-2 (COVID-19) pandemic has also brought in a new dinmnsnto the
existing global climate change research and governance disd@aspi et al., 2020
Ficetola ad Rubolini, 20200'Reilly et al., 202§) although this is not within of the scope

of this review.

Numerousclimate impact studies covering vulnerabilities and adaptéBerrangFord

et al., 2011 SADC, 2011 Pielke, 2013 SpaldingFecher et al., 2016Alberts, 2017
Hedlund et al., 201,&le Sherbinin et al., 2018hah et al., 201 %akhruddin et al., 2030
have been done and the general consensus idithatecchange rad variability presents
serious vulnerability challenges for searid regions (including those southern Africa

that depend on rainfall for their primary productiém this regard, researchers such as
BerrangFord et al(2011) have explored human climate adaptation actions while others
such asAnwar et al. (2018 Lennard et al. (20)8&ndReddy (2013 have in this regard
researched on modalities of developing framewdok characterising and understanding
community adaptation capacities to climatic variability and chaigga-vis the spatie
temporal dynamics of climatic events such as the El {idothern Oscillation (ENSO).
Among other conclusions drawn, all thesedeevealed a need for pragmatic scientific
evidence driven policy development to guide mitigation and adaptation strategies

especially in developing countries such as Zimba@tenadalipour et al., 2039

2.3.2 Climatic change and variability studies in Zimbabwe
Climate in Zimbabwe is highly variab(@rown et al., 201Band thus the country (with
its limited coping capacity) is considered highly vulnerablaémpacts associated with
climate change and variabilitas is tle case fomost developing countries in Africa
(Magadza, 1994IPCC, 2001 Jack et al., 201,6Anderson et al., 2019PCC, 2019. In
light of this, notable response initiatives have been taken by the Govermmhent
Zimbabwe (GoZ) in line with SADC climate policy directions. These include the

adoption of a National Climate Policy (NCP) augmented by a National Climate Change
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Response Strategy (NCCRS) and the setting up of a dedicated National Climate Change
Managenent Department under the then Ministry of Environment, Water and Climate in
2013 (now Ministry of Environment, Tourism and Hospitality Industry). One of the six
core objectives of the NCP was to strengthen climate research and modelling and promote
relevan homegrown solutions to address the challenges of climate ch¢mgeier,

2015. Furthermore, the & in partnership with the United Nations Development
Programme (UNDP) implemented the National Adaptation Plan (NAP) in the year 2017
which aimed ® analygt he countryds short and | ong ter:
options Thiswas tdhelpfeedinto t he count r y 6 s-schlicghofchmate NCCRS
resilient development initiatives. In 2018, the GoZ set up and launched the Zimbabwe
National Geospatial and Space Agency (ZINGSA) under the Ministry of Higher and
Tertiary Education, Innovation, Scienaad Technology Developmemith one of its
mandats being to leverage exploitation of earth observation and geospatial technology

in advancing climate science research among other focus areas. These developments have
come against the backdrop of the Gaurdching the Zimbabwe Centre for High
Performance Computing (ZCHPC) in 20f4th the goal ofavailing supercomputing
capabilities to researchers in various field of science such as meteorology (e.g. numerical
weather prediction/forecasting) and easyistan modelling in the countr{ZCHPC,

2015. Despite these positive developments, not much research has been undertaken to
expand knowledge and present updated scientific information on the evolution of past
and futureclimatic conditions in Zimbabwe\ synergy in all these developments i.e. the
ZINGSA, the ZCHPC and other relevant state agencies is critical to realise overall

national climate objectives.

Figure 23 shows proportions of the five main identified theimgtoups/ categories from

the climate studies covereal this review while Table2.2 providessome examples of

the 107 prominent climate studies undertaken in the past 29 years in Zimbabwe under
each category. Climate impact and climate vulnerabilitygpéation and mitigation
studies are the epredominant categories of all the studies reviewed (each with 39%),
while climate modelling is the least covered theme (98tibwed by climate governance
studies (8%). These results reveal a dearth of sciektibevledge primarily within the
themes of climate modelling, climate governance and general climatic trends respectively

in Zimbabwe. Results show a publication rate of 3.7 (approximately 4) journal article
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publications per year over the study periathich shows relatively low research output

on climate science in Zimbabwe.

= General climate trends analysis

= Climate impact

= Climate modelling

= Climate governance

= Climate vulnerability, Adaptation and
Mitigation

Figure 2.3: Proportions (%) of the various climate study themes (categories) covered in
Zimbabwe in the past 29 years (n= 107)
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Table 2.2: Climate study categorisation, exampéa®] statistics for each category

Study
category Frequenc % Examples of studies
y
General 13 10 (Unganai, 199%*, (Unganai, 199Y*, (Unganai and Mason
climate 2002*, (Williams et al., 199%, (Mazvimavi, 2010g (Nyoni
trends et al.,, 2013, (Love et al., 2006 (Mushore et al., 2019
analysis (Sibanda, 2018 (Mamombe et al., 2017Ja
Climate 52 39 (Booth et al., 1990 (Unganai, 1992, (Salewicz, 1996
Impact (Kristensen et al., 2007 (Corbett and Carter, 1996,
(Makadho, 1996 (Hartman et al., 2002, (Chenura et al.,
2019, (Matarira et al.,, 199%, (Nyanganyura, 1999
(Pilossof, 201% (Ebi et al., 200%*, (Brown et al., 201p
(Mutekwa, 200%, (Williams et al., 199%, (Gwimbi, 2009,
(Mugandani et al., 2012 (Nyabako and Manzungu, 201z
(Gwitira et al., 2014, (Chapungu and Nhamo, 2016Ncube,
2010, (Love et al, 2006 (Philips et al., 200%,
(Manyeruke et al., 2033(Davis and Hirji, 2014, (Sango and
Nhamo, 201%, (Sande et al., 20)6(Pedersen et al., 201%a
(Beck and Bernauer, 20}, Yamba et al., 20)1(Kutywayo
et al.,, 2013, (Torr and Hargrove, 1999 (Svotwa et al.,
2007, (Zinyengere et al., 20}l (Dube et al.,, 2017
(Bhatasara, 2018 (Zinyemba et al., 20)8 (Bossuet anc
Thierfelder, 2019, (Magadza, 201} (Gunda et al., 2017
(Descheemaeker et al., 2018Chikodzl and Mutowo, 20}4
(Utete et al., 2019 (Mamombe, 2017 (Lord et al., 2013
Climate 6 5 (Unganai, 1998, (Ebi et al., 200%", (Mushore et al., 2019
modelling (Chemura et al., 2036 (Mashonjowa et al., 2033
(Masanganise et al., 2012
Climate 10 8 (Patt, 200)*, (Patt and Gwata, 2003b(Zinyengere et al.
governance 201D*, (Gutsa, 201% (Mberego and Sangilgoie, 201,
(Ngwenya et al., 2018b(Bhatasara, 201y (Mubaya and
Mafongoya, 201y
Climate 51 39 (Matarira et al., 199%, (Matarira and Mwamuka, 1996
vulnerability, (Unganai, 200%, (Patt, 200)*, (Thierfelder and Wall,
Adaptation 2010, (Rurinda et al., 2014 (Chifamba and Mashavira
and 2011*, (Gwimbi, 2009, (MudombiRusinamhodzi et al.
Mitigation 2012, (Gwenzi et al., 2006 (Nhemachena et al., 20114

(Soropa et al.,, 2015 (Chifamba and Mshavira, 201},

(Dube et al., 2015 (Descheemaeker et al., 2018(Chanza,
2017, , (Manyani et al., 201)7 (Moyo, 2017, (Mbereko et
al.,, 2018, (Musarandega et al., 2018 (Mubaya et al.,
20179*, (Chanza et al.,, 2009 (Mushawemhuka et al
2018,(Jiri et al., 2017 , (Mugambiwa, 2018 (Musarandega
etal., 2018, (KatsaruwareChapoto et al., 200)7(Mutandwa
et al., 2019, (Jiri et al., 2018, (Mugambiwa, 2018 (Simba
et al., 2012, (Nyahunda and Tirivangasi, 20, 9Nyahunda
et al., 2019

NB: Twentyfive (25) of the studies marked with an asterisk (*) fall within at least two

categories considering thescope).

-22-



One prominent study shown in Talde that exclusively explored climate conditions in
Zimbabwe is byJdnganai (1998 This study revealed that over a 93 year period from the
1900s, daytime teperatures in Zimbabwe rose by about 0.8°C, translating to a 0.08°C
rise per decadé®ver the same timeyrecipitation was observed to have declined by up

to 10% on average, which is about 1% per decade. These fintdovgsver were rebutted

by Mazvimavi (2010ain his study covering 40 rainfall stations across all the rainfall
regions of Zmbabwe for periods 1892941 and 1942 to 2000lazvimavi (2010
concluded that the pported climate change effects were not statistically significant
within the timeseries of total seasonal and annual rainfall in Zimbabwe, arguing that the
findings of declining rainfall byynganai (199bwere likely due to the presence of multi
decadal variability characterised by combining years with above and below average
rainfall. This contrast between two prominent climate researchers presents a need for
interrogation of data with new/ updated tecjugs to bring better clarity with regards to
past climatic conditions/ trends in Zimbabwe. Since then, no known, published-follow

up study has been done to build upon the existing knowledge in this regard.

On rainfall variability, studies have revealdtdht interannual rainfall variability in the
country are largely influenced by external forcing of a fgdabal or hemispheric origin
suchaseNSO, the Intetropical Convergence Zone (ITCZ) to the North and the westerly
cloudbands to the south ratherath regional or locascale factorqdUnganai, 1992
Unganai and Mason, 2001&klamombe et al., 201JaOn longterm predictability of
rainfall trends,Unganai and Mason (20Pihdicate that approximately 70% of the total
summer rainfall variance in Zimbabwe is potentially predictable at long range. Over the
years, climateainfall research has advanced to explore the teleconnectivity between
summer rainfall patterns in Zimbabwe and-sadace temperatures (SST), the Southern
Oscillation Index (SOIl), the Quabiennial Oscillation (QBO), Outgoing Longwave
Radation (OLR) and wind(Lemos and Rood, 20L0Nangombeet al. (2010 for
example, concluded that there are strong correlatimiaieen severe droughts and
circulation patterns and weather systsem the Indian Ocean and Equatorial Pacific
Ocean(i.e. the ENSO SOlI, the QBO and the Lwoiar tide at 20, 12.5, 3.2, and 2.7 year
cycleg. These studies have revealed the possibility of predicting drought occurrences
using these established relatiomshiHowever, this knowledge is rather outdated and has
not been fully utilised by decision makers in Zimbabwe for enhanced drought and other

climate impact mitigation forplanning(Gutsa, 2014Ngwenya et al., 2018aThis is
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evidenced by poor preparation and the resultant recurrent adverse impacts experienced

when such events occur.

Within the general climate studies reviewed in this paper, the predominant area of focus
has been understanding rainfall dynami¢Sokona and Denton, 200Unganai and
Mason, 2002 Thierfelder and Wall, 2010Moyo et al., 201), with less attention on
temperature and other climatic parameters such as evaporation, humidity and solar
radiation. Limted research on these other climatic parameters could be attributed to
limited access to good quality data as revealeDlbynini et al. (2015 However, some
studies that have looked at other cltmaparameters such a temperature and
evapotranspiratiolGor don and QAlliboa et al.e2009Browh 6t 81.72013

Kuri et al., 2014Gumindoga et al., 20}’ had limited detaiand thuscould rot providea
comprehensive picture of the dynamics of these parameters in space aral¢ime
Zimbabwe. For examplalthoughUnganai (199y concluded a net warming of +0.3 to
+0.5°C between 1897 and 1993, he could not atiillhe observed warming trend to
inherent climate variabilitgventhough similar trends haveore recently ben related to
climate changéWatson et al., 1998rown et al., 201p. Some of these studies have
presented the climate dynamics in Zimbabwe in a general sense considering that the
studies had a ggonal scope of coveragever southern Africa(Gor don and OO6Far
1997 Allison et al.,, 2009 Moyo and Nangombe, 2015Scholes et al., 20)5
Furthermore, studies such #wgt by Matarira and Jury(2005 had limited temporal
resolution in their assessments since they used-sex$®nal study designs and thus
missed exploring the multemporal aspects of the climatic conditions in Zimbabwe. In
other words, there is a need to build on this existing knayedtirough longitudinal

studies to capture a more recent picture of mtatiporal climatic trends in Zimbabwe.

While advances in climate research have seen the move towards the use of GIS and RS/
Earth observation (EO) technology to (1) augment clirdata series, and (2) assist in
better and advanced analyses of climate dynamics in space and time ¢Béaiston

and Verstraete, 200Turner et al., 20045andhi et al., 201,5uryabhagavan, 201@nd

in southern African (Muhire et al., 2015a wumasi et al 2017, progress in this direction

has been limited in Zimbabwe. Only 8% of the reviewed studies in Zimbabwe over the
past 29years have directlpr indirectly applied these tools and techniques at varying

spatial and temporal scales. Examples inclade assessment of I nt er
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variability in Zimbabwe using GIS b§orbett and Carter (1996spatial charactesation

of summer rainfallover Zimbabwe byUnganai and Mason (200} aspatioatemporal
analysis of climatenter-annual malaria incidengéMabaso et al., 20Q06and exploring

local climate zoneandland surface temperature interlinkages using remotely sensed data
(Mushore et al., 2009 This reveals a knowledge gap (i.e. of limited asgeospatial

tools in climate research) which could be worsened by limited availability of quality

situ climatic data such as rainfall and temperature measurements. Furthermore, where
such datareavailable, often it is incomplete due to poor disttib and investment in
necessary infrastructure to observe important climatic phenomena. Other data access
challenges relate 1¢1) inaccessibility due to bureaucratic +&agbes and prohibitive costs

for longterm climatic datasets charged by governmegenaies such as the
Meteorological Departmerand(2) inconsistent and poor spatial coverage which often
renders it of limited use in climate research in the country. This is also confirmed by
Gumindoga et al(2016, who noted that historic temperature and rainfall data for
Zimbabweare incomplete and often costly to purchasadthus a limiting factor in
climate research. In light of such litations, researchers have exploited freely available
remotely sensed climatic and other datasets to overcome these challenge, notwithstanding
the inherent spatial and in some instances temporal resolution limitations of using these

datasets at a local seal

2.4CLIMATE MODELLING S TUDIES

2.4.1 A brief global and regional overview

Climate modelling science is a highly active field of research with rapid advancements in
knowledge marked and driven by rapid developments in the tools and/ techniques
(models)used in this domain. Two main types of modéB&obal Climate Models
[GCMg and Regional Climate Mode|RCMS9) are used in climate modelling studies.
GCMs are numerical tools/models representing physical processes in the atmosphere,
ocean, cryosphere atahd surface used for simulating the response of the global climate
system to increasing greenhouse gas concentrglie@€, 200). Examples of GCMs
include the Hadley Centre Coupled Model, version 3 (HadCM3), the Commonwealth
Scientific and Industrial Research Organisation Maf€SIRO Mk3) GCMGordon and

O06 Far r eHlakto et all, 2093the Geophysical Fluid Dynamics Laborgt@limate

Model version 2.5 (GFDL CM2.5)XDelworth et al., 201 and the Model for
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Interdisciplinary Research on Climat&arth Systems Model (MIROESM) (Watanabe

et al., 201) and the more recent Hadley Centre Global Environment Modeb®bal
Coupled version 3.1 (HadGEMS3C3.1) (Williams et al., 2018 Other variable
resolution GCMs such as the Confora@albic Atmospheric Model (CCAM) of the
CSIRO have also been developed for regional climate and weather rgstamhitz et

al., 2015 Thevakaran et al., 201@&nd have been applied at different scales globally.
Over the yearshe GCMs have been used to improve our understanding of how climate
systems work, to forecast the drivers of climate change, improve estimates of climate
sensitivity and to predict future climatic conditions and impéStsuffer, 2006 IPCC,

2013 Stocker et al., 2013McCarroll, 2015. Advances in this domain have seen the
progression from Atmosphemly GCMS (AGCMs), to Coupled Atmosphéf@cean
models (AOGCM) and fully coupled earth system models (ESM) in an attempt to
improve the statistical confidengethe GCM outputs. Thus, the emergence of AOGCMs
has allowed for more reliable projections of climate at various spatial and temporal scales
(Pitman et al., 20L1PCC, 2013 Ashofteh et al., 2006 This has been realised in light

of the well appreciated inherent uncertainties and weaknesses associated usthdhe

such models. For example, Moteshagtal. (2016 argued that twavay feedbacks are
missing from most climate modelsc other critical soci@conomic variables such as
inequality, consumption, and population are often inadequatetielled hence
increasing uncertainty in outputs. Fowétral.(2007) further emphasise that GCMs have
relatively coarse resolutionfience are unable to resolve significant-guld scale
features such as land use and land coverlL@)Jand topography, thus limiting their
accuracy and application at a local scale. To this end, the IPCC and other climate scientists
have progressed to implement and develop the Coupled Model Intercomparison Project
(CMIP) with the latest being CMIP@ascoe et al., 2020n CMIP6, various ensembles

of GCMs have been run collectively and results compared in an attempt to understand
how the global climate will respond to future scenarios of increasinga&og

ant hropogenic radiative forci ndgAshofehett i ve
al., 2016 Roberts et al., 201Morim et al., 202D. For exampleAndrews et al. (20
recently ran simulations using the HadGEKdE3.1 for CMIP6, testing climatic
responses to historical forcings such as solar irradiance, ozone concentrations,
greenhouse gases, | a n dompamgegresut$ ta nbhgezvationala n d

data.
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To resolve the shortcomings of GCMs, downscaling technigBeswer et al., 2004
Hewitson et al., 20QHidalgo et al., 2008have been used to develop finer resolution
Regional Climatic Models with varying levels of accuracies atgubscale with higher
statistical validity and reduced biases compare@@M simulation outputs. Examples

of such RCMs include the Consortium for Srvfadlale Modelling and Regional Climate
Model (COSMQCLM), Regional Climate Model version 4 (RegCM4), and the
Providing Regional Climates for Impacts Studies (PRECIS) m&f&\ daa have been
widely used in numerous impact studies as input in hydrological moeedsibe of their
highe resolution (compared to GCMs)olFexamplethey have been used éssess the
variability of hydrological responses due to past, present and falumate change
scenariogLandman et al., 200&alognomou et al., 2013Dbosio et al., 2014Voyo and
Nangombe, 2015 Furthermore, to drive and coordinate active research in both dynamic
and statistical regional climate downscaling (RCD) techniques of $&&Ms to provide
higherresolution climate information at regional level, the World Climate Research
Programme (WCRP) has run the Coordinated Regional Climate Downscaling Experiment
(CORDEX) (Gutowski et al., 2016 The CORDEX has, over the yeaafiowed for an
objective assessment and intercomparison of various RCD techniquesnvolvesan
evaluation of their performance, illustration of benefits and shortcomings of different
approaches, thus providing a more solid scientific basis for inggaessments and other
uses of downscaled climate simulations. To this end, high resolution regional climate
simulations of the CORDEX CORE activity are now available covering all major
inhabited areas of the world at a resolution ok&bincluding Africa(Domain: Region

5).

Numerous climate modelling studies have been done both at global and regional scale in
an effort to better understand the past, present and future climate dynamics in space and
time. While significant progress has been realised inajlolbmate modelling science
(Arnell, 1999 Zachos et al.,, 200Ko ndr at g e v, Debvorth,a2006 Randallced 3

al., 2007hKamusoko and Aniya2009 Pitman et al., 201, Micheli et al., 2012Cannon

etal., 2015Andrews et al., 2020there has been relatively less work published for Africa

in this regard(Gumindoga et al., 20),4et alone at local (country) level. Some countries
such as South Africa have been leading and have made considerable strides in climate
modelling research and actively cahtrting to the IPCC working groups and the
CORDEX-Africa, for example. GCMs such ahe Canadian Climate Centre Model
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(CCCM) and GFDLE3 have simulated changes of plus 2 to 4°C increases in mean surface
air temperature acrossouthern Africa under doubled tanospheric carbon dioxide
scenarios showing over and underestimations when validated with observed data over
local areagKuri et al., 2014. Other models that have been applied in Afiieclude the
HadCM3, Parallel ClimateModel (PCM) and the Coupled Global Climate Model
(CGCMB3)(Faramarzi et al., 20)2 Theseshow varying simulation outputs with limited

local use considering their inherent uncetiasrelated to forcings and horizontal biases

as discussed b&rora (2019.

Converselydownscaled RCMs have demonstrated more competence in simulating local
climatic conditions compared to GCMblewitson et al., 2004Meque and Abiodun,
2015 Shongwe et al., 201%Archer et al., 2018Abiodun et al., 2019 although
contradictions and parameter over and underestimation of rainfall and temperature
scenarios still persists when model outpat® comparedWorld Meteorological
Organization, 1975Refsgaard and Knudsen, 9® IPCC, 2013. For example, RCMs
have shown to successfully simulate future projection of droughssuthern Africa
(Abiodun et al., 201p predict seasonal and regional climatic scenapwsher et al.,
2018; and project an annualeraged temperature rise at about 1.5 times the global rate
of temperature increase in the African subtropics durin@is¢ centurfEngelbrecht et

al., 2015. The general consensus, however, among climate scigististat projections

of future climate change are rested to assumptions of climate forcing, limited by
shortcomings of the climate models used and inherently subject to internal variability
when considering specific periofldewitson et al., 20Q46alathé et al., 2018lenderson
Sellers and McGuffie, 201Idia and Bonillo, 2018 This justifies the need for sustained
research in regional climate downscaling research as supportéte IGORDEX
framework.As a resultnumerous studies have been undertaken in Africasaurttiern
Africa under CORDK, showing remarkable advancements with more accurate and
regionrelevant result§Kalognomou et al., 2013&alognomou et al., 2013Dosio et

al., 2014 Horowitz et al., 2015Meque and Abiodun, 2®, Shongwe et al., 201®osio

and Panitz, 2016°into et al., 2016&Pinto et al., 2016bAbiodun et al., 201,/Maure et

al., 2019. Details of the findings of these studies are outside theesafgjhis review.
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2.4.2 Climate modelling studies in Zimbabwe

Despite the advances in climate modelling science globally and regionally as earlier
alluded to, the scope of climate modelling research in Zimbabwe has been rather limited.
Of the 107 prominet climate studies done in Zimbabwe (covered in this review), only
8% of these directlypr indirectly involved climate modelling at some le{seeFigure

2.2). The studies covered climate modelling in relation to aspects such as disease vector
distribution (Kristensen et al., 200Gwitira et al., 2015Lord et al., 2018 and climate
impacts on hydrological systenfisove et al., 2010Zhu and Ringler, 2012Mahere et

al., 2014, agricultural productivityPatt and Gwata, 200gaurban environments and
natural ecosysten{dlahere et al., 20146ango and Nhamo, 201Mushore et al., 2029

and general prediction of future climatic conditigiuinganai, 1995 Unganai(2014)

used twoGCMs (the GFDL and the CCCM) to simulate future climate conditions for
Zimbabwe using a doubled carbon dioxide concentration forcing and concluded that the
models were inefficient in predicting the magnitude of precipitation chémmgexample.
Similarly, Makadho (1996pused the same tw&CMs to assess potential impacts of
climate change on maize productiomhile Matarira and Mwamuk#2018 used the
Goddard Institute of Space Studies (GISS) model to assess forest vulnerability to climate
change. Simulated maize yields decreased considerably unytkendiconditions based

on climate change scenarios largely due to shorter growing seasons driven by increased
temperatures (ibidMatarira et al. (19960n the other hand, tested a combined crop
model (CERESMaize) with climate scenarios derived from two GCMs which showed
that future low rainfall and high temperature will threaten agticaltproduction in
Zimbabwe. In their stable malaria transmission study, Ebi €@03 tested four GCMs

(i.,e. the CCCM, the United Kingdom Meteorological Office (UKMO) model, the
HendersorSellers and the GISS mogiéb simulate and relate future climatic scenarios

to malaria trasmission. They concluded that changes in temperature and precipitation
due to climate change could alter the spatial distribution of malaria in Zimbabwe, with
previously unsuitable areas of dense human population becoming suitable for

transmission.

Fromall these reviewed modelling studies, most used GCM simulations directly, which
could have had negative implications on the accuracy of their findings due to the known

inherent limitations of GCMs application at a local level. A few exceptions such as
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Pecersen et al(2014h andMoyo and Nangombe (20)1%ttempted to use RCMs and/
applied downscaling techniques to generate more accurate climate simulations from
GCMs for their studies. For example, Makuvd2®05 used Statistical and Regidna
dynamic Downscaling of Extremes for European regions (STARDEX) to come up with
downscaled local scenarios for his study. Overall, it is emerging that most of these studies
have directly used downscaledGCMs and RCMs with limited regard of inherent
limitations of these different models implying possible inaccuracies in some of the
findings and conclusions of these studies. This is in light of the fact that most models are
developed to be more region specific and transferring them to or applying theneiin oth
regions of the world will give inaccurate results by the inherent design of the model.
Furthermore, considering the advances in revision and/or improvements on old climate
models and the development of new, better and region specific n{edglsindethe
CORDEX programmg it is apparent that there is a need to revisit and advance climate
modelling science in Zimbabw@alognomou et al., 2013lDosio et al., 2014 This
means testing new, advanced, and properly downscaled Rfdisse ofegion specific

GCM ensembleso as taupdate climate scientific knowledge the country. This will
alsohelp inimprove understanihg of past, present and future climate trends or scenarios

in the country.In this review,no known studywas found thathave comparatively
assessed the more recent RCMs and GCMs competence in simulating local climate over
Zimbabwe Furthermoe, no contextual optimization of RCMsverZimbabwehas been

done despit¢he fact that RCMs ardenownto have the highest skill in reproducing local
climatic characteristicaas revealed inresearch work coveringouthern Africa by
Engelbrecht et al. (20)9Dosio (2017 and Abiodun et al. (2016 Such research
advances and the ensuing results could help inform more contextual national climate
adaptation and mitigation policy appraisal and respatisgegy development by the

GoZ, as earlier discussed.

2.5CLIMATE CHANGE / VA RIABILITY IMPACT STU DIES

2.51 A general global overview

A number of climate scholars have explored the impacts of climate change and/or
variability on various natural and humaystemgIPCC, 20011PCC, 2007 Henderson
Sellers ad McGuffie, 2012Wanders and Wada, 201Estrada et al., 201Boone et al.,

2018 Matsumoto, 2019 Shakhawat Hossain et al., 2028nd the results indicate
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heightened community vulnerabiliti€Rielke, 2013 Ishimwe et al., 2014Ngie et al.,

2014 Stigter and Ofori, 2014Shah et al., 2019akhruddin et al., 2020at global,
regional and local scadeAmongst other noted impis; most of the studies have shown
that climate change has an overall negative impact on hydrological systems in the world
(Knowles and Cayan, 200¥icuna and Dracup, 200LaFontaine et al., 20)5Arnell

(2009 for example, noted reduced runoff in the Mediterranean, Central and Southern
America, andsouthern Africawith increased evaporation in some ar@stsutaleb et al.,

2015 Muhire et al., 2015a In southern Africa climate change has also been linked to
the El Nifid Southern Oscillation (ENSO) induced drouglifdlison et al., 2009
Christensen et al., 201Ralognomou et al., 2013Meque and Abiodun, 2®, Manatsa

et al., 2017 Gore et al., 2020with devastating effects on communities and the
environment in general. Several studies have quantifiecextent of impacts and their
dynamics (in space and time) on water resoupge=ll, 1999 Arnell, 2004 Hanson and
Dettinger, 2005Gurdak et al., 20Q@Maina et al., 201p food security(Pielke, 2013
Reddy, 2014Stigter and Ofori, 2014Plaganyi, 2019 ecosystemgNational Research,

2002 Scholes et al.2015 Tian et al., 2016Boone et al., 2018owers and Jetz, 2019
energy(Kamusoko and Aniya, 200¥amba et al., 2011SpaldingFecher et aJ 2016

De Cian and Sue Wing, 2018 et al., 2019h and human healtfRogers et al., 2010
Pedersen et al., 20148ande et al., 20)6All these studies have revealed that climate
change is a very sigmant factor to consider in holistic planning for community
resilience and adaption for sustainable development, and more importantly in African
developing countries such as Zimbabwe. Considering the intricate coupling of human and
natural systems, most these studies have used diverse advanced methods in an attempt
to understand climate change dynanvissa-visall the earlier mentioned factors. Of note

has been the widespread use of climate model simulations (from both GCMs and RCMs)
in climate impacimodels to explore how natural and human systems may be affected by
climate changéArnell, 2004 IPCC, 2013. That is, climate simulations have been used

in integrated climate change impact assessmeotwithstanding the limitations of under

and overestimating some climate extreme impasievealedoy Schewe et al. (209

While these impacts are well acknowledged to be more devastating in vulnerable
communities in developing countries due to their weak institutional arrangements and
policies for resilience and adapta (SADC, 201}, climate science research still lags

behind in most of these countrigetcher, 2009von Storch and Navarra, 2013ussana
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et al., 2019 This has heightened futurermhte vulnerability due to limited scientific
knowledge to guide pragmatic policy development and strategies for adaptation and

resilience.

2.52 Climate change impact studies in Zimbabwe

In this review, 52 of the 107 (39%) climate studies done in Zinveatver the past 29
years were found to be climate impact stugkssearlier alluded to. Tab®3 and Figire

2.3 show thematic summaries of findings in this regard. The emerging theategories
covered by these studiegludeclimate agricultural impcts(Makadho, 1996dJnganai

and Murwira, 2010Nyab&o and Manzungu, 201 &witira et al., 2014 sociceconomic
impacts(Mano and Nhemachena, 20@8fown et al., 201Utete et al., 2019ecological
impacts(Torr and Hagrove, 1999Gandiwa and Zisadza, 2010hapungu and Nhamo,
2016, hydrological impactgUnganai, 1992Ncube, 2010 Zhu and Ringler, 2012
energy impactgSpaldingFecher et al., 20)6and health impactéEbi et al., 2005
Pilossof, 201k Agricultural, ecological and health impact studies were found to be the
three top categories of impact studiehile erergy impact studies were the least covered
category over the past ¥8ars in ZimbabwéFigure 24). The scope of coverage of these
studies ranged from national through district, ward to catchment level. This basically
revealed limited and, in some instas¢ outdated scientific knowledge in the least
covered categories (i.e. so@gaonomic, energy and hydrological impacts of climate
change). With limited research output informing climate impact on energy, it may imply
that planning for energy security imet face of climate risks could be a major contributing
factor to the persistent energy problems that the country has been grappling with over the
yearsc | i maxing with the recent (2019) -near
electricity power soure (i.e. the Kariba South Power stat)atue to poor rains and the

resultant low inflows into the Kariba reservoir.
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= Socio-economic impacts

= Agricultural impacts

= Hydrological impacts

Ecological impacts

= Energy impacts

= Health impacts

Figure 2.4: Chart showing proportions (%) of the various climate impact study themes covered
in climate studies in Zimbabwduringthe pat 29years. Ecological and agricultural impacts are

the predominant themes covered by impact styde$2)

Table 2.3: Summary table showing climate impact stwategories and study examples done in
Zimbabwe from 1990 to 201 = 52)

Study theme  Frequency Examples of studies
Sociceconomic 6 (Matarira and Mwamuka, 1996(Dube et al., 2018 (Brown et al.,
impacts 2012, (Manyeruke et al., 20)3(Utete et al., 2019
(Corbett and Carter, 1996 (Makadlo, 19966, (Gwimbi, 2009,
Agricultural 18 (Matarira et al., 199%, (Masanganise et al., 20),2(Svotwa et al.,
impacts 2007, (Patt and Gwata, 2003b (Nyabako and Manzungu, 201z

(Mutekwa, 2009 (Zinyengere et al., 20)1
(Unganai, 2009

Hydrological 7 (Unganai, 1992, (Salewicz, 295*, (Davis and Hirji, 2014, (Love et
impacts al., 2010, (Chemura et aJ 201§, (Mamombe, 201)7

Ecological 17 (Nyanganyura, 1999(Gwitira et al., 2014, (Marshall, 2012, (Booth

impacts et al., 1990, (Sango et al. 2014)Pilossof, 201§, (Gandiwa and

Zisadza, 201 (Sango and Nhamo, 20j4(Magadza, 201}l
(Pedersen et al., 201%a (Chikodzl and Mutowo, 20)4(Chapungu
and Nhamo, 2006(Gwitira et al., 201%*

(Matawa et al., 2013

Energy impacts 3 (Salewicz, 1998, (SpaldingFecher et al., 2016 (Yamba et al.,
2011
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(Williams et al., 199% (Ebi et al., 200}, (Gwitira et al., 201%,

Health impacs 9 (Pilossof, 201§, (Pedersen etlg 20148*, (Torr and Hargrove,
1999, (Gunda et al., 2017 (Gunda et al. 2017)(Kristensen et al.,
2007

NB: Eight (8) of the studies marked with an asterisk (*) fall within at least two categories

considering their scope.

Some of the emerging general conclusions from the reviewed impact studies are presented
hereon. Climategricultural impact studies generally reveal that smallholder agricultural
production is significantly constrained by high temperature and low rainfall in Zimbabwe
(Mano and Nhemachena, 2QG¥d that climate change has compounded Zimbabwean
peasant farmerso6 cl i,arateece foadinseeurityaabd pbvertyy t o d
(Tekleab et al., 2004 This has necessitated pragmatic adaptive management ef agro
biodiversity to ensure equitable sharing of resources in the face of climate change and
uncertainties as suggested Basocha et al. (20}7 Given that smallholder and
subsistence farmers are highly vulsgle to climate chang@Beniston, 200§ there is

need for deliberate investment in climate adaptation strategies andpoleaes on

i rrigation and early warning sysf{ et to bo
and Carter, 1996Gwitira et al., 201%in line with thesouthern African Development
Community (SADC) Climate Change Adaptation Stratg@ADC, 2011). Crop
production has also been related to climatic conditions in some of these studies. For
example, cotton production levels were noted to have declined as precipitation decreased
and temperatures increased in Gokwe district of Zimba@wmembi, 2009, while maize
productivity has been projected to decrease in response to variousajjiolaéé change
scenariogNyabako and Manzungu, 201®lanyani et al., 201) The ENSO has e
successfully linked to mafall, drought and maize yiel@Uunganai and Kogan, 1998
Nyanganyura, 1999Gwimbi, 2009 Manatsa and Mukwada, 201Ayabako and
Manzungu, 2012Chingombe et al., 20)%and livestock productivitySenda et al., 2016

Within agreecology impacts, Mugandani et 2001) andChingombe et al. (20)%&gree

that the main food production regions of Zimbabwe (regions 1 and 2) are likely to
decrease in size due to climate change and varighibiipting to possible reduction in

food production and food securigndhence lhe need to have commensurate mitigation

measures to avert potential negative impacts.
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As earlier presented, there are other emerging themes related to ecosystem impacts
(Pedersen et al.,, 2014bMatarira and Mwamukg2018 in their modelling study
projected a 17 to 18% land area shift from subtropical thorn woodland atrdpscidl

dry forest to tropical very dry forest under a modelled climate scenario of reduced
precipitation and an increase in ambient temperatures. Climate change/ variability has
been shown to be a current and future threat to energy security in Zimifabwe
hydroelectric power potential will be reduced in all existing and proposed hydroelectric
power schemes due to climate change and increasing water def8aledvicz, 1995
Watson et al., 1998Beck and Bernauer, 201Y¥amba et al., 2001 The energiclimate

link is already evident as earlier discussed in the recent Kariba power station situation.
With regards to public health, literature reviewed in this study indicetgative impacts
and/trendsof climate. For exampleresults from a climate suitaliyifor stable malaria
transmission in Zimbabwe under different climate change scenarios by Eb{2803.
suggest that changes in temperature and precipitation could alter the spatial distribution
of malaria in Zimbabwe, with previously malaria unsuitable areas of dense human
population such as Balvayo becoming suitable for transmissi@witira et al. (201%

and Ebi et al.(2009 concluded that climatic factors such as temperature and annual
precipitation are critical factors intricately linked to current and possibly future changes
in the distribution of malaria in Zimbabwe. Other studies are indicating changes in
abundane and distribution of tsetse flies, suggesting possible redistributidfriofn
trypanosomiasis (sleeping sickness) incidemc&imbabwe in futuredue to climate
changgPilossof, 201k

Table2.4 presents some of tipeojected climate impacts by sector fbeyear 2080. Of

note is that projections indicate worsening of negative impacts in almost all sectors under
consideration. For example, runoff is projected to decrease significantly within major
catchments such dke Save and the Mzingwaneith wide-ranging consequences for

resident communities and in the face of high vulnerability and low resilience.
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Table 2.4: Projected climate change impacts by sector in Zimbabwe

Sector Projected climate change impats

Predicted warming of around 2degrees Celsius by 2080.
Present southwesiortheasteast rainfall gradient will become steeper.

General vulnerability of communal agriculture to climate change

variability.

Generally, maize stable areas will decrease by 2080, while cotton

sorghum suitable areas will increase by 2080.

In the south western parts of the country, sorghum and maize will be
increasingly vulnerable to climate change while cotton will become
vulnerable.

A In the north central and eastern parts of the country, maize, sorghum ar
cotton will become less vulnerable

1 General

2 Agriculture

> > >

3 Water A Overall, surface water resources are projected to be reduced significant
2080 irrespective of the scenario used.
A North eastern and ¢heastern parts of Zimbabwe are predicted to experie
a surplus in surface water while the western and southern parts of Zimk
are projected to experience a drying up.
A Runoff will decrease significantly in the Mzingwane, Shashe, Nata, and
catchmats.

4 Health A The area under high to extremely high malaria hazard will tend to incre:
by 2080.
A High malaria hazard will be concentrated in the low lying parts of the
country including the Zambezi valley, and the Seegist lowveld.
A Expected minimum pesure on plant diversity for best and worst case
scenarios is 42%.

5 Forestryand A Net Primary Production (NPP) will decrease from the current average
biodiversity maximum of over 8 tonnes per hectare per year to just over 5 tonnes pe
hectare per year 8080translating to decreased rangeland carrying caps
for both livestock and wildlife

6 Human A Any reduction in available water will lead to increased water scarcity tht
settlement impacting on livelihoods.
7 Tourism A With decreasing rainfall and gy temperatures, significant declines in

biodiversity are expected to occur in most parts of the country especiall
~western regions where most of the park estates are located.
A Lower resilience of ecosystems to other global environmental changes.

Adopted fromGwenzi et al. (201)6Gafter Murwira et. al (nd)

Some researchers in Zimbabwe sucltCabo et al. (2010andDavis and Hirji (201
corroborate conclusien by IPCC (2007 and Kundzewicz et al.(1998 that
observational records and climate projectiprevideevidence that freshwater resources
are vulnerabldo and will be strongly impacted by climate changehe future Such

impacts are likgl to have wide-ranging consequences for human societies and
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ecosystems. Studies on climate impacts on water resources indicate negativeutbnds

as reduction in water reservoir water levels, increased evaporation and surface and
groundwater storage amgdro-electricity potential which are directly related to climate
impacts on rainfall and temperatufieischer et al., 2005Ncube, 201p0Unganai and
Murwira, 2010Q Dalu et al., 201p Very few studies have focused on modelling the
hydrological impacts of climte change and variability in Zimbabywedicating a gap in
knowledge in this regard. These are covered more extensively tihedeydrological
modelling studies section of this review.o noteis that 11% of all the climate impact
studies reviewed hereljrectly or indirectly employed climate modelling and/ climate
impacts modelling techniques in their methodologiestwithstanding the rapid
advancements within this domain. This limited utilisation of these advanced climate
modelling tools and techniquésus presents a need to advance research in this direction
so as to expand knowledge and close such apparent gaps in climate impact studies in

Zimbabwe

Relative to these developments in methodologies in climate impact studies, there has been
an increas in the integration of indigenous knowledge systems in climate research in
Zimbabwe over the past decade. These studies tyereeda new frontier in climate
researchwhich is aimed at understanding aspects such as seasonal climate forecasts
(Chagonda et al., 201%oropa et al., 2015Mubaya et al., 2017band local climate
adaptation practices and stratedidéis et al., 2015Manyanhaire, 2015Vanyani et al.,

2017, Mugambiwa, 2018 Developments in this regard indicate a drive to leverage and
streamline existing local indigenous knowledge in thesttgwyment of pragmatic, low

cost local climate interventions and mitigation strategies.

2.6 HYDROLOGICAL MODELLING

2.61 Hydrological modelling studies: A general overview

Hydrological models are representative simplifications of complicated hydrological
processes using mathematical means to demonstrate the principal elements of processes,
andtheir combination and function as a comprehensive hydrologic sy3ten2002.

These hydrological models have been classified in various wayRdfsgaard and
Knudsen(1996 grouped them into three broad categqriesmely (i) empirical black

box models, (ii) lumped conceptual models, and (iii) distributed physibalgd system.

-37-



Examples of these include the TANK mod€hen et al., 2005Hydrologic Engineering
Center's Hydraulic Modeling System (HEEMS) (Dotson, 2001 Oleyiblo and Li,
2010, TOPMODEL, Systéeme Hydrologique Européen (SHE), Soil and Water
Assessrant Tool (SWAT) (G. Arnold et al., 2012Ghoraba, 2016 and complex
conceptual models such as MODifie BROLOG (MODHYDROLOG)(Chiew et al.,
1993. A review of theadvantages and disadvantagéthese models by Sivapalan et al
(2013 andJaiswal et al. (2020revealed that distributeghysically based models have
the advatage of accounting for spatial heterogeneities and provide detailed description
of the hydrological processes in a catchment with limited demands of inpuhdata
their widespread use in numerous hydrological stugRetsgaard, 199Dotson, 2001
Wooldridge et al., 20QUhlenbrook et al., 20Q4&Refsgaard et al., 201Gao et al., 2018

The same notion was confirmed by the World MeteorcklgOrganization(1975) in

their intercomparison of conceptual hydrological models for operational hydrological
forecasting. Furthermore, considering that these models use parameters which are directly
related to the physical characteristics of river basins (e.g. topograpit, LULC and
geology) and account for spatial variability of meteorological condititney have been
very useful inhydrological studiegRefsgaard and Knudsen, 1996or example, they
have beemised iladvancing the understanding of changdsymirological processes such
as surface ruoff (Chiew et al., 1993arvonen et al., 199€hen et al., 20Q%al et al.,
2016 and groundwater storagEinch, 1990 Gurdak et al., 2009n space and time and
simulating future hydrologic conditions.

2.7GIS AND REMOTE SENSING IN HYDROLOGICAL MODELLING

As alluded to earlier on, over the years, GISI @RS techniques have become
indispensable in most stavé-the-art hydrological models premising on the extensive
spatietemporal data capture and analysis capabilities of these technologies. Schultz
(1988 presented three main applications of RS in hydrological modelling studigs as
model parameter estimation with the aid of multi/ hyppectral satellite data; (i)
computation of historic monthly runoff using satellite data as input; and (iibtireal

flood forecasting using radar rainfall measurements as input. In this regard, many
researchers have used GIS and RS in hydrological modelling studies aimed at
optimisation of catchment management in the Mediterranean re@\bakhamreh,

20117), water resources management in In(@lavsar, 1984Halvorsen and lbsen, 2015
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forest hydrology(Stewart and Finch, 1993 hanapakpawin et al., 200Bhatasara and
Nyamwanza, 2018 assessing wateuality vis-a-vis human activities in Korea (Lim and

Choi, 2015), mnitoring small dams in serairid regiongFinch, 1997Deus et al., 2013

and general parameterisation of hydrological mod@&angodagamage et al., 2001
Uhlenbrook et al., 20QMNyoni et al., 2013Evans, 201h GIS and RS have been noted

to have a major advantage of accurately sizing aadaciterising catchments in rainfall
runoff modelling over and above the fact that analysis can be performed much faster,
especially when there are complex mixtures of land use classes and different soil types
(Shadeed and Almasri, 201.0n Africa, numerous studies have also exploited the same
tools and techniques to advance knowledge in this do(&ewart and Finch, 1993
Helmschrot and Fligel, 2003halaby and Tateishi, 200Zengeyeet al., 2011Sibanda

and Murwira, 2012du Plessis et al., 201Bdam et al., 201 This ha been enhanced

by improved and free access to valuable satellite earth observation data from various
systems such as Meteorological satellifgtaggard, 197 and Tropical Rainfall
Measuring Mission (TRMM)Abd Elbasit et al., 201, 7Adam et al., 201,7Twumasi et

al., 2017. All these studies indicate that globally, GIS and RS have become an almost

indispensable part of hydrological modelling studies over the past decades.

To this end, in the face of considerable uncertainty in determining water availability/
security relave to climate and landudandcover changes which impact hydrologic
conditions, it is critical for water resources managers and decision makers to have a better
and simplified understanding of past, present and ideally future hydrological processes
throudh sound water resources studies (which leverage GIS and Remote sensing
technology)Singh et al., 2010

2.8HYDROLOGICAL MODELL ING STUDIES IN ZIMBA BWE

Of the 107 studies reviewed in this study, 7% direatiydirectly involved hydrological
modelling, indicating very limited hydrological modelling research in Zimbabwe over the
period under review. Hydrological modelling studies in Zimbabwe date back to 1986
whenKnudsen et al. (1996ested the capability ahe WATBAL model in simulating
ungauged catchments using medium size dams in Zimbabwe. Another early study is by
Vorosmarty and Moore (1991who used a simple catchmestdale model to simulate

seasonal variation in discharge in the Zambezi river and how it might respond to climate
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and land use chang@lthough developments have been slow in the past 29 years,
advances made thus far have seen shifts from use of simple statistical models to empirical
black box models, lumped conceptual models and more recently to coupled distributed
physicallybased hymblogical models such as SWAT and HecHMS. For exantjolee

et al. (200) used an empirical model (the Hydrologiska Byrans Vattenbalansavdelning
(HBV) model) to simulate hydiogical processes in theorthern Limpopo basin
(Mzingwane catchment), while the HEIMS model has been successfully used in
simulating ruroff in the gauged and ungaugegper Manyame subatchments of
Zimbabwe(Gumindoga et al., 201&%umindoga et al., 2018The same model has been
applied by Gumindoga et 42016 in modelling the water balance of the Lower Middle
Zambezi Basin, successfully estimating the total inflows into the Cahora Bassa Dam and
recommending ways of managing artificiabdlds in this basinMazvimavi (2003
successfully demonstrated the application of two lumped conceptual madelghe
Thomasabcd model (Alley, 1984 and the Pitman mod€Pitman, 1978to estimate
catchment descriptors such as flow characteristics in 52 ungaugedtshiments in all

the seven main catchments of Zirblage. Other models that have been used in Zimbabwe
include the Surface Energy Balance System (SEBS) Water Balance ,Mddeh
determine actual epatranspiration in thepper Manyame catchme(®wasoka et al.,
2011, and the TOPMDEL to simulate streamflow ofpper Save River catchment
(Gumindoga et al., 20}1The flownet computational and modelling mett{8idanda et

al., 2009 hasalsobeen applied in groundwater recharge modelling within the Gwayi
catchment. From these studies, it is apparent that the shift has been from lumped,
empirical/ mathematical based models towards distributed physhdlyd models in

hydrologicalstudies in Zimbabwe over the past 29 years.

A review of the scope of coverage of these studies revealed that all seven water
catchments in Zimbabwe (i.e. the Gwayi, Manyame, Mzingwane, Runde, Sanyati,
Mazowe and the Save catchment) have been studiearying degrees using various
hydrological modelling techniques and tools. However, most of these studies have been
done in the Zambezi basin catchmefts. the Mazowe and the Manyame catchments
Catchmentsn thenorth-eastern andouth-western part athe country(i.e. the Gwayi and

the Save catchmenthave received very limited attention in terms hydrological
modelling research over the years, while the Mzingwane catchment has had four

prominent studie@_ove et al., 2001Love et al., 2005_ove et al., 2010Makungo et al.,
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2010 that directly applied modelling techniques over the past two decades. Furthermore,
in as far as the integration of land ptend cover change, and climate modelling in
hydrological modelling studies is concerned, ig noted that ver few studies
(approximately 15% of hydrological studjeto date have attempted to advance
knowledge in this direction. In other words, utilisation of advanced, coupled distrbuted
physically based hydrological modelling techniques to expand the scopderktanding

of the climatelandusehydrology nexus in Zimbabwe has been vdirgited, thus
showing a huge knowledge gap in this regard. However, othermiodielling
hydrological studies have been done in almost all catchments in the caaveying
various themes such as reservoir capacity and sedimentation rate est{ffiatbn1990
Sawunyama et al., 20p@roundwater yield estimatidDalu et al., 201p water quality
assessmenfKibena et al., 2014 in-field and rainwater harvestinMunamati and
Nyagumbo, 2010Nyamadzawo et al., 201&nd general catchment characterisation

water balance relationshiflsove et al., 2001Love et al., 200b

Although there has been tremendous advances in integration/ streamlining of GIS and
RS in hydrological modelling research globally over the past decades as earlier discussed
(Kristensen et al., 200Adam et al., 201,7Singh et al., 2019 in Zimbabwe however,

very few studies have applied these tools and techniques showing a need to expand
knowledge in this area leveraging these techni¢fciesh, 1990Lorup et al., 1998Dalu

et al., 2012Chikodzi, 2013Gumindoga et al2015 Gumindoga et al., 20168/asocha

et al.,, 201}. This could be attributed to limited expertise and GIS and RS
infrastructure/equipment to fyl streamline the use of the techniques in hydrological
modelling studies. This could also be exacerbated by the earlier highlighted challenges of
limited accessibility and availability of good qualitysitu climatic /meteorological data

such as rainfhland temperature measurements in the country.

2.9 CONCLUSION

2.9.1 Climate change/ variability studies

Despite the developments in climate and hydrological resesmdhihe already confirmed
climate impacts on human livelihoods, economies and geneasthlbeing and water
resources in Zimbabwe, the scope of understanding of the cliaratesehydrology

interlink is still limited. Similarly, climatic studies in Zimbabwe covered in this review
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present varyingand in some instances contradictamgnclusons However,most agree

that the climate has been changing or varying considerably in space anvitime
temperature rise of lefisanabout 0.1°C and an approximately 10% decrease per decade
for rainfall over the 19001993 period. Follow up studien this regard basically indicate

the similar temperature and rainfall trendsthough magnitudes of change have been
varying and, in some instances, contradictory owing to the different methodologies used
in these studies. It was noted that the usdifférent methodologies in the analysis of
data in these studies further compounds the problem of comparability of findings. For
example, some studies used simple parametric inferential statistics to test for significance
of climatic trends while others sed nomparametric techniques on the same. This
basically shows the need for care in interpreting and/or comparing study findings in this
regard. Furthermore, new and more robust climate trend analysis techniques have been
developed over the yeamhich can be utilised to renterrogate the available climate
datasets with more scientific rigor to close knowledge gaps related to biases and

inaccuracies of some of the past studies covered in this review.

We can conclude that climate change and variabilitydact studies and climate
vulnerability, adaptation and mitigation studies are the-wemlominant categories of
climate studies in Zimbabwwhile climate modelling and governance study themes were
the least covered. For climate impact studies, therebleas greater bias towards
agricultural and ecological impact themes with very limited coverage of energy and socio
economic climate impacts. Other themes that emerged included climate impacts on health
and hydrological systems. Findings in this regard eoged on this general conclusion
asserted by the IPCC that Zimbabwe is a highly climate vulnerable country with limited
resilience and poor adaptation policies and strategies in place to avert the inherent impacts
of climate change and variabilitfrurthemore, considering that global and regional
climate forecasts indicate worsening conditions, it is thus very important that climate
science in Zimbabwe is updated to generate new and contexkiaatific knowledge

This endeavour shouli@verag cutting edje, recently developed tools and techniques
rather than rely on outdated conclusions from past studies to inform climate policy

formulation and strategy development for the country.

Furthermore, in this review, it emegihat climate modelling researéh still a largely

grey area in Zimbabwe. Most past studies have used GCMs and only a few have used
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RCMs with limited to no bias correctionEhe implicatiors of this are potential biases

and errors and thus limited local applicability of some of thaitifigs considering also
recent developments and cautions in application of these tools at a local scale. This
thereforenecessitates further expansion of knowledge on the same by leveraging on the
potential presented by new and advanseathern Africaregionsspecific GCMs and
RCMs such as the CCAM which have the ability to generate accurate climate
perturbations at regional and local scale through advanced downscaling and bias
correction techniques. New studies could expand knowledge by modelling impact
scenariosin agriculture, biodiversity and hydrologguch as surface ruwff which
influences overall water availability and thus security in Zimbabwe. Advancing
knowledge in this regard will be vitagspecially for identifying, for example, the
hydrologic consequences of changesmportant climatic variables such as temperature,
precipitation, and other landscape variables such as lanthnsecover. This could
contribute to holistic policy developmeand effective planning of current and future
water management and security interventions. Furthermore, highly prohibitive costs of
situcurrent and historic climate and hydrological data imposed by governmental agencies
such as the Zimbabwe National Water Authority (ZINWA) and the Meteorological
Senices Department are noted to be one of the potential serious bottlenecks impeding
climate science research in the country. It is therefore important for the Government of
Zimbabwe to address this by coming up with more pragmaticatat@ss policies that

will make climate datasets more easily available and accessible to the Zimbabwean
scientific communityso as to encourage more research. This will allow for unhindered
fast progress or advancement of climate science research in Zimbabwe, exploiting also

the available national supercomputing capabilities at the ZCHPC.

2.9.2 Hydrological modelling studies

Hydrological modelling is a relatively grey area of research in Zimbabwe with very few
studies reviewed herein covering this research domain. Of the wat@ncatchments in
Zimbabwe, the Manyame and the Mazowe catchments have received most attention as
frontiers of hydrological modelling research in Zimbabwahilst the Gwayi, Runde,

Save and Sanyati catchments have had least coverage. While some lgalrolog
modelling research has been done on the Mzingwane catchment, the scientific knowledge

is outdatedi.e. has been outpaced by advances in techniques and tools developed and
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used in this domain over the past two decades glgbsllgh such knowledge @&, vis-

a-visthe already acknowledged highly vulnerable climate of Zimbabwe and the predicted
worsening future climatic conditions in the country, it thus becomes very critical that
deliberate efforts cascading from policy level, prioritise clirfatdrology modelling
research in Zimbabwe. This is because all these aspects speak to present and future

sustainable development in terms of water security and livelihoods.

Regarding the types of models, there is generally a need to test or apply new/ advanced
coupled hydrological models to better understand interlinkages between elimate
hydrology and landuse in Zimbabwe to update existing knowledge to be abreast with
global and regional developments within this domain. In order to achieve this, approaches
enconpassing coupling of distributed hydrological models and properly downscaled
GCMs/RCMs and climate simulate simulations as advocated for by various researchers
should be considered. Such approaches could enhance understanding of local feedback
mechanisms ah interrelations between key natulalman systems influencing
community livelihoods which is a specialised area of research within this domain.
Furthermore, we note a relatively new and important frontier of climadeology
researchwhich involves thentegration of indigenous knowledge systems (IKS) in the
context of climate adaptation and mitigation in Zimbabweat which has to be

encouraged and streamlined within this domain.

Overall,it can beconcludel thatclimate science and hydrological mdutey research in
Zimbabwe is lagging behind v&svis global and regional developments within these
domains and thus the need to adopt a more systematic and holistic approach exploiting
among other tools and techniques, coupled sysbtemmed approachesn{egrating
climatelandusehydrological modelling and GIS/RS) for better understanding of past,
present and future climatic conditions and their hydrological impacts. This should be done
without negating the need of developing new and/or-tiimeng the eisting climate

related and other relevant policy, legislative and institutional frameworks in Zimbabwe.
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CHAPTER 3: PAST AND FUTURE LAND USE LAND COVER
CHANGES IN UMS

Based ora published pper:
Title: Analysis of past and future mutémporal land se and land cover changes in the
semiarid UpperMzingwane sultatchment in the Matabeleland South Province of
Zimbabwée

Abstract

In this study, past spattemporal land use and land cover (LULC) change dynamics

the yper Mzingwane subatchment (UM$ located in the serarid Matabeleland
south region of Zimbabwe using Landsat 5 Thematic MappeiTf@pand Landsat 8
Operational Land Imager (E®LI) imagery for the periods of 1989, 2004, 2013 and
2018 are analysedFuture LULC scenarios for UMSare al® modelled Five LULC
classeqwater, bardand, dense woodland, shrubland and gras3larel distinguished

using a hybrid approach entailing image classification-sof@ware using the Random
Forest (RF) and Support Vector Machine (SVM) algorithms. Aacyiassessment and
Kappa statistics revealed better performance of the $\¥ce its outputs wersed in

the change analysigo( quantify LULC transitions and trends statistically). We then
utilised the TerrSet Land Change Modeller (LCM) (using the Ma&bain algorithm

with Multi-Layer Perceptron) to model future LULC scenarios up to 2038yaiab
intervals. Results revealed that the grass, shrub and woody vegetation are predominant
land coverscovering 48.5%, 31.5% and 18.8% in 1989 and 54.4%, 2&r8%45.8%
respectively in 2018. Dense woodland cover was projected to experience the greatest net
loss of 436% while shrubland, grassland, water and bareland increase by 10.7%, 4.5%,
26.9% and 151% respectively between 2023 and 20BBe studyconclwsionis that the

UMS has since 1989, been losing and will continue to lose dense woodland cover into
the future possibly dudo increased human activities such as small scale and illegal gold
mining in the area. As such, immediate remedial action needstaidre to reverse the
observed and possible future negative LULC change trespecially for woodland
cover so as to avert likely adverse seeamnomic, hydrological and ecological
consequences within and beyond the UMS.

Keywords: GIS, land use, lamdbver, Mzingwane, Markov chain, Zimbabwe

2 Paper published in International Journal of Remote Sensidg!:
https://doi.org/10.1080/01431161.2020.1731001
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3.1 INTRODUCTION

Changes in land use and land cover (LULC) have been well acknowledged as an
important driver of environmental change at all spatial and temporal seétleoth

direct and indirect implicationsn sustainable development, livelihood systems and
perturbations of the (@unertehad, sl998 ambigetalc he mi ca
2001, Flato et al., 2018 Impacts of LULC change have been well documented in
hydrological studies, revealing how changes in distinctive LULC types influence the
hydrologial conditions and consequently sustainable water resource mana@eonept

et al., 1998 Niehoff et al., 2002 Thanapakpawin et al., 200'Nie et al.,, 2011
Woldesenbet et al., 201&umindoga et al., 20)8LULC changes have also been
associated with climate systems change and variaiéyburg et al., 201)] ecosystem
services disturbance®#laina et al., 2013Mondal and Zhang, 20}8rapid population
growth, urbanisatioriBagan and Yamagata, 2Q012gie et al., 2013Pan et al., 2007

other developmental activitigg-oley et al., 2005Yao et al., 201y and agricultural
expansion among other anthropogenic activities in loEtebped and developing

countries.

With regards to the underlying causes of LULC chahgepbin et al. (200)L.concluded
thatoveral LULC changes are driven by peopl esbd
as mediated by institutional factors (which are either amplified or attenuated by global
geopolitical and economic factors) over and above population growth and poverty.
Factors sue as soil suitability, slope steepness, proximity to main dibieduelhual et

al., 2013, conflicting property rights, land rent and overgraziSgrneés and Lambin,

2001, Qasim et al., 20)%ave also been noted as key proximate drivers of LULC change
and consequently water availability particularly in water stressed-aganregions of
SubSaharangfrica. In this regard, numerous studies have been undertaken since the
1990s to explore past and future LULC dynamics so as to increase understanding of
associated impacts LULC changes and to provide updated LULC information using
geospatial technologieg&xamples of such studies include: mapping and modelling of
LULC changes(Ayad, 2005 Shalaby and Tateishi, 200 land use patterns analysis
(Turner, 1990 Ramankutty and Foley, 1998i and Yeh, 2004 longterm landscape
change analysi@McGarigal and Marks, 1998Bencer et al., 2005Haase et al., 2007
assessing patterns and drivers of LULC changes in Eastern EttAdipgand Tesgaya,
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2010 and quantification of LULC changes in Zimbaby@hikodzi, 2013Kibena et al.,
2014). Others have also attempted to model future LULC scen@iessina and Walsh,
2001, Wegehenkel, 20Q3Vu et al., 2006TopeAjayi et al., 201$so as to guide decision
making in ensuring sustainable land use development and water resources management.
To model future LULC changes efficiently, various spatially explicit models have been
applied with the purpose of evaluating futldLC scenariodMishra and Rai, 2016
Examples of such spatially explicit models include the Logistic Regression (LR) model,
Artificial Neural Network (ANN) model, Cellular Automata (CA)adel, the Markov
chain (MC) model and theombined Cellular Automata _Markov Chain (CA_MC) model
(Subedi et al., 2013Ramezani and Jafari, 201@idey et al., 2017an this study, the
Land Change Modeller (LCM) in TerrSet softwaras usedfor its implementation
simplicity and robustness as it employs € algorithm (known for its efficient land

use change quantities prediction) leveraging the strengths of thelMyér Perceptron
(MLP) (Clark Labs, 2009Clark Labs, 201p

In this chaptey past and future LULC chaagdynamics in the pper Mzingwane Sub

catchment (UMS)are analysed. The catchment (locatedthie semtarid region of

Matabeleland South, Zimbabwe an important subatchment both nationally and

regionally. The UMS generates approximately 9.3% of totaloffiinto the Limpopo

Riverand also hosts all the five major portable water supply dams famByo(i.e. the

Upper and Lower Ncema, Inyankuni, Mzingwane and the Insiza)daumsian activities

(extensive small scale legal and illegal gold panniidcubePhiri et al.,, 2015 and

deforestationr el at ed to the Gover nmentesettldmenZzi mb ab w
programme and communal farming activit{®oyo et al., 200Bin this area have over

the past three decades led \izible yet unquantified LULC changesnd related
environmental proleims such as siltation of rivers and water pollufidare et al., 2006

This implies that such chaeg within tesubc at c hment 6 s LULC struct u
on water security and livelihoods in and beyond thisstbhment in many ways, hence

the need to explore and update knowledge on the LULC change dynamics in this area
notwithstanding work alreadyone in this regard blyove et al. (200p In this regard, a

hybrid, longitudinal, multtemporal approactvas usedo explore past LULC dynamics

and model future LULC scenarios the UMS. This knowledge will give quantified

insights on transitions that have occurred and guide future land use development and

catchment conservation planning for this highly strategic area.
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3.2 METHODOLOGY

3.2.1 Study area description

The UMS is oneof the four subcatchments (i.e. Shashe, Lower Mzingwane and the
Mwenezi) of the Mzingwane catchmenested in the northern extreme of the Limpopo
basin insouthern ZimbabwéFigure3.1). The subkcatchment covers an area of 2ka&

and falls in NaturaRegion IV of Zimbabwe, receiving rainfall ranging from 450 mm to
650 mm per annurfGorgens and Boroto, 1997 his translates to a mean aahtunoff

of about 600 mm, thus contributing most of the-afihof the Mzingwane River flowing

in a southerly directiontowards andnto the Limpopo River. This demonstrates the
significance of this subatchmentnot only nationally but regionally. Thennual mean
minimum and maximum temperatures ar¥C Sand 30C respectively(Mazvimauvi,
20109, while evaporation ranges between 1800 mm to 2000 mm per annum, with an
increasing north south gradient. Elevation range is between 864 to 156@tma mean

of 1160 m in the UMS. Flora and fauna are typical of a dry savannah ecosyshem
woodlands predominnad by Brachystegia spiciformjs Colophospermum mopane,
Terminalig Acacia speciesand Combretum specieswhile thatch grass species
(Hyparrhenia filipendulaandHeteropogon contortysrealsocommon. Due to increased
human activity in the study area, nmuaf the typical savannah wildlife, including reptiles,
birds of prey and mammals, have retreated into the nearby Matopos National Park to the
west of the study area.
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Figure 3.1: Study area map (Upper Mzingwane stdichment) showing its location withihe

Mzingwane catchment (the Noeim Limpopo basindf Zimbabwe

Straddling over three distrigtaamely Insiza (to the east), Umzingwane (on the Rorth
western extent) and Gwanda (on the sewéistern section), the UMS has a diverse land
use system. Theystem has an agmecological and socieconomic structure
characterised by a mixture of commercial and subsistence agriculture;ssaiallow

cost drip irrigation farming, wildlife /game viewing, dam recreational activities, gold
panning, private safaoperations, fishing, communal and raflahds(Love et al., 2006

Gold panning (both legal and illegal) is supported by the Zimbabwean Craton greenstone
belts and granitic terrain which most the catchment is underlain lppshton et al.,
2002. The soils are moderately coarse grained kaolinitic sands (from the granites and
Limpopo gneisses), very shallow to moderately shallow clays and loams (derived from
the greenstone belts); and very shallow sands, formed from the ljasa#<t al., 2005
Sawunyama et al., 20R6The socieeconomic significance of the salatchment cannot

be over emphasised in light of the aforementioned.
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3.2.2 Data acquisition and preprocessing

3.2.2.1 Selecte&arth Observation datasets
Satellite imagery for the months of April and May from Landsat 5 Thematic Mapper (L5
TM) for year 1989 and from Landsat 8 Operational Land ImageQL§ for years 2004,
2013 and 2018 were downloaded from the United States Paocksses Distributed
Active Archive Centre (LP DAAC) using the Earth Explorer Website {08IGS, 201k
Images were selected for the Path/Row (170 and 17dnd@Z5) which covered the study
area (Table.1 and Figure3.2). Other criteria used for selection of the time periods was
image quality, availability of scenes (Path/Row) to cover the study area within the desired
time period and less than 10% cloud aav All imagery came with a 30 m spatial
resolution and in projected coordinate systee Universal Transverse Mercator (UTM)
Zone 35 South A 6-bandset of all the selected imagery was used (excluding the thermal
bands and Band 1 for EQLI).

2004 L5TM

1989 L5TM
7-4-2 FCC

7-4-2 FCC

6?1
T

2018 L8OLI
7-4-2 FCC

2013 L8OLI

5 0 5 10 15km
H+—+—+

By:

Maviza Auther
Wits University (RSA)
NUST ZWE)
GCS: UTM Zone 355
070119

Figure 3.2 Landsat imagery (for years 1989, 2004, 2013 and 2018) used in the study shown i
7-4-2 False Colour Composites
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Table 3.1: Summary of main metadata of the selected Landsat datasets used in th¥aindy.
spectral bands (SWIR and VNIR) sabt usedn the LULC change analysis from 198018.
(TM = Thematic Mapper, OLI = Operational land Imager, SWIR = Shortwave 4Rfrd, VNIR
= Visible Near InfraRed)

Platform  Acquisition Path/ Spectral Spatial
Year Scene ID - date Row band resolution
sensor number (m)
1989 LT51710741989162JSA01 L5-TM 11 June 1989 171/074 6 30
LT51700741989171JSA01 L5-TM 20 June 1989 170/074 6 30
LT51700751989171JSA01 L5-TM 20 June 1989 170/075 6 30
2004 LT51700742004149JSA00 L5-TM 28 May 2004  170/074 6 30
LT5170075200416=A00 L5-TM 13 June 2004 170/075 6 30
LT51710742004172JSA00 L5-TM 20 June 2004 171/074 6 30
2013 LC81710742013164LGNO2 L8-OLI 13 June 2013 171/074 6 30
LC81700742013173LGNO1 L8-OLI 22 June 2013 170/074 6 30
LC81700752013173LGNO1 L8-OLI 22 June 2013 170/075 6 30
2018 LC81700742018171LGNOO L8-OLI 20 June 2018 170/074 6 30
LC81700752018171LGNOO L8-OLI 20 June 2018 170/075 6 30
LC81710742018178LGNOO L8-OLI 27 June 2018 171/074 6 30

3.2.2.2 Image preprocessing
Image preprocessing entailed edgentiming of the 1989 imagery scenes to remove bad
edge lines, geometric rectification, radiometric calibration and atmospheric correction,
and topographic correction. All these are a prerequisite for a combination of different
time-step data in a LULC clas&htion proces§Wang and Yuhai, 1999u and Weng,
2007, Gideyet al., 2017pMaponga et al., 20)8Pre-processing was implemented using
the image prgrocessing modules the Environment for Visualizing ImagésSNVI) 5.4
software toolboxthat is (radiometric alibration and Quick Atmospheric Correction
(QUAC)) to get imagery with surface reflectance values. Radiometric calibration
converted raw Digital Numbers (DN values) to TalpAtmosphere (TOA) reflectance,
while the application of the QUAC algorith(Bernstein et al., 20)2atmospherically
corrected the images to move from TOA reflectance to Surface Reflectance
measurementg¢Santer et al., 20QTLiu et al., 201%. The QUAC algorithm was selected
for use in this study becae of its significantly faster computational speed compared to
the Fast Lineof-sight Atmospheric Analysis of Spectral Hypercubes (FLAASH)
(Bernstein et al., 20Q05and better compence in aerosol optical depth retrieval compared
to Dark Object Subtraction (DO$Lhavez, 1988 During the QUAC implementation,
all the datasets were sy subset by masking them using a boundary shapefile of the

study area.
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Considering that the study area hosts a mountainous terrain stretching from the north
westerly through the central to the eastern extent, hill shadow effect was noted to be
prominent in these areas. To rectify this, topographic correstias implementedsing

thed t o p aaldnrRrsdftware(R Core Team, 20)&fter Gao and Zhang (2009The

tool was set to use the study area Digital Elevation Model (DEM) and th@eCos
algorithm (selected for its robustness and relatively quick computational time) to reduce
and or remove the topographic effects on the satellite imagery without significantly
impacting on the data integrity compared to other methods such as Gammai@orre
Method, LineatCorrelation Method and Histogram Matchi(fgarabandi et al., 2004

All the path/row datasets were then mosaicked using the Seamless kasand then
coregistered to 2018 as the base image in ENV.I'B# output from thiprocesswere
analysisready datasets for the years 1989, 2004, 2014 and 2018 which were exported to
R-software in GEOIFF format for classification.

3.2.2.3 Seledbn of model training samples and classification system
A hybrid spectral pattern recognition approadang and He, 1990Franklin and
Wulder, 2002 utilising the preprocessed imagery, Google Earth imagery (for dates 31
December 1989, 31 December 2004 and 18 June 2013) and the Normalised Difference
Vegetation Index (NDVI) was used in the visual comparisamntification, selection and
labelling of training pixels/samples corresponding to the five LULC classes (32ble
The training sample sizes were 236, 264, 259 and 222 for each of thstépsé.e.
1989, 2004, 2013 and 2018 respectiyellhe classiftation scheme was adapted from
Lembani et al. (208 NDVI has been widely used in identifying LULCs through NDVI
value thresholding to correspond to certain LULCs (e.g. negative NDVI values indicate
water) as done in numerous studi@sinfeng et al., 2008handari et al., 201 Zandhi
et al., 2015Herrero et al., 2006 This was done to improve the accuracy of selection of

training samples for each of the study time steps.
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Table 3.2:LULC classification scheme showing the 5 main LULC classes identified and used in
the study and their description

LULC Class Class description
Water Permanent and perennial open water reservoirs (e.g. dams, lakes
wetlands)

Bareland Exposed soils, rock outcreppaved surfaces and compacted land, roe
settlements and bare agricultural fields

Dense woodland Woody forested areas and riparian woody vegetation

Shrubland Small sparse woody vegetation cover

Grassland Grass species mixed with herbaceous spedtésnw persistent

aboveground biomass. Areas also characterised by teeistence
of saplings, small shrubs and revegetating agricultural areas

3.2.3 Image classification, interpretation, and analysis

3.2.3.1 Image classification and analysis
Image classification was done in-$dftware usinghe superClasgpackage where two
most prominent image classification modgélse Random forest (RF) and the Support
Vector Machines (SVM) classifigwere implemented in a serautonomous script with
a O saprpil te 6s-30%) fo( traiQifgvalidation respectivelyThe?2 classifieravere
implementedo compare their performance so as to select the best output results based
on the overall accuracy and Kappa coefficients since RF is known to be easier to
paramegrise while SVM is less susceptible to topographic eff@s 2005Belgiu and
Drtgug, 2016

3.2.3.2 Accuracy assessment
Overall, the SVM performed better than the ,Rkth overall accuracy (Kappa
coefficients) ranging between 0.9846 and 0.7763 (0.97056633) while RF values
ranged between 0.8982 and 0.8115 (0186R.7366) (see Tabld.3). In all the study
time-steps, the SVM outperformed the RF results except for year 2013.
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Table 3.3: Summary of LULC classification models validation results presentwvgrall
accuracy, 95% CI and the Kappa statistic feags 1989, 2004, 2013 and 2018. (RF = Random
Forest, SVM = Support Vectddachine, OA = Overall Accuracy)

OA Model training/ Kappa
Year Class 95% Confidence Validation sample Overall coefficient
model Interval (CI) size (70%/30%) accuracy (k)
1989 RF 0.8834- 0.9117 (167/69) 0.8982 0.8621
SVM 0.9778- 0.9897 (167/69) 0.9846 0.9791
2004 RF 0.8117- 0.8500 (187/77) 0.8115 0.7631
SVM 0.8344- 0.8706 (187/77) 0.8532 0.7932
2013 RF 0.8005- 0.8451 (183/76) 0.8236 0.7366
SVM 0.7515- 0.7997 (183/76) 0.7763 0.6633
2018 RF 0.8564- 0.8973 (157/65) 0.8779 0.7928
SVM 0.9247- 0.9545 (157/65) 0.9409 0.9007

3.2.3.3 LULC change detection
The geometry (area) of the final LULC classification results were computed and these
were used to quantify LULC transitions (net and percentage areal changes, class area
gains and losses) (see Figure 4) for each time step in TerrSet using the Equations 1 and 2
as presented b@lark Labs (201h

0 — p mm Equation (1)
0 - p mm Equation (2)

WhereC = Percentage change (%) ald Percentage area (%,= Number of pixels
changed for a LULC clas$,= Total area of LULC map (in kfrandD = Area of class
in later LULC image (in krf).

3.2.34 Future LULC change prediction (Markov Chain model)
The MC process handles the temporal changes of LULC classes based on produced
transition probability matricesvhereashe spatial changes are controlled by resultant
transition potential maps from tisame proceg<lark Labs, 2009Hua, 2017. The MC
model has been successfullgplied in many LULC studies over the ye#érastings,
197Q Al-sharif and Pradhan, 20JRamezani and Jafari, 20149ayemuzzaman and Jha,
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2014 Gidey et al., 2017balthough others have usedtogether with CA to improve
model performanc@Arsanjani et al., 201, Subedi et al., 201 %idey et al., 2017a

Markov Chain model
The MC model is a discretemporal stochastic process in which the probability
distribution of the current state is conditionally independent of the path of past states. It
is based on the first rule of Geograglyebster, 199 namely thapixels close to each
other are more likely to be similar to or become like those closer to, tham pixels
farther away. MC is very powerful to determine the possibility of LULC change between
two time periods as éfficiently handles the dynamic and stochastic nature of natural and
sociceconomic variables of LULC predictigMishra and Rai, 20J)6although it cannot
provide the spatial distributioof occurrences of LULC change. The MC first analyses a
pair of historic LULC base maps (i.e. 2013 and 2018 in our study) and outputs LULC
change maps showing categorical patterns of change between the maps of two time steps.
Secondly, transition probabpimatrices (i.e. Tabl8.4 inthisstudy) are computed based
on the projection dates (i.e. years 2023, 2028, 2033 and 2038 in our study) together with
transition areas matrices (i.e. TaBlé in our study) and a set of conditional probability
maps. The ansition probability matrices provide the transformation rules, and
demonstrate the probability of change of different LULC classes into other classes (e.g.
dense woodland to shrubland), while the transition area matrices reflect the quantity of
LULC chang (i.e. amount of one LULC class changing to another LULC class) in the

predicted future timetep.
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Table 3.4: Transition probabilities matrix for periods 202823, 20232028, 202&033 and
20332038

Given Water | Bareland Dense Shrubland | Grassland

Year | Probability to woodland
transition to *

2023 | Water* 0.9010 0.0851 0.0053 0.0033 0.0054
Bareland* 0.0459 0.5672 0.0344 0.1100 0.3500
Dense 0.0028 0.0050 0.7103 0.2570 0.0269
woodland*

Shrubland* 0.0011 0.0010 0.1329 0.5885 0.3650
Grassland* 0.0023 0.0001 0.0065 0.1600 0.8459

2028 | Water* 0.4169 0.1086 0.1199 0.0909 0.2638
Bareland* 0.1891 0.3136 0.2105 0.1276 0.1591
Dense 0.0054 0.0263 0.5061 0.3298 0.1324
woodland*

Shrubland* 0.0002 0.0042 0.2189 0.3600 0.4167
Grassland* 0.0001 0.0005 0.0553 0.2161 0.7280

2033 | Water* 0.7411 0.1401 0.0758 0.0244 0.0185
Bareland* 0.0781 0.1924 0.4456 0.2072 0.0766
Dense 0.0069 0.0049 0.4303 0.3542 0.2037
woodland*

Shrubland* 0.0045 0.0024 0.1831 0.3503 0.4597
Grassland* 0.0060 0.0017 0.0542 0.2402 0.6980

2038 | Water* 0.6742 0.1429 0.1095 0.0439 0.0295
Bareland* 0.0809 0.1175 0.4112 0.2546 0.1359
Dense 0.0085 0.0051 0.3559 0.3487 0.2817
woodland*

Shrubland* 0.0061 0.0029 0.1806 0.3199 0.4905
Grassland* 0.0075 0.0022 0.0756 0.25%4 0.6583
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Table 3.5: Transition area matrix for periods 202823, 20232028, 2028033 and 2032038

Pixels in Water | Bareland Dense Shrubland | Grassland

Year | Expected to woodland
transition to *

2023 | Water* 44884 4239 264 164 269
Bareland* 1881 23247 1409 4508 14345
Dense 3630 6482 920867 333187 34874
woodland*

Shrubland* 2602 2365 314316 1391835 863245
Grassland* 10289 447 29078 715778 3784227

2028 | Water* 30282 3689 0 0 0
Bareland* 0 43644 0 0 8259
Dense 0 34701 674893 435151 174694
woodland*

Shrubland* 0 0 510740 850222 972249
Grassland* 0 2240 0 968238 3510029

2033 | Water* 42818 6979 0 0 0
Bareland* 0 37704 0 100 3137
Dense 0 0 572062 458393 263626
woodland*

Shrubland* 0 0 432516 844014 1086174
Grassland* 26746 7402 130 1074021 3363209

2038 | Water* 48100 1423 0 0 294
Bareland* 0 39876 0 0 1114
Dense 0 0 1132863 90414 73041
woodland*

Shrubland* 0 0 0 2133044 232011
Grassland* 6710 1968 0 229406 4235526

Markov Model validation

Automated map comparison within the TerrSet VALIDATE module was utilised to
estimate the Kappa Index of Agreement (KiMemarian et al., 20)2The KIA gives
unbiased summary statistics (Ko, KiocationaNdKstandardvalues) on degree of similarities
between actual image and simulated imégaa, 2017 Palmate et al., 20}7In this
study, the actual 2013 LULC map and the predicted 2013 LULC are showigure3.3.

The Kno, Kiocation@ndKstandardvalues forthis study were found tbe satisfactory &2.737,
0.712 and 0.709 respectiveindicating thatthe MC model simulation process cée
executed for future periods, suchfasthe next twenty years (up to 2038) at 5 year time

steps withtheyear 2018 as the reference base map.
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Figure 3.3 Comparison between actual and predicted LULC map for the year 2013 (used in the
study for validation). The output shows marginal prediction errors mostly in the shrubland and

dense woodland classes in the naéstern and south western enteof the study area

LCM transition potential parameterisation
The LCM uses empirical modelling to establish relationships between driver variables
(i.e. main roads, settlements, elevation (DEM) and slope raster datasets in our study).
These were all eWaated within the LCM and determined to be good potential LULC
change explanatory variables (all having
than 0.15)Mitsuda and Ito, 201,JAkoglu, 2018 and thus were used in LULC prediction
part of this study. Whilst the LCM supports logistic regression, modifietN&arest
Neighbour (KNN) and the MLP neural netwdior model development, the MLWRas
useddue to its robustness in modelling several transitions at once, automatic parameter
value generation ability and its requirement of less data for training and short model
calibration time(Mishra and Rai, 200)6While the LCM allows for a maximum of nine
transition potential sumodels to be set up in running the MLP, a single transition
potential submodelwas usedset as general anthropogenic imipadapted fronMishra
et al. (201%) for all possible LULC transitions ithis study. This was based on limited
data availability (for other driver variables) and the assumption that all possible LULC
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transitions had theasne underlying driver variables, suchtessitions shared the same
underlying driving determinants for predictiohe MLP neural network automatically

used a 5073 cell sample size per class, run at-580%6 (trainingi validation), with 2

hidden neural network nodes and the stop criteria set to Root Mean Square Error (RMSE)
of 0.01, over 10000 iterations and an accyreate of 100% while the rest of the

parameters were left at default settings as recommendétaldyLabs (201p

3.3 RESULTS AND DISCUSSION

3.3.1 Historical and existing spatietemporal land use and land cover types,
pattern, magnitude and trends from 1989 to 2018

The multispatial heterogeneity of the study avezre successfully quantifiezh a multi
temporal scalgotwithstanding the accuracy limitations presented in Se8th8 (Table

3.3). Results presented in kg 3.4 and Figure3.5 reveal that grass, shrub and woody
vegetation are predominant lamaver typesrepresenting aerial coverage 48.5%,

31.5% and 18.8% in 1989 and 54.4%, 28.8% and 15.8% respectively in 2018 of the UMS.

2004 LULC

1989 LULC

Legend

[ Upper_Mzingwane_Subc
Il Water
Il Bareland
Il Dense woodland
| Shrubland
27 Grassland

2013 LULC

5 0 5 10 15km

Figure 3.4: Final classified ULC maps for years 1989, 2004, 2013 and 2018 for UMS showing
the variations in the five (5) main LULC classes (Water, Bareland, Dense woodland, Shrubland

and Grassland)
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Figure 3.5: Areal gain and loss (in kipfor each LULC from1989 to 2004, 2004 to 2@land

2013 to 2018. Net areal changes for each time step are also presented here. Overall, dense
woodlands and grassland showed the greatest percentage net loss and gain between 1989 and
2018 respectively

This landscape is a typical savanna ecosystemactaised by dense indigenous
hardwood tree species suchBrachystegia, Terminali@and Acacia (in the northern
central part of the study areayith grasses and sparse shrubs becoming more
predominant as one moves to the southern extent of the studyhi®s consistent with

the ecosystem description hgve et al. (200h The dense woodland vegetation cager
predominantly situated on a central mountainous rugged tetreiarsng from the north
west to the south eastern extent of the study area. The north to south woodland to
grassland ecological gradient along teethern Limpopo escarpment follows the nerth
south decreasing rainfall climatic gradient known to stroriguence vegetation
phenology in tropical and serarid regionssuch asn this study aregPeterson et al.,
19984 Mutanga et al., 2016

Water and baréand arefound to be theovering the least areaveraging 0.47% and

0.6% total land cover in 1989 and 2018 respectively. The study area boasts 273 dams
comprising small dams, weirs and large dams (including the five main water dappy

for the city of Bulawaydi.e. Inyankuni, Upper and Lower Ncema, Insiza and Mzingwane

dams). Over 90% of these are small dams which are known to be highly vulnerable to
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climate change anokr variability (Sawunyama et al., 200Bavis and Hirji, 2014Gidey

et al., 2017h hence their diminished persistenwithin the landscape is highly variable.

In this regard, considering also the recurrent droughts (with at least two such events
occurring within the study time peripdamelyl992 and 2002) and the sporadic cyclones
(accompanied by excessive and aboverage rains), most small dams were over the
years adversely affected, with some completely drying upoandllapsing completely.

This could explain the decrease in areal coverage of the water cover class in the study
area over the study period. Furthene, over the past decades, there has been increased
sporadic human activities such as resettle
2000 fasttrack land reform programmeoupled with illegal golemining activities

within this catchment. These are knowdrivers of water body siltatiofAshton et al.,

2002 and possible total collapse which could be the case for most small dams that were
reportal to have collapsed in the area. This could have also contributed to the reduced
areal cover for the water claghough the changes in bareland cover class do not reflect

a complementary and commensurate change within the same period for the same reasons
While over 10 new small dams were constructed in the Upper Mzingwane catchment
between 1994 and 2000 under the Gh®am (GAD) programméLove et al., 200p

no increase in the water lacdver class was reflected in the study avdach could be

attributed to the aforementioned reasons.

Considering the resettlement resulting from the fast track land reform programme and the
increased smabcale and illegal gold mining activities thaicreased since 2000, the
expectation was that results will reflect a proportionate increase in Bareland class areal
cover. However, the reflected marginal decrease of 29.5% could be attributed either to
possible failure of the SVM classification algoritlfhike most classification algorithms)

to detect subtle, subpixel LULC variations and chan@sd, 2005 Gao and Zhag,

2009. This could also be explained by the fact that bareland in mostasghmand
tropical ecosystem can be easily and quickly colonised by grasses through natural
succession processgterrero et al., 20)6hence its detection as grassland depending on
pre-existing rainfall conditiong the areafFurthermorealso toconsideration is that most

large commercial farms which could have been detected as bareland (i.e. as open fields)
in the study area collapsed after the 2000-ti@stk resettlement programirendhence

were left fallow for most if nothe entire study period. This allowed them to revegetate

by natural succession to grassland and scrublavidsh could explain also the overall
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areal increase in these two predominant land cover classes in the study area. Relative to
this, shortcomingsni functions of the Mzingwane water catchment andcatbhment
councils in protecting the entire Mzingwane catchment as presenteyéyet al. (200b

could also be a factor allving for unfettered deforestation and other anthropogenic
activities (including logging of woody vegetation for firewood) in the catchment. This
could also be a contributing factor explaining the 16.1% reduction in woodland cover in
the study area betwed®89 and 2018.

3.3.2 Predicted LULC scenarios for 2023 to 2038

The predicted LULC scenarios for the years 2023 to 2038 are presented in3fgamed
the respective graphical (boxplot) descriptive statistics of LULC areal covers shown in
Figure3.7 illustrate the future spattemporal LULC dynamics in the UMS.

2023
Predicted

2028
Predicted

A

Legend
[ Upper_Mzingwane_Subcatchment
Roads
LULC Prediction

Il Water
2033 Bl Bareland 2038
Predicted Il Dense woodland Predicted
LULCs, || Shrubland
[ Grassland

5 0 5 10 15km

Gains and losses between 2023 and 2038 Net Change between 2023 and 2038

Grassland Grassland
Shrubland Shrubland
Dense woodand L______| pense weosaod |

Bareland Bareland
Water Water

-500.00 -400.00 -200.00 000 200.00 400.00 600.00 800.00 ~400.00 -200.00 -200.00 -10000 000 10000 200.00

Figure 3.6: Predicted LULC maps for years 2023, 2028, 2033 and 2038 showing possible future
LULC scenarios for UMS. Projected areal gains, losses and net changes are also presented
showing acontinued greatest loss in dense woodland of ovekdBb®etween 2023 and 2038
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1989-2018 LULC area variation Boxplots 2023-2038 LULC area variation Boxplots
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Figure 3.7:Box plots showing the variation in ranges in areal cover for all the LULCs from 1989
to 2018 and the prediction period (2023 to 2038)

Results reveal that deng@odland areal cover is projected to experience the greatest net
loss of 441 kra(i.e. 43.57% decrease)yhile shrubland, grassland, water and bareland
will increase by 237 kA(10.73%), 18%m?(4.5%), 14 km (26.85%) and 6 kA(15.09%)
respectively betwen 2023 and 2038. The extended LULC areal trends (from 1989 to
2038) are presented in Figuse, usinglinear regression models. Strong, positive and
statistically significant trend€R¢ = 0.7982, 0.8538 = 0.000339, 0.01205%refound

for grassland ashwater cover respectivelwhile a strong, negative and significant trend
(R2=0.7968p =0.004491)s found for dense woodland cover. Trends for shrubland and
barelandare weak, positive and statistically insignificarf?(= 0.0978, 0.1708p =
0.12071 0.981364) respectively.
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Figure 3.8: Graph showing actual (1989 to 2018) and the predicted (2023 to 2038) LULC areal
coverage trends and their respective linear regression models over the study time paridd. R

p-values quantifying the stretigand significance of the trends are also shgaraluesmarked

with an asterisk (*) were f ound -atisoonthesgraghi gni f i c
guantifies areal cover for dense woodland, grassland and shrubland whilst water and bareland
LULCs are quantified on the secondargxis)

Spatial trends othange reveahat the highest dense woodland transitiarefound to

be from dense woodland to grassland and shrubland occurring within the nanteaor
extent of the UM$Swhich hosts wtricts such as Esigodini and Filabukhown for
extensive illegal gold mining activitiggigure 3.9) Impetus for increaseartisanal and
illegal gold mining activitiegould besupported by knowlarge goldbearing greenstone
depositdound in this aga aslescribed byAshton et al. (2002 Coupled with this could

be the continued deforestation from land clearance for new setties and illegal logging

all of which couldbe potential drivers of thpredicted spatial trersdi.e. decrease in
dense woodland cover). This also could be exacerbated by the poor environmental
protection legislation enforcement by the Environmental &g@ment Agency of
Zimbabwe (EMA) which over the years had been known to be limited in terms of

manpower and other key resources to fully execute their mandate in this regard.
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Furthermore, the spatial trends of changes also reveal a higher vulnerabilitg of
grassland cover along a general nersbuth gradient. Overallhe studymodel predicts

the highest spatial trends of change to occur in the central part of theitdM@ng that

this area is most susceptible to extensive LULC transition in fiieemee should a target

for extensive and collective catchment conservation efforts by the UMS council and the
EMA.

A

[ Upper_Mzingwane_Subcatchment
Predicted Spatial trends of LULC change

R
I 5
S H

9 0 9 1827 36km
——————

Figure 3.9: Maps showing overall future spatial trends of charfgeWater to all LULCs, (b)
Shrubland to all LULCs, (c) Grassland to aULCs, (d) Dense woodland to all LULCs and (e)
Bareland to all LULCs between 2023 and 2038. Red colour depicts areas predicted to have the
highest spatial transition from one LULC to any other LULC while green colour shows areas with
persistence of pastlLC (i.e. limited to no change in LULC)

Another possible factor that could drive the predicted vegetation LULC transitions in the
study area is climate variabilityas it is known that vegetation growth and ultimate
phenology (related to its surfacelestance properties) is dependent on temperature and
rainfall patterngPeterson et al., 1998durwira andSkidmore, 2006Gandhi et al., 2015
Mubhire et al., 20150 More rainfalland resultant increased inflows imt@jor dams such

as Inyankuni (to thaorth) and Silalabuhwa (to the south) over the projectioongepuld

also be a likely factothat could contribute to the 27.3% increase in water areal cover
predicted in this studyPossible construction of new and or rehabilitation of old small

-65-



dams &s it has been the plan for the Gaalld also be contributing factor in this regard.
This, however may not necessarily imply an increase in water storage capacity
considering the high dam siltation risk in the fragile, projected deforested UMS
landscapeBareland on the other hand could be drilsg increased growth of the main
settlements ithestudy areasuch as Gwanda, Filabusi, Esigodini and Mbalambala.

Implications of these projected LULC changeatrticularly reduced dense woodland
cover, could range from adverse impacts on water secyign Wyk, 1998 due to
increased erosion and thus siltation and reduction in skalding capacity of the major
watersupply dams in the study ar@diehoff et al., 2002Dalu et al., 201R This may

have ripple effects on commitylivelihoods(Stigter and Ofori, 201,4°hagumaira et al.,

2016 within and beyond the study arearsidering the sphere of influence and the socio
economic significance afome dam the study area. For example, Inyankuni dam is a
major portable water sourcand recreational lakéor Bulawayo, suppomig smalt
medium scale crop irrigation and is usedfishing.Furthermore, communities could be
directly impacted when they lose ecosystem services from woodlands such as extraction
of traditional medicines from thesghe predicted LULC changes also indicate potential
ecological consequenc@#/iens, 1989Chari et al., 2008such as threats to depletion of
ingenious woody and other plant species beyond theimesgdon capacity, habitat
fragmentation and the consequent loss of key faspacies. This could lead to the
disruption and potential collapse of the ecosystem structure in the UMS and the Matopos
National Park adjacent to and on the western extentdloy area (which is the biggest
wildlife conservancy in Matabeleland South region of Zimbabwe, with extensive eco

tourism value).
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3.4 CONCLUSION

Considering the socieconomic, cultural and environmental significance oflMsS, it

is imperative that & landscape structure is closely monitored in space and time. This will
ensure rapid and accurate identification and quantification of any changes in LULC that
may occur such that appropriate and proportionate strategic legislative, policy and other
remedal interventions can be taken to protect this arbastudy presersta practical and

a satisfactorily accurate GIS and Remote sensing hybrid approach to achieve this
notwithstanding the inherent known limitations of application of these geospatial
technques in such studielt.can be concluded th#te UMShas been a grasfirubland
predominated landscape with proportionate woody species typicatavdnnah
ecosystemsalthough dense woodland experienced greatest net losses while grasslands
and shrubs &d net areal gains between 1989 and 2018. The same trend is predicted to
continue into 2038vith more drastic net losses in woodland coweéth potential adverse

societal, economic, water security and ecological impacts.

In this regard, it is recommendd that a robust and proactive catchment
protection/conservation programr{@-designed with communities to ensure their buy
in) be set ugo immediatéy respondto andpossibly reverse the negative LULC change
trendsoutlinedin this study with priority given to dense woodland cover conservation.
Targeted and consistent reforestation efforts could help in this regard. Future land
developmental plans for this sehtchment could consider and be guided by the predicted
LULCs from this study so as to minineishe negative impacts of such developments on
the environment, water resources and community livelihoods overall. To improve LULC
predictions in future studies in the UMS, it will be prudent to incorporate constraints and
incentives together with otherlesant socieeconomic site and driver variables in the
transition model parameterisation with the LCM or integrate Cellular Automata (i.e. use
CA_Markov model).
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CHAPTER 4: Historical trends of precipitation extremes inthe UMS

Based ora manuscript undr review
Title: Twentieth century precipitation trends in the upper Mzingwanecatthment
(northern Limpopo basin), Zimbabwe

Abstract

This study aims to establish precipitation trends in the upper Mzingwarsasthment
(UMS) of Zimbabwe using cer precipitation indices of the World Climate Research
Programme (WCRP) Expert Team on Climate Change Detection and Indices (ETCCDI).
The UMS is of strategic soceconomic significance in terms of its provision of water
security and sustenance to liveliluso Daily precipitation records were obtained for the
period 192312000, covering the four stations: Bulawayo Goetz, Filabusi, Mbalabala and
Matopos National Park. Data quality peealysis was undertaken and subsequently the
RClimDex software used to comguclimate indices to establish annual time series of
extremely wet days, Consecutive Dry/Wet Days and annual total precipitation
(PRCPTOT). The ManKe nd a |l | test (Sends sl ope esti ma
the significance (magnitude and directiohgach of the indices trends usingsBftware.
Results indicate that most indices trends vary () but are not statistically significant across
the UMS, with the exception of Matopos station (in the westernmost extent of UMS)
which records significant incasing (declining) trends for most dryness (wetness)
extreme indices, indicative of declining precipitation over the study period. We identify
a general north to southestern declining precipitation gradient and possible
periodicities of between 20 and $€ars for most precipitation extremes anomaly events
during the past ~69 years over the UMS. Our findings not only provide a valuable baseline
for future extended historical and future precipitation trend studies, but could also serve
to inform decision ming on mitigation and adaptation strategies given the socio
economic impacts that extreme events have in this region.

Keywords: Precipitation trends, climate indices, extremes, Mzingwane, Zimbabwe

3 Manuscript submitted and under reviewth Springer Theoretical and Applied Climatology
journal
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4.1 INTRODUCTION

Weather or climate extremes refersthe occurrence of a weather or climate variable
above or below a specific threshold value near the upper or lower ends of the range of its
observed values (distribution) in a specific regftCC, 2012. These can be grouped

into two broad categories; namely (i) those based on simple climate statistics and which
occur annually (e.g. very heavy daily precipitation, monthly total precipitation) and (i)
those which are more complex evelniven extremes (e.g. droughts, floods) which do

not necessarily occur every year. Since 1995, concerted global efforts have been made to
collect, consolidate, quality control, and analyse data on and to increase scientific
knowledge related to climate extreme events and trends. This has come against th
backdrop of the Intergovernmental Panel on Climate Change (IPCC) second assessment
conclusions that knowledge gaps existed in understanding changes in extreme climate
events and that other key questions on the same could not be answered with any
confiderce (IPCC, 2001 IPCC, 2007 Nicholls and Alexander, 2007The impetus to

gain a deeper understanding of various climate extremes and trends has been increased
over the years, heightened by the potential impacts posed by these extremes at varying
levels of the biosphere as revealed in the IP&@sgsessment repoand other related
scientific contributiongIPCC, 2007 Letcher, 2009HendersorSellers and McGuffie,

2012 Giugni et al., 2015RamirezVillegas and Thornton, 20)5More recently, studs

such as that biioeghGuldberg et al. (20)&have elaborated on the IPCC Special report

on the impacts that a 1.5°C global warming scenario may have on natural and human
systems, further outlining potential trajectories of climate extreme events aniiktig

impacts under different Shared Seeiconomic Pathways (SSR$julme, 2016 IPCC,

2018 First, 2019.

To this end, the general consensus within the climate science community pertaining the
changes in the frequency and or intensity of extreme climate events and the ensuing
mostly negative impacts on naé and societ{Easterling et al., 199'Ren et al., 2013
Easterling et al.,, 2016Dike et al., 201p has demonstrated the need for sustained
scientific enquiry in this domain. The scope of enquias lookedat both the past
(historical) and futureveents (modelled scenarios) of the same so as to inform effective
interventions for impact mitigation and adaptat{@hristensen et al., 201Stocker et

al., 2013 Anderson et al., 20)9The need for such research has been more urgent in
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Africa where data sources indicate that at times, extreme hydeddinariability
(especially rainfall variability) are an intrinsic component of the natural environment with
negative implications on water securftyash et al., 2006 Furthermore, there has been
reports of general warming and drying (i.e. decreasing annual precipitation) over large
parts of the continent since the start of the twentieth ce(togs et al., 201,(Ramirez
Villegas and Thornton, 2015Miller and Croft, 2018 Hannaford, 2020 However,
despite such findings, at many sidgional levels in su®aharan Africa, quantified
knowledge of climate trends and moreso climate extsamstill in its infancy owing to

a lack of longetterm datgChristensen et al., 201Stocker et al., 21B).

In West Africa, studies analysing daily (maximum and minimum) temperature and
precipitation data over the period 1961 to 2000 revealed patterns consistent with warming
for temperature extremes indices (such as extreme hot (95th percentile) atagsed

by 8.2 days/decadgNew et al., 2006 However, while most precipitation indices
showed inconsistent or statistically insignificant trends across this régmmamed et

al. (2013 found a general decrease in annual total precipitation and maximum number of
consecutive wet days though cumulative precipitation of extremely wet days showed
positive trends in most parts of the region. These trends have been confirmed man in f
scale studies e.g. in Mali, where a decrease in consecutive wet day and extremely wet
days, was found against an insignificant decrease in total annual precipitation between
1961 and 2014TouréHalimatou et al., 2017 Future trends derived from the simulation
datasets from the Coordinated Regional Climate Downscaling Experiment (CORDEX)
indicate a likely increase in intensity and frequencgxdfeme precipitation events such

as extreme wet (99percentile) days over coastal cities such as Lggb®dun et al.,

2017 showing heightened vulnerability of such areas to climate extremes.

Analysis of observation data from Central Africa indicate a general deciaacold
extremes, an increase in warm extremes and a decrease in extremely wet (heavy
precipitation) events over the last half cent(&kguilar et al., 2009 Within the Central
Equatorial African region, these extremes have manifested agsdongdrying trends

over the past decades negatively impacting han forest photosynthetic capacity the
Congo basinHua et al., 2016Hua et al., 2018 Future projections indate a non
significant decrease in total weay precipitation amount over the middle (202958)

and late twentfirst century (206D2098) over this region, with total number of
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occurrence of precipitation events above the 95th percentile registericgeaske of %

8 % during premonsoon month@otseNguemo et al., 2019

Similar trends of increasing propensity in extreme temperature indices, and irregular
rainfall patterns have been reportadiast African countries such as Ethiopia, Kenya and
Tanzania(Gebrechorke et al., 201Ppwith increasing episodes of drought across the
region (GebremeskeHaile et al., 201P For example, anBerhane et al. (202Gound

that the number of very wet and extremely wet days, and maxindagsbprecipitation
showed significant negative trends while monthly maximurd amnimum value of
temperature, number of hot days and hot nights revealed positive trends throughout
Western Tigray, Ethiopia between 1983 to 2016 signalling drying condifibeisasha

et al. (2014 also found similar trends in temperature extremes but concluded that
precipitation extreme trends showed high variability amongde®ignated eco
environments in Ethiopia over a 42years (198008). As for future trend§hongwe et

al. (2011 simulations revealed a generally wetter climate with more intense wet seasons

and less severe droughts over East Africa notwithstanding the model uncertainties.

Over Southern Africa (SA), analysis of regionally averaged oeogg of climate

extremes have revealed declining trends in total precipitation and increase in diurnal
temperature range (DTR) coupled with rapid increases in maximum temperature
extremegNew et al., 2006Seneviratne et al., 20LZThe decreases total precipitation

have over the past second half of the twentieth century been found to be associated with
increasing (though insignificant) trends in extreme precipitation days and in maximum

annual 5day and iday precipitatior(Frich et al., 200R Historical climate signals from

dynamic downscaling of Last Glacial Maximum (LGM) climate over%Mg a RCM

have shown that there were significantly lower temperatures during the LGM compared

to the presendlay, with annual average temperature64 AC | ower t hen al on

escarpment coupled with generally wetter conditi@rggelbrecht et al., 20)9

To better understand future climatic trends and extremes in SA, various Global Climate
Models (GCMs) and RCMs have been used by ¢Engelbrecht et al.,, 2013
Kalognomou et al., 2013Meque and Abiodun, 2015hongwe et al., 201®edekind

et al., 2016 Archer et al.,, 2018Madure et al., 2018generally revealing a general

progression in dryness coupled with more variable precipitation trends over the region
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overall . For instance, future projections

warming using CORDEX ggonal climate models bylaudre et al. (2018reveal rainfall
decreases of bet weoeenmodtofzhe eentrl aftl wdstenm partsiod y
the region. Thesdecreases in precipitation are expected to be accompanied worsening
extremes characterised by increases (decreases) in the number of consecutive dry (wet)
days over the regiofiNew et al., 2006Shongwe et al., 201%rcher et al., 2018

Most of the aforementioned studies and others su¢Klas-Tank and Kénnen, 2003
Kruger, 2006 Kruger and Nxumalo, 201 Zarekarizi et al., 201,8Abbasnia and Toros,
2019 have advocated for and demonstrated utility of various climate indices such as the
World Meteorological OrganizatiarCommission for Climatology (WMQ CCL) and

the Research Programme on Climate Variability and Predictability (CLIVAR) Expert
Team for Climate Change Detection Monitoring and Indices (ETCCDI) climate indices
(Peterson et al.,, 200Zhang et al., 2011) to explore trends in climate extremes over
Africa and globally. However, despite this and all the earlier discussed advances in
climate trends and extremes research in Africa and theegitns, countries such as
Zimbabwe still lag Bhind in progress within this domain. This has been largely attributed
to the paucity of reliable dai@&umindoga et al., 20},7absence of long multiecadal

scale datasets, large data gaps and the closure of meteorological recording stations

(Peterson et al., 1998Hue to lack of inances and technical expertise.

As such, while historical climatic trends in Zimbabwe reveal that since 1950, the country
has experienced more hot and fewer cold days (marked by daily minimum (maximum)
temperatures rising by ~ 2.6°C ( 2°C)) over the tasttury coupled with mean annual
precipitation decline of about 5¢Brown et al., 201p, very few studies have explored
climate extreme trend. Such exceptions adguilar et al. 2009 who analysed
precipitation highs over Zimbabwe albeit in very general sense revealing no significant
increase in heavy precipitation between 12856 whileLove et al. (201pandSibanda

et al. (2018 noted a decline in total precipitation, declines in number of rainy days and
increases in dry spells overetlentire Mzingwane catchment. The most comprehensive
study possibly to date, based on 40 climate stations over Zimbabwe for the peried 1892
2000 byMazvimavi (20108, found no significant changes in extreme precipitation
trends. The study however was limited to using quantile regression to establish the

presence of seasonal and annual rainfall trends for high (low) rainfall percentiles i.e. the
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70", 80" ard 90" (10", 20" and 30" percentiles without preprocessing for artificial
change points and autocorrelation in the datasets. Furthermore, this and other like studies
used monthly data to ascertain trends, hence-ficale climate detail for establisigithe
behaviour of extreme events remain unaccounted for. Such details can be easily
guantified though indices derived from daily data which allow for a more objective
extraction of information concerning extremes which are known to adversely affect

human and natural systenfRowell and Keim, 2015

It is against this backdrop that the current study uses historical daily precipitation data to
compute WMO- CCL/CLIVAR ETCCDI climate changendices for soutfwestern
Zimbabwe. To this end, we analyse trends of 10 ETCCDI extreme precipitation indices
l.e. [Maximum Xday precipitation amount (RX1day), Maximumday precipitation
amount (RX5day), Simple daily intensity index (SDIl), Number adyeprecipitation

days (R10), Number of very heavy precipitation days (R20), Consecutive dry days
(CDD), Consecutive wet days (CWD), Very wet days (R95p), Extremely wet days (R99p)
and Annual total wetlay precipitation (PRCPTOT) for the upper Mzingwané-su
catchment (UMS) in the northern Limpopo basin of Zimbabwe. The indices are measures
to establish extreme precipitation events and trends over the perio2QQQ1This is

the first such study for Zimbabwe to assess historical (> 50 years) extremetatieoip
events and trends using such core indices at-@@&ghment scale. Such an analysis is of
particular value to decision and policy makers as it givesmprehensivenderstanding

of trends in precipitation extremes and thus their likely curredt @wssibly future
impacts on water resources infrastructure and livelihoods. This can help inform current
and future planning and identification of the types and range of climate resilience and

adaptation options and opportunities to minimise climate edseexposure risks.

4.2 MATERIALS AND ME THODS

The methodology oKruger (2006 was adapteccombined with the change detection test
approach developed hyang et al. (2010A 5-step approacfsummarised in Figure 4.1)

was followedentailing (1) data collection (digitizing of selected daily precipitation
records), (2) prgrocessing (cleaningnd conversion as explained in Section 2.2), (3)

testing for artificial change points in the datasets, (4) further quality checking for errors
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(i.e. check for duplicates, inconsistent/ unrealistic records), and (5) computation of the

indices (Tablet.1) andtesting for significance of trends.

: [
[ ' '
: STEP Step 2:
SAWS archive hard —> L > Selected records
ipitats Initial pre-processing/
copy precipitatn :
cleaning
records for

Zimbabwe

STEP 3:
Change point
testin
RHtests_dlyPrcp

ng

Results

T

\’

STEP 5: [
Final indices
trends and < STEP 4:
statistical Further Quality
analysis checking & cleaning in

RClimDex

Figure 4.1: Methodological design of data handling
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Table 4.1: Summary description of the ETCCDI precipitation indices computed in this study, including their units and computaiibmald®A wet day is
defined when RR > or =to 1 mm and a dry day when RR <1 mm

Index ID  Index name Description Algorithm Algorithm description Units
RX1day Max l-day Monthly maximum iday RX1day = max(RR) WhereRX1day= maximum 1day values for perio mm
precipitation amount ~ precipitation RR; = daily precipitation amount on dayn period;.
RX5day Max 5day Monthly maximum consecutive-£ RX5day = max(RRy) Where RX5day= maximum 5day values for peodj, mm
precipitation amount  day precipitation RRy; = daily precipitation amount for theday interval
ending on dax in period;.
SDII Simple daily intensity  Annual total precipitation divided Bg’ oYV Where SDIj= Simple daily intensity index, RR= mm/da
index by the number of wet days (i.e. YORO——— daily precipitation amo vy
PRCP O 1.0mm) i > in periodj, W = numter of wet days if.
R10 Number of heavy Annual count of days when PRC RR;O 1 0 mm Where R10 = number of d days
precipitation days O 10mm 10mm, RRj = daily precipitation amount on dayn
period,j.
R20 Number of very Annual count of days when PRC RR;O 2 0 mm Where R20 = number of d days
heavy precipitation O 20mm 20mm, RRj = daily precipitation amount on dayn
days period,j.
CDD Consecutive dry Maximum number of consecutive RR; < 1mm Where CDD = number of consecutive days where  days
days dayswith RR < 1mm precipitation is less than 1mm, RR daily
precipitation amount on dayin period;.
CWD Consecutive wet Maximum number of consecutive RR; O 1 mm Where GVD = number of consecutive days where  days
days days with RR O precipitat i sdailyprecifitatbrmm,
amount on dayin period,.
R95p Very wet days Annual total PRCP when RR > » Where RR; = daily precipitation amount on wet days mm
95th percentile Yoo Y'Y ( w( RR O1 mm)j,)Y Yiwr= theedBth o d

o percentile on wet days in the base period, W = numl|
(WhereY Yo YY) of wet days in the period,
R99p Extremely wet days Annual total PRCP when RR > ® Where RR; = daily precipitation amount on wet days mm
99th percentile Yoo g, Y'Y ( w( RR O1 mm)j,)Y Yiwn theeddth o d
5 o percentile on wet days in the base period, W = num|
(whereYYq Y'Y .0» of wet days in the period,
PRCPT  Annual total wetday Annual total PRCP in wet days o Where RR = daily precipitation amount on dayn mm
oT precipitation (RR >=1mm) 0DY6 D ™Y Y'¥%g periodj, | = number of wetdays inj,

an

Adapted fromWang et al. (2010
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4.3 STUDY AREA

The UMS (Figure4.2) is one of the four subatchments belonging to the Mzingwane
catchment in the northern Limpopo basin, sew#stern Zmbabwe. The UMS covers
2138 kntin areal extent and is located in Natural Region IV of Zimbabwe, which receives
~450- 650 mm of rainfall per annurfGoérgens and Boroto, 1997This translates to a
600 t hus

contr.i

mean annual rup f f of about contr.i

Thi s ri

entering Mozambique and isu of considerable hydrological importance to the region.

mm,

runo f f . ver butes al most
Mean annual Faxand Tmin are 26°C and 15°C respectively while potential evaporation
ranges between 1800 mm to 2000 mm per anfuave € al., 2005. The region varies

in elevation from ~864 to 1560 metres. The ecosystem is typicallyagnsavannah
with sparsely distributed woodlands species such Bagchystegia spiciformjs
Colophospermum mopane, Terminalfcacia, Combretum,aloes and grass species

such addyparrhenia filipenduleandHeteropogon contortuéSawunyama et al., 2006
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Figure 4.2: Location of the four selected climate stations used in this study (marked with purple

ellipses) inside and within 16m distance of the UMS
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The UMS extends across three districts: Insiza (to the east), Umzingwane\(restidrn
extent) and Gwanda (to the sowtiestern end) (Figure 2), and hosts a population of over
50 000 people. It has a diverse agawlogical and socieconomic structured langse
system characterised by a mixture of commercial and subsistence agriculture such as
smallscale low cost drip irrigation farming, dam recreational activities and private safari
operations(Love et al., 200p Gold panning is feasible in the Zimbabwean Craton
greenstone belts and granitic terrain underlying most of the catch{f&mon et al.,

2002. The soils consist of moderately coarse grained kaolinitic sands (from the granites
and Limpopo gneisses), very shallow to moderately shallow clays and loams, and very
shallow sands derived from locally weathered baghtise et al., 2005Sawunyama et

al., 2006.

4.4DATA COLLECTION AND PRE-PROCESSING

Given limited access to daily precigiton data from the Meteorological Services
Department of Zimbabwe (MSDZ), datasets utilised in this study were secured from the
South African Weather Services (SAWS) library archives and digitised to soft copy
format. Unfortunately, post 0century dataare only kept by the MSDZ, but are
unaffordable. Criteria utilised in distilling the datasets were (1) spatial coverage (i.e.,
stations should be located in the UMS or at least within a 15 km radius from the UMS
boundary), (2) have the longest time pempadsible and (3) retain a sufficient number of
rainfall records/have minimum missing records. This process culminated in the selection
of four stations: Bulawayo Goetz (BG), Matopos National Park (MNP), Mbalabala (Mb)
and Filabusi (FI) (Table 2), represig the north, east, central and western extents of the
study area respectively. Ppeocessing was undertaken following the specifications by
Zhang and Yang (2004yvhere data were converted and structured using the RClimDex

software.

Table 4.2: Details of climate stations in and around UMS used in this study

Station name Location Elevation Period Number

X y of years
1 Bulawayo Goetz -20.15 28.62 1340 1930- 2001 72
2 Mbalabala -20.45 29.03 1100 19317 1994 64
3 Filabusi -20.55 29.28 1070 1921- 1995 75
4 Matopos National Park -20.40 28.47 1338 1931- 1998 68
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Considering that precipitation data series usually contain artificial shifts that could be
related to changes in observation instruments, station location and the envi@nment
setting etc. (Wang et al.,, 2010 it is important to test for artificial change
points/discontinuities in the daf@/ang, 2003 TouréHalimatou et al., 2017 Since we

used the RClimDex software (which runs tests with an assumption that the data series
have Gaussiamrrrors) to compute indices, we first used the RHtests_dlyPrcp software
packag€Wang and Feng, 20)%or detection and automatic adjustment of artificial shifts

in daly precipitation data.

4.4.1 Change point detection and data homogenisation

The default software parameterisatiniere used(e.g. setting the nominal level of
confidence at which to conduct the tgslgv=0.99); the maximum number of years of
data immedhtely before or after a change point to be used for estimating the Probability
Distribution Function (PDF) (set to use the whole data set without segmentation); and the
lower threshold of precipitatiorpthr=0.0). The homogenisation procedure was divided
into two primary steps: (i) detection of inhomogeneities (change points) and (ii)
calculation and application of data adjustment parameters for each station, as described
by Wang and Feng (2013) he procesfollows an iterative run ofthé St ed Sfiiomnrec t
to help detect statistically insignificant change points and homogenise the dataset by
applying the BoxCox transformation techniqu@®sborne, 2010; Sakia, 199®jthout

the use of a separate reference dataset (i.e. to normalise the data). F@exBox
transformation also lowers False Alarm Rates (FARs) and improves extreme trend
detection power. FARs are a form of Type 1 statistical error showing a false positive
(which in this study means a change point is determined to be statistically significant
when it is not).Table4.3 summaries results for this stage of the analysis, which presents
the number of significant change points. Graphical test results for MNP, Ml and Fl are
shown in Figured.3A T F, Figure4.4A 7 F and Figuret.5A i C respectively. &wen

that no change points were identified for BG, data were used as is.
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Table 4.3: Summary of change point detection within the data series for the stations: BG, Fl,

Matopos NP and Mbalabala. Change points marked with an asterisk (*) are significant

Change Change point  Test statistic ~ 95% confidence interval

Station points Type dates (PFmax) (for PFmax percentiles)
Bulawayo Goezt 0 - - -
1 19521212 15.1119 (13.274415.9107)
Filabusi 1* 19661105 15.9343 (13.070815.6246)
1* 19821011 40.7961 (12.984115.5028)
1* 19951023 21.4010 (12.730515.1490)
Matopos NP 1* 19351123 18.4385 (12.615815.3131)
Mbalabala 1* 19840315 71.6603 (14.114217.0640)
1 19971007 13.3329 (13.245815.8367)
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Figure 4.3 A) Graphical presentation of original data series; B) the detected change point 1 (i.e.
redsteec hange); C) the Quantile Mat cQoktragsforfméeM) adj u:
series for change point 1; E) the Cumulative distribution of the ap@iddadjustments and F)

the Inverse BoxCox (IBC)adjusted series for Matopos NP
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Figure 4.4 A) Graphical presentation of original data series; B) the detected change point 1 (red
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Cumulative distribution of QM adjustments; and FLIBdjusted series for Mbalabala
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Figure 4.5 A) Graphical presentation of original data series; B) the detected change point 1 (red
stepchange) (for dte 19661105); C) Begox transformed seridsr change point 1 for Filabusi

4 5DATA ANALYSIS

4.5.1 Computation of Indices

The RClimDexsoftware used in this study only computes monthly indices if no more
than three days of data are missing in a giventmavhile annual values are calculated

if no more than 15 days are missing in a given year. Annual values are only calculated if
data are available for all 12 months, while threshold indices are computed if at least 75%
of data are present. The computedices can be grouped into five broad categories:
Absolute indicegRX1Day and RX5DAY); percentitbased indices (R95P and R99P);
threshold indices (R10MM and R20MM); duration indices (CDD and CWD) pémet's
(PRCPTOT and SDII). Algorithms for computatiofithe indices are presented in Table

4.1 and details for internal processes of the RClimDex software reZdratog and Yang
(2009.

4.5.2 Trends and statistical analysis

In order to detect trends, statistical significance and the slopes of the index series, we
employed the noparametric ManhKendall (MK) trend testMann, 1945 Kendall,
1975 andtheSerd s S| o p e (Sdnhs196Brespdctivaly. These have been widely

used to evaluate significance of trends in numerous st(idadock et al., 2006; Mark
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& Kudakwashe, 2010; Rahayu, 2013; Sousa et al., 20hE) null hypohesis tested in
MK has no significant trend in the series angisirejected iftheqw al ue is O U (0

The MK Statistics™Y (Y and standardised test statisticare computed as follows:

1 , v] &= J—_;;; p
h Q@ & m
vl = h Q@ & = ¢
h Q@ & s
A
-"--” = . n t 1 : o
. -” h QW n
Ir -|'|—=
4L h QW n T
1P _” ~
'"m———h QU n
v T=

In all the equations (1, 2 and 8)pandcare time series observations in chronological
order,¢& = length of the time series;) = the number of ties faith value, and] = the
number of tied values. Positive (negatiw®)valuesindicate an upward/increasing

(downward/decreasing) trend in the time series.

Thefirst step in the calculation ofttf®#e n 6 s est i mat or i &,given eval ua
N pairs of data:

Where and® represent data values at tifeend Q(with j =Kk), respectively.
If there is only one datum in each time period, tNenn(ni 1)/2, wheren = number of
time periods. For multiplebservations in one or more time periods, tNehn(n 1)/2,

wheren = total number of observations.

The Senbd6s estimator i metohteerN valveso@iuranked as t h e
from the smallest to the largest. i.e.:
oAs h  0QE QQ
|IFD-- (N2 . ?
v =7 ds 7 A 0QQ0QE
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TheQmedsign (vale) reveals the behaviour (magnitude) of the trenck. positive

(negative)Qmedvalue represents an increasing (decreasing) trend over time.

Prior to applying the MK test, we also tested for the presence of serial correlation in all
the annual index sies in Rsoftware An example of obtained resu({t&gure4.6) showed
insignificant serial and partial autocorrelation in the index series, hence then applying the

MK analysis.

A Serles byogoetz PRCPTOTSproptot Serles byogoetz PRCPTOTSpreplot B series filabusi_PRCPTOTSpreptot Series filabusi_PRCPTOT$prcplot

4
|
ACF
.
0

SN

CSen‘es matoposnp_PRCPTOTSprcptot Series matoposnp_PRCPTOTSprcptot D series mbalabala_PRCPTOTSprcptot Series mbalabala_PRCPTOTSprcptot

Partial Al

02 02

Lag Lag lag Lag

Figure 4.6 Serial autocorrelation (ACF) and Partial autocorrelation (PAteB) results for
PRCPTOT for BG (A), FI (B), MNP (C) and Mb (D). Mostrtical spikes (marked by red arrows)

on the plots fall within the horizontal bands (defined by the blue dotted lines) beyond which
autocorrelation would be deemed significant. Simitsults were foundor all the other index
series
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4.6 RESULTS

4.61 Annual total precipitation trends (PRCPTOT)
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Figure 4.7 PRCPTOT series and trends for the four statiomesl @tted lines = linear trends

Figure 4.7shows that all stations had deahg trends in annual total precipitation over

the past 69 years with the exception of Bulawayo Goetz which had a marginal
insignificant increasing trendXneqd=-0.626, p = 0.568). Matopos station however was

the only station recording a significant deatig trend in annual total precipitatioQned
=-3.073, p = 0.011), indicating potential drying condition in the western part of the UMS.
These results, for the first time, disaggregate and present in greater detail the general

declining annual total pregitation trends reported yve et al. (2001l Though other

stations show statistically insignificant declining trends, the general patterns indicate
potential adverse impacbn livelihoods especially rafied agricultural activities in the
UMS. The smoothed 5year moving average trends for PRCPTOT anomalies dFyure
are indicative of possible near-$8ar and 2§/ear periodicities for Bulawayo Goezt and
Mbalabala stationsespectively. Overall, mean PRCPTOT anomalies show a general
negative trend of betweef.06mm and6.36mm in the northern and western region of

the UMS suggesting genéidrying over the study period.
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Figure 4.8 PRCPTOT trend anomalies for the fotations. Anomalies are relative to the series
mean values for each st at i o-yedrs rurniog means; blackr di ng
(blue) bars show anomalies abovel@g the long term PRCPTOT mean

4.6.2Absolute indices (RX1DAY and RX5DAY)

Trend line results for RX1DAY and RX5DAY are presentedrigure 4.9 and Figure

4.10 respectively, while the trend significance results are shown in TablRX1Day

trends for all but Matopos National Park station were positive and statistically
insignificart. Overall, marginally increasing trends in all the UMS zones (mean = 0.2mm)
were found, expect for the western extent which showed a declining trend (mean =
0.463mm) over the study period. Bulawayo Goetz and Filabusi (Mbalabala) stations had
insignificart negative (positive) trends for RX5DAY with the exception of Matopos
National Park station, which recorded a significant negative tréadi€-0.672, p =
0.018). Three of the stations exhibit declining RX5Day trends, (mean =
0.879mm/annum). The negati{g@gnificant) trends in the western extent of UMS suggest

a decline in extreme events in the form eld/ maximum precipitation. Overall, the
smoothed 5/ear moving average trends for both index anomalies (Flteand4.12)

seem to reveal a near 2030 year periodicity for Bulawayo Goetz while other stations
show no distinct patterns in anomaly trends, though mean anomalies show negative
values rangindpetween0.399 and1.112 ¢0.482 and0.99) for RX1DAY (RX5DAY)

which are indicative of deteridiag precipitation conditions in the UMS.
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Figure 4.9 RX1DAY series trends for the four stations. The red dotted lines are linear trend lines
illustrating weak and insignificant trends
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Figure 4.10: RX5DAY series trends for the four stations. The dedted lines are linear trend
lines illustrating weak and insignificant trends
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4.6.3Percentile-based indices (R95p and R99p)

No significant trends were detected for historical very wet day (R95p) and extremely wet
day (R99p) events over the study time period for three statiatistlve exception of
MNP which registered a significant declining trem@hés= -1.41; p = 0.029) for R95p

and an insignificant declining trend for R99p (see Tab# Fhese declining trends over
MNP are consistent with the earlier discussed signifidactining trend in total annual
precipitation Qmed= -3.073, p = 0.011 over the western extent of the UMS marked by a
drastic drop in R99p from 15@m to about 56nm between the 1970s and 1990s. Trends
(anomalies) for R95p and R99p are shown in Figdt&8 and4.14 (Figure 4.15 and

4.16. Anomaly results show that all the stations have over the period under study
experienced more years with annual total precipitation®>a®® > 99' percentile below
thelong term mean R95p and R99p.
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Figure 4.13 R%p series and trends for the four stations. All red dotted lines = insignificant linear

trends with MNP only showina significant declining trend
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Bulawayo Goetz Filabusi
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Figure 4.14: R99p series and trends for the four stations. All red dotted lines = marginally
positive, irsignificant linear trends for all stations with the exception of MNP having a deglin
trend over the study period

Filabusi Matopos NP
500 500
400 4 400
300 300
E 200 £ 200
E £
= =
T 100 £ 100
E o
S g
< 0 < 3
-100 - -100
-200 -200
Year 1930 1940 1950 1980 1970 1980 1990 Year 1943 1953 1963 1973 1983 1993
Time (Years) Time (Years)
Mbalabala Bulawayo Goetz
400 500
a00 J 400
300
200 .
€ 3
€ J
£ £ 200
% 100 A =
] g 100
g 5
g o0 s
< < 9
-100 100 |
-200 -200
Year 1940 1950 1960 1971 1981 1893 Year 1939 1949 1959 1968 1879 1989 2000
Time (Years) Time (Years)

Figure 4.15: R95p anomalies and trends for the four stations. Red linegeabrunning meagn
black (blue) bars = anomaliedave (beloy the mean
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Figure 4.16: R99p anomalies and trends for the four stations. Red linegeaibrunning megn

black(blue) bars = anoalies above (below) the mean

4.6.4Threshold and other indices (R10, R20 and SDII)

Results for heavy rainfall days abaiemm (R10) and 20mm (R20) per day (Figdire?

and Figure4.18) reveal that three of the stations record declining but statistically
insignificant trends (mean R10/R20 = 19/9 days respectively), while MNP records
significant negative trends both indices IR10 (R200Qmed=-0.093, p = 0.023Q@med= -
0.075, p = 0.003). The magnitude of these trends is notably very low (below 1%) at all
stations (Table 4). These declining trends in R20 and R10 were matched with declining
trends of PRCPTOT (as earlier indied in Figure4.7) at three of the stations, the
exception being at BG which recorded an increasing, albeit insignificant Qe
0.626, p = 0.568). Over the same period, trends in the intensity of daily precipitation
(depicted by the SDII) signifantly increased (decreased) for Fl (MN®jed=-0.033, p

= 0.033 Qmed=-0.035, p = 0.004), while the remaining two stations recorded marginally
positive but insignificant trends (Figuel9. Anomaly trends for R10, R20 and SDII
are presented in Figes4.20 4.21and4.22respectively. MNP and BG show the greatest
range in R10 (R20) anomalies of the between +15-hABdlays (+10 aneB days) over

the study period. Of note is the consistent correspondence between the mean negative
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anomalies for R10, 20 and SDII over the MNP from mid 1970s through the 1990s,

indicative of possible deterioration in precipitation conditions over this area.
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Figure 4.17. R10 series and trends for the four stations. Red dotted lines = linear trends. All
stations show rgative trends except Bulawayo Goetz
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Figure 4.18: R20 series and trends for the four statiored Rotted lines = linear trends
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Figure 4.19 SDII series and trends for the four stationsdRiotted lines = linear trends
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Figure 4.20 R10 anomalies a@htrends for the four stations. Red lines-yé&ar running mean;
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4.6.5Duration indices (CDD and CWD)

The indices CDD (CWD) are a meashmResults of
reveal Qmed(p-values) ranging betwee®).075 and-0.543 (0.099 and 0.857) for CDD,
indicating insignificant decreasing trendsdure4.23 of consecutive dry days at three

of the stations, with the exception of FI which had an insignificant increasing tread (Q

= 0.286, p = 0.353). Similar insignificant, declining trends are recorded for CWD with
the exception of Fl which haah insignificant increasing trend = 0.0001, p = 0.952)
(Figure4.24). Decreasing trends in CDD do not necessarily translate into an improvement
in precipitation conditions considering the recorded negative trends in CWD over the
most of stations inhe UMS. With regards to anomalies, MNP shows negative CWD
anomalies from 1984 up to 1997 (Figr26) which is matched by an alternating trend
above and below long term mean for CDD ranging between ~ +50 &#hdays (Figure
4.25. For all other statiasy anomaly trends do not show any distinct pattern though there

is a marginal skew towards more negative anomalies in general.
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Figure 4.23 CDD series and trends for the four stationsdRotted lines = linear trends
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Table44:St ati stical test r es ulQmdand Mkepwaiuas) for dlisindex &rands.(Gepn (GangePshadesd lcatumres indicate upward
(downward) trends of respective indices. Values in bold font indicate statistically signiferaad {r.e. p < 0.05). MNP generally shows most (60%) statistically
significant negative trends in extrermdices over the study period

Indices
RXl1lday RX5day SDII R10 R20 CDD CWD R95p R99p PRCPTOT

Bulawayo Goetz t a u 0.066 -0.019 0.0279 0.099 0.081 -0.054 -0.071 0.0182 0.0334 0.0467

Qmed 0.095 -0.032 0.005 0.042 0.000 -0.142 0.0002 0.069 0.0003 0.626

p-value 0.418 0.819 0.736 0.23 0.34 0.512 0.413 0.827 0.712 0.568

Filabusi t au 0.007 -0.033 0.089 -0.115 -0.065 0.074 0.005 -0055 -0.021 -0.121

0 Qmed 0.006 -0.094 0.016 -0.044 0.000 0.286 0.0001 -0.194 0.0001 -1.375
=) p-value 0.931 0.681 0.264 0.157 0.429 0.353 0.952 0.495 0.825 0.127
g Mbalabala t au 0.14 0.059 0.188 -0.114 -0.126 -0.017 -0.079 0.119 0.089 -0.074
Qmed 0.23 0.227 0.033 -0.057 -0.035 -0.075 0.0001 0.735 0.0001 -0.892

p-value 0.114 0.509 0.033 0.203 0.167 0.857 0.393 0.177 0.361 0.401

Matopos NP t au -0.066 -0.206 -0.252 -0.202 -0.265 -0.144 -0.171 -0.191 -0.119 -0.223

Qmed -0.11 -0.672 -0.035 -0.093 -0.075 -0.543 -0.032 -1.41 0.0002 -3.073

p-value 0.451 0.018 0.004 0.023 0.003 0.099 0.061 0.029 0.219 0.011
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4.7 DISCUSSION

With the acknowledgedaveatsresults from this study region depict a scenario of mmm

drying overthe 69 year period, most particularly so over the westernmost portion (represented
by the MNP station). Such a drying trend is consistent with previous findings for other parts of
southern Africae.g. Daron, 2014; Morioka et al., 2015; Scholes et al5pand Zimbabwe

in general(Brazier, 2015Makuvaro et al., 201 MNangombe et al., 2018 However, while

there is generally decreasing total annual precipitation (meg&h54 mm/annum), this is
accompanied by increased precipitation intengmarked by increasing maximum-dhy
precipitation amounts (R¥XDay)) over most of the study region. WHileve et & (2006 found

a general declining trend in annual total precipitation over the entire Mzingwane catchment
from years 1931 to 2003, our findings provide a fisesle detail on how this declining
PRCPTOT trend manifests at a gelgional (or sultatchmeat) scale for the UMS over the
period 19212000, including an analysis of extreme events and anomalies. Mean values for
PRCPTOT anomalies ranging betwe®06 mm, -1.51 mm, and-1.74 mm for Mbalabala,
Filabusi, Bulawayo Goezt and Matopos station also ioonthe deteriorating precipitation
condition in the UMS over the study period. A general visual anatystse smoothed 5Syear
moving average trends for PRCPTOT anomalies (Figure 9) shows a near 30 year and 20 year
cyclicity in total precipitation anomalfrends for Bulawayo Goezt and Mbalabala stations
respectively though further analysis using Foubased methods may need to be applied to

more objectively confirm these indicative periodicities.

In addition, given the fact that trends in precipitatitiensity over longer periods (revealed by
RX5DAY trends) demonstrate a general declining trend, the northern and interior extents of
the UMS indicate general increasing tremishe very wet precipitation index (R95p), while

the westernmost extent redsra significant declining trend. Coupled with tiR895p and R99p
anomaly results show that over the period under study, UMS has generally experienced an
increasing trend in annual total precipitation 3"3d > 99 percentile overall though a
declining trend in the westernmost extent is noted for the same indideste is hence an
increasing drying trend over time from north to sewtst extent in the UMS which is slightly
different from the general north to south gradient reported by authorssMeaszopo (2012,

Love et al. (200bandSibanda et al. (2018)
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Declining trends in threshold indic¢R10 and R20) indicate that there are fewer days with
daily precipitation above 10mml@/days/decade) and 20m (-9days/decade) respectively.

This may imply that incresed precipitation intensities (RX1Day) are concentrated on extreme
precipitation days (e.g. R95p) as also suggested in similar studi€siffishs (2007) and
Berhaneet al. (2020. I n this regard, It I's also poss
precipitation which have often been used in past climate trend analysis studies in this region
e.g.(Unganai and Mason, 200Klein-Tank and Kénnen, 200®ike et al., 201p may be
inaccurate or could have failed to captuhese subtle changes given that increases in
precipitation intensity may compensate for decreases in frequency. Furthermore, a general
analysis of total and mean precipitation (without considering extremes and anomalies) would
have failed to reveal imptant shifts in trends and patterns of precipitation in the UMS and

thus limit the scope of valuable new knowledge on extreme events generated in this study.

Results for CWD (wet spells) show a general negative trend in most part of the UMS, apart
from Filabusi which has a very marginal increasing trend. The westernmost region (MNP)
registered a decreasing trend (~2days/decade), hence complementing and elaborating further
on the characteristics of the drying trend depicted by other earlier discussed sutibeas the
PRCPTOT for the same western selgion. Further to this, declining trends in the consecutive
number of dry days (dry spells) (CDD) were noted in all but the eastemnegian (i.e. Filabusi

with its marginally positive trend) (Table 4). Bhiay be an indication that dry spells are more
regularly becoming interrupted by precipitation events. The decline in dry spells does not
necessarily imply commensurate favourable/ normal precipitation conditions as might be
assumed. This could be atttled to the fact that CDD (and CWD) are very sensitive indices,
such that even single day rainfall events are enough to terminate a CDD or CWD period as
indicated byHofstra and New (20Q9This, however, does not diminish the utility of the CDD
index as it has been widely used as a meaningful measure of unusually dry conditions and a
potential proxy drought indicat@Griffiths, 2007)

While Love et al. (201passessedeneral annual total precipitation anomalies for the greater
part of the Mzingwane catchment from 1931 to 2001, findings in this study present a new
perspective pertainirgnomaly trends on precipitan extremes, more specifically in the UMS.
The5-year moving average trends for PRCPTOT anomalies (Figure 9) indicate a possible near
20 year periodicity for Mbalabala stationtwithstanding the earlier limitations in analysis in

this regard while by Lee et al. (2010) found a 17 to 20 year periodicity in annual precipitation.

-99-



The cycles align with recorded historical droughts in Zimbabwe and the correspondent EI Nino
Southern Oscillation (ENSO) events over the past dedbtiasatsa et al., 2008The EIl Nifio

years (i.e. 1982/83198687, 1987/88, 1991/92, 1994/95, 1997/98, 2002/03) wemralight

years in ZimbabwdéMakarau and Jury, 199Phillips et al., 1998Manatsa and Mukwada,

2012 Mamombe et al., 201FbThis shows the link between the ENSO and Zimbabwean
climate anomalies in general. In these years, e.g. 1981, 1987 and 19¢%, inethis study

reveal negative trends in mean PRCPTOT anomalies of bet@d#mm and-6.36 mm in

the northern and western stdgion of the UMS, suggesting general drying over the study
period. This presents, for the first time, more direct evideatea possible ENSO
teleconnection at a sttatchment level in Zimbabwe though further analysis may be required

to more objectively substantiate this assertion. Further to this, a distinct pattern of negative
anomaly trends for all indices is shown in thestern portion (MNP) of the UMS from the

early 1980s through 1997 confirming earlier discussed deteriorating precipitation conditions in
this region over the decades. It is apparent that the ENSO events could be the main contributing
factor to the obsergedrought conditions in the UMS as supportedCbgmailléJammes et al.

(2007. This, therefore, shows the potential that the indices used here have in augmenting a
deeper understanding of incidence and trends of extreme events such as drought years at sub

catchment level.

An understanding of these temporal changeglimatic extremes and their anomalies is
important given the impacts that extreme events have on society and the natural environment
(Abiodun et al., 201,Farjad et al., 2009 For instance, trends for the RX1DAY and very wet
days (R95p) are relevant for planning and projecting changes in demands on drainage and
sewerge systems at different locatioi€lein-Tank and Kénnen, 2003while the CDD can

serve as a proxy for drought detection and thiasva for appropriatevater resource planning

and management. In this study, new information on climate extremes and trends could be useful
in the design of new and/ upgrading of old water supply storage infrastructure such the Insiza,
Mzingwane and Inyankni dams located within the UMS so as to achieve targeted water
security goals for the city of Bulawayo and the surrounding communities by the local and
central government of Zimbabwe. Similarly, the Zimbabwe National Water Authority
(ZINWA) could, for ingance, leverage the R95p, R99p and CWD trends and anomalies
periodicity findings of this study to guide decision making pertaining proper sizing and/
upgrading of flood control systems to cope with more short and intense precipitation events

which have beeassociated with destructive, intermittent flash flo@isingombe et al., 2015
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Eccles et al.,, 2009 The findings can also be used for climate monitoring, targeting
approaching extreme evenwhich can inform proactive impact mitigation plans as highlighted
by Davis and Hirji (2013

4.8 CONCLUSION

Notwithstanding the limitations of access oftepdate station precipitation data for our study
area, we were able to successfully analyse and demonstrate the utility of climate extreme
indices in understanding historical precipitation extremes in the UMS for the perio@20Q1

Most computed index valu@s this study showed varying though mostly negative, statistically
insignificant precipitation extreme trends across the UMS. The exception is for the
westernmost extent of the area, which showed significant negative precipitation extreme trends
and anomiges indicative of drying over timeéA general shift towards shorter very wet periods

with more intense precipitation and a decrease in the number of dry spells is noted in the study
area. For the first time in this suegion, this study was able to shawossible ~ 26 30year
periodicity for annual total precipitation anomaly events with marginal variations across the
UMS, notwithstanding the need for further objective analysis as earlier discussed. The negative
anomaly trends appear to corresponchwécorded historical extremely dry/ drought events
(ENSO teleconnections) over Zimbabwe in general. This demonstrates the potential utility the
extremes indices have in characterising the unique nature of each of these events as suggested
by Mukherjee et al. (2028 Overall, a general north to soutiestern declining precipitation
gradient across the UMS is identified contrary to the general north to south gradient identified
in previous studieg:indings from this stuglcould also serve as a baseline in folop/studies

aimed at extended historical analysis, modelling future trends in extreme precipitation
conditions and the likely impacts in the UMS using alternative datasets such as CCAM and
CHIRPS.
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CHAPTER 5: Modelling future climatic trends in the UMS

Based ora manuscriptin preparation
Title: Modellingclimatetrendsin the upper Mzingwane stdatchmentrforthernLimpopo
basin),Zimbabweusingthe Conformal Cubic Atmospheric Model (CCAd&xa

5.1 INTRODUCT ION

Climate change is recognised as one of the major global factors shaping the environment and
society (IPCC, 2007 2018 Anderson et al., 201Hannaford, 202D Its impacts on both
natural and human systems are well documented, and include accelenatddgradation,
aggravated rangelamtisertificationCui et al., 2017Burrell et al., 2020Huang et al., 2020
compromised food and water securityorosmarty et al., 20QKrause, 2002Farley et al.,

2017 Kibena et al., 201,4Bodansky et al., 2020ard changing patterns in vectborne and
emerging infectious diseas@®atz et al., 199@ anser et al., 200&age et al., 20Q€aminade

et al., 2019 In light of these and other potential negative impacts, climate research has been a
rigorous and continuolys active area of scientific enquiry, which aims to improve our
understanding of climate system dynamics at various spatial and temporal scales (i.e. from
global to local). It is thus not surprising that since the-h880s, the World Climate Research
Progamme (WCRP) Working Group on Coupled Modelling (WGCM) have together with the
IPCC been fosteringnternational coordination and partnerships that have contributed to
advancing scientific understanding of midtiale climate and/or earth system dynamiacge O
notable initiative in this regard is the WCRBpportedCoupled Model Intercomparison
Project (CMIP).

CMIP is the leading internationgloject aimed at generating climate simulations made with
various coupled ocearryosphereatmospheréand GCMs(Meehl et al., 2000Meehl et al.,
2005 Taylor et al., 2012 Now in its sixth phase, CMIprovides projections of future climate
change until the end of the 2kentury and beyond. The IPCC in the accompanying
Assessment Report Six (AR6) focuses its analysis largely on theéemsa( 20212040), mid
term (20412060) and the lonterm (20812100),thus allowing for a comprehensive
assessment of future climate change trajectories and their likely im(attenberg,1996
Riahi et al., 201 ITebaldi et al., 201, Gualdi et al., 2018 The CMIP6 GCMs have rekitions

of 100 to 200 km in the horizontal, which is course to provide the spatial detail needed to assess
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aspects of climate change impadd.a regional scale, th€oordinated Regional Climate
Downscaling Experiment (CORDEX)as been valuable in provid) region specific climate
simulations through the downscaling of GCM projections by RCMwsese multi-model
ensemble datasets (for future precipitation, temperature, humidity and other climate variables)
have been made freely available at a resoluticabofut 50 km in the horizontal, and are thus
successfully used in various global to regional climate science s{Udibsr and Williams,

201Q Gualdi et al., 2013Sillmann et al., 201,3Gutowski et al., 201,6FotsecNguemo et al.,

2018 Luo et al.,, 202D Even more detailed regional projections have been obtained at
subcontinental scales, for example 8 km resolution simulations over southgoa Af
(Engelbrecht et al., 20)9

The value oiGCM and RCM simulations in understanding future climate scenarios has been
well demonstrated, notwithstanding acknowledged shortcomings, which éendtrdictural
uncertaintiesand related model biases over and above the uncertainties associated with
different mitigation scenariofRodo and Comin, 2003 orn and Harte, 20Q6Tebaldi and
Knutti, 2007 Tebaldi et al., 201,1Friedlingstein et al., 2014Arora, 2019. Over southern
Africa, utility of GCMs and downscaled RCMs has been demonstrated in numerous studies
(Engelbrecht et al., 201&alognomou et al., 2013IMeque and Abiodun, 2015hongwe et

al., 2015 Dedekind et al., 2016 rcher et al., 2018Viaure et al., 2018 For instance, using
CORDEX regional climate model projectiomdadre et al. (201)8%ound that rainfall decreases

of betwem 0. 2 mm a n d over.mést ahtine cerdrgl and western parts of the region
under forcings of between 1.5°C and 2°C global warming accompanied by noted increasing in
dryness over the regidiNew et al., 2006Shongwe et al., 201Brcher et al., 2018 In fact,
regional modelling has consistently indicgtadross AR4 and AR5 that the southern African
region is likely to become generally drier under continued global warming (Christensen et al.,
2007; Niang et al., 2014). Simulated regional climate scenarios have also indicated a general
increase in rainfaltharacterised by more rain days with higher intensity rainfalls over the

eastern part of southern Afrieumsden2009.

As discussed in Chapter 4, climate change simulations using different emission scenarios in
the CMIP3, CMIP5 and CMIP6 multhodel ensembles have been successfully used in
analysing changes in a wide variety of climate extremes at regiones ssar the 21st century
(Sillmann et al., 201,3Abiodun et al., 2016Pinto et al., 2016&FotseNguemo et al., 2018

The assessment of changes in climatological averages and extremes provides the basis for the
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formulation of appropriate responsgasegies and adaptation policies. Southern Africa is in

dire need of the development of actionable messages for adaptation. This stems from the region
which is naturally dry and warm being projected to become generally drier and drastically
warmer, with ponounced negative impacts on livelihoods being expe@diedjadza, 2000

Moyo and Nangombe, 2015choles et al., 2015 annaford, 2020 These factors resulted in

the region being classified as a climate change hotspot in the IPCC Special Report on Global
Warming of 1.8C (HoeghGuldberg et al., 2018).

While numerous studies have analysed projections of future climate change over the larger
southern African region towards informing climatdated decision making processes, very
few such studies have beemdertaken for Zimbabwe (Chapter 2). Only 8% of the 107
published climate studies aimbabwe over the past 29 years (as reviewed in the Chapter 2)
are found to directly or indirectly involve climate modelliffggure 2.2 and Table 2.@\laviza

and Ahmed, 2021 Most of these studies, such as Ungg2éil4 and Masangaise et al.
(2013, either used GCM and RCM simulations directly without downscaling and/or bias
correction, hence the possibility of inaccuracies in some of their concluSonse of the
models used in these studies inclWBEDL-CM2.0, GISSModelE20, he United Kingdom
Meteorological Office (UKMO) model, GISSVIPI-ECHAMS5 and theCCCMA-CGCM3.1
(Kristensen et al., 200 Masanganise et al., 201B@hikobvu and Chifurira, 201%5witira et

al., 2015 Chemura et al., 201&ord et al., 2018 Furthermore, although several studies have
successfully simulated future climatologies at a catchment level in the southern African region
using RCMs such as@AM (Adegoke et al., 201Horowitz et al., 2015Evars et al., 2015

only one known study in Zimbabwey Masimba et al. (20)9has attemptedo simulate
catchmemevel climatologies (i.e. impper Manyame subatchment of northern Zimbabwe).

The study projected declining, statistically rgignificant (increasing, statistically significant)
trends in precipitation (maximum and minimum tempa for the 2030s and 2060s using
data from HadCM3 and CanESM2. None of these studies have appliezbbiastion of the
datasets to enable more accurate results in their analysis. This further reveals a knowledge gap
with regards to simulation of catclemtlevel future climate scenarios using appropriately
downscaled RCMs, so as to help guide more realistic climate impact mitigation and adaptation

strategies and policy development.

In the context of this study, while several studies have assessedthistlimate trends in the

upper Mzingwane subatchment (UMS), no study to date has explored future climate
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scenarios using biasrrected climate simulations in this highly economically strategic
catchment area. This presents limitations and planningrtaioties due to unavailability of
up-to-date scientific knowledge to guide decision making related to climate change mitigation
and adaptation, hence the justification for this study. In this regard, this chapter aims at assess

future climatic trends ithe UMS through the use of biasrrected CCAM simulation data.

5.2 MATERIALS AND ME THODS

This study follows a four step methodology which include (1) Data acquisition and
preprocessing, (2) Bias correction validation, (3) Grid data analysis (compub&tioalti-
model future climatologies) and (4) Presentation of results (in the form of maps), discussion

and conclusion. These mains steps are summarised in Figure 5.1.

Station Observed climate data (rnd24, tmaxscr, tminscr, rhmaxscr, rhminscr)| ;
(1950- 2000) (1961- 2099)

Merging and Subsetting

Data cleaning, conversion (Use of UMS boundaryshy

: Validation . . . . '

; *(CCAM rnd24 vs Data anaIyS|s_: (Cllmatologles computation) :

' Station precipitation : *(Baseline perlo_d: 1961 to 1990) i

b data climatologies) < - *(_Near future perloq: 2021 2040) .

i *Baseline period: *(Mid -term future period: 2041 2060) :

: 1961 to 1990 *(Long term future period: 2080 2099) i
Results

(Maps showing spatial trends of tmax, tmin, rnd24 change)
& Validation results

Discussion and Conclusion

Figure 5.1 Main steps of the study methodology
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5.21 Data acquisition and preprocessing

Bias corrected CCAM data, climagtation observation and vector datasets (shapefiles) are

used in this study. A metadata summary of the datasets is presentddarb. 1.

Table 5.1: Summary of main metadata for dsgts used in the study

Time
Dataset period Resolution Projection Format Source
CCAM 01/1961i 0.1°x 0.1° WGS84 NetCDF Wits University
data 12/2099  (~ 8km x 8km) (.nc) Global Change Institute
Climate Comma South African Weather
station 1950- N/A N/A Sepaated Services and Other privatt
data 2000 Values (.csv) databases
Spatial ESRI
vector N/A N/A WGS84 shapefile Zimbabwe Surveyor
data (.shp) General

5.2.1.1 CCAM data
CCAM data used in this study are downscaled simulafimms 6 CGCMs (i.e. ACCESS1.0
(Bietal., 2012 CCSM4(Gent et al., 200)1 CNRM-CM5 (Voldoire et al., 2018 GFDL-CM3
(Donner et al., 2011Griffies et al., 201}, MPI-ESM LR (Giorgetta et al., 2033and the
NorESMIM (Bentsen et al., 201 versen et al., 20)3 The simulations have been produced
from a double downscaling approach followirigngelbrecht eal. (201). Selection of the
CCAM data is based on the fact that it is the best known and readily available high resolution
southern Africa regiospecific climate simulation dataset that can provide detail at the sub
catchment level, and secondly, ttdel has been shown to satisfactorily simulate present
day climate and future climate change over northern and southern @ngelbrecht et al.,
2011, Adegoke et al., 2012Vinsemius et al., 2014£ngelbrecht and Engelbrecht, 201A8s a
variableresolution regional model, CCAM has been shown to realistically simulate annual
temperature and rainfall distributions, irranual cycles in rainfall, produce realistic observed
daily climate statistics, and the occurrence (frequency) of extraméll events over the
southern African regioEngelbrecht et al., 2008 artens et al., 2091 CCAM thus shows
potential value through its use in the UMS underith&tu climate data paucity challenges in
the study area. The climate parameters covered in the dataspteargitation (rnd24)
maximum temperatur¢tmaxscr) and minimum temperaturé@minscr), wind speed(ul0),
maximum relative humiditgrhmaxscrland minimum relative humidityhminscr) andcovers
the period 1961 to 2099.
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5.2.1.2 Station observation data
Monthly observational data (precipitation) from seven climate stations (Tabkn8. Figure
5.2) were used in the validation stage of the analysis, as explained in section 2.3 of this Chapter.
The data were extracted from physical data archives from the South African Weather services
library and digitised, cleaned and streamlineddweer a 50 year period (195@®000) in .csv

format using Microsoft Excel software.

Table 5.2: Climate stations used in this study

Station name Coordinates Elevation Period
Lat Lon (metres)

Bulawayo Goetz -20.15 28.62 1340 1950- 2000
Filabusi -20.55 29.28 1070 1950- 2000
Matopos National Park -20.40 28.47 1338 1950- 2000
Fort Rixon -20.02 29.27 1290 1950- 2000
Gwanda -20.95 29.02 990 1950- 2000
Shangani -19.78 29.35 1370 1950- 2000
Esigodini -20.30 28.93 1190 1950- 2000
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Figure 5.2 Map showing the location of seven climate stations (red triangles) used in this study
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5.2.1.3 Data preprocessing
Data preprocessing entailed stgetting of the CCAM data to the bounding box of the UMS
boundary shapefileising thed s e | | @& aldorthmbirotike Climate Data Operator (CDO)
software. Furthermore, all datasets were reprojected into the same projection system (i.e.
WGS84 to allow for easy overlaying). This was followed by checking completeness of the
main variables for analysis ithis study (i.e.precipitation, maximum temperature and

minimum temperature) from all the CCAM ensemble members.

5.2.2 CCAM data bias correction methodology

Considering that CCAM data, like other climate simulation data have biases, it is important
that bas correction be carried out to ensure that the modelled mean, variance, and/or higher
moments of the distribution of climate variables are adjusted to more closely match the physical
observationgHaerter et al., 201 Teutschbein and Seibert, 20 2ancois et al., 2030In this

regard, the CCAMdata used in this study came already-lpes corrected using the
methodology of Engelbrecht et al. (20)%or temperature and rainfabnd Engelbrecht and
Engelbrecht (2016for relative humidity. The methods essentially ent@mparing the
simulated and the corresponding monthly climatologies computed from the CRU TS4.04 data
(National Center fo Atmospheric Research Staff, 2Q19arris et al., 202QaHarris et al.,
20208 for the baseline period (19611990) for each month of the yeardafor each of the
CCAM 6 ensemble member simulatiofi$ie bias correction script written and compiled in
Fortran implemented the linear scaling additive algorithm in the correction of temperature data
and the linear scaling multiplicative algorithm to biasrect the precipitation data in a similar
format described bfippel et al. (2026 The algorithms build on conventional statistical bias

correction schemes based on linear transfer functiormsedbtm:

oL, ) =i= -H- ° [Equation 1]

Wherex andxcorrepresent the simulated and corrected climatic varialaledb are coefficients

to be calibrated. The transfer function is applied additively (for temperature=.&), such that:

+ ﬂ vilvio [Equation 2]

WhereTqsand Tsim represent the means of simulated (CCAM data in this study) and observed
(CRU data) monthly temperatures, respectively. To account for positivity constraints for precipitation,

a multiplicative adjustment ¢erection factor) is applied such that:
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=|= 4 [Equation 3]

®viD

A multiplicative (additive) correction factor is applied where the model simulation
overestimates (underestimates) precipitation considering that model simulagafshagher

resolution (at 8km x 8km) compared to the observations (CRU data in this case). A
multiplicative factor is applied for regions where the model simulation overestimates
precipitation, since the application of an additive factor could resuitnnr e al i st i ¢ fine
precipitation values. A detailed description of this bias correction method is provided in
Engelbrecht et al. (20)5

5.2.3 Data analysis

5.2.3.1 Gridded data analysis (computation of ramtidel future climatologies)

Long-term and monthly mean climatologies were computed for all the CCAM data parameters
for each of the baseline, near, riedm and distant future peds (i.e. 1961 1990, 2021

2040, 2041 2060 and 2061 2099) respectively. For each of the six ensemble members, the
difference between the baseline period and each of the future periods were also computed to
determine projected (magnitude) future @il changes. Equatighshows the basic linear

function form of the algorithm used for computing the magnitude of future climate change.

m =|= Jr|" [Equation4]

Wherea andb represent a future time period and baseline period computed values for a specific climate
parameter respectiveli) represents the difference (magnitude of change) between baseline and future

time perials whilei = ensemble member.

Data were analysed using CDO tools and results visualised and mapped in grid format using
GrADS software. All other further overlaying and refined mapping was executed using ArcGIS

software.

5.2.4 Validation of CCAM model performance

In this study, each model performance is tested by analysing how well each model simulates
monthly total precipitation (rnd24) changes compared to the selected corresponding climate
station locations (Table 5.2) for the baseline period (196290). This is used as a measure

of validation of the simulated climatologies in the study. Due to data paucity, validation is done
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for precipitation only. Validation is measured using the Root Mean Square Error (RMSE),
Mean Absolute Error (MAE) and the & sono6s Correlation (r).

performance measures (MAE, RMSE, and r) are compared and ranked to identify the top

(worse) three scoring and thus performing mc

G) are used to present the validatiresults graphically i.e. to show the relationship between
each ensembl e me mb e rvalgeswhitS &ble 5.8/hdws \@lnes obtaimexl

for these measures.

MAE basically measures how far predicted values are away from observedh@auésigh)

values of MAE indicated better (poor) performance and distributional agreement between the
CCAM simulations and the station observed values, averaged across all quantiles. MAE is
more robust to data with outliers hence a good measure of model perdetrritae RMSE on

of the residuals (observed minus predicted) measures how close, on average, the predictions
are to reality. In general, lower values of MAE, and RMSE imply higher accuracy of model

whil e a higher val ues odicators ddgoadmedelparfarmancke r e d
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5.3 RESULTS AND DISAQJSSION

5.3.1 Model validation

Taylor diagrams (Figures5.3-A41) i |l l ustrate how each of the
compare to each of the seven station {targn average monthly preciption for the baseline
period (19611 1990). The diagrams show three performance metrics: i) standard deviation
(SD) ii) correlation coefficient (r) and iii) RMSE between station observed and downscalings

simulated longerm monthly average precipitation.

(A) ByoGoetz vs CCAM (B) Esigodini vs CCAM

< f f f

0 20 40 60 0 20 40 60
Standard deviation Standard deviation
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