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Abstract

Water harvesting, the collection of precipitation runoff for productive purposes, offers a wide range of
benefits depending on the techniques employed. It can supplement domestic water supply, recharge
groundwater, enhance plant production, and mitigaisi@n, among other advantages. As a result of
advances in the nature and availability of remote sensing data sets, there reigrikesmtrecent

growth in novel methods and tools for identifying optimal locations for specific water harvesting
technologes. The work reported in this thesis makes original contributions to this ongoing growth.
The substantive contributions are threefold:

case study.

The SiteFinder tool addresses the issue of site selection for water harvesting dams via analysis of
topography. Existing approaches to site selection often emphasise slope as the primary criterion.
However, such approaches tend to overlook the broadegregpucal context of a site, which limits

their effectiveness in identifying suitable locations. SiteFinder tackles this by utilising Digital
Elevation Models (DEM) to automatically assess thousands of sites, computing parameters
characterising potentiglams, their catchments and impoundment reservoirs. Innovatively, SiteFinder
works within a GIS environment. Thus, it allows the possibility of combining its outputs with wider

multi-criteria decisiormaking processes.

The HRRTLE (High Resolution Runoff and Transmission Loss Estimator) model is concerned with
hydrological (rainfalrunoff) aspects of water harvesting prediction and site selection. Quantifying the
volume of catchment runoff reaching a potential waterdsimg site is crucial for assessing whether

the site may face water shortages or risk its storage capacity being exceeded. Existing approaches tc

predicting runoff at potential sites often use curve numbers to generate runoff maps. However, they do



not account for transmission losses that occur as runoff travels to a potential harvesting site across its
catchment. These losses can be significant in arid andasemiegions where water harvesting is
most common. HRRTLE addresses this issue, addamgiission loss estimates to curve number

based runoff models.

The Port Sudan case study demonstrates how SiteFinder and HRRTLE can be used in combination to
identify potential water harvesting sites across an area of interest. Moreover, it also introduces a novel
method for optimising against the impact of sediméonatates on storage loss in potential dam

impounded reservoirs for selected schemes.

Overall, the novel tools and methodologies whose development and testing is reported in this thesis
provide potential to streamline the process of water harvestinglsitgfication, reducing the need

for, and cost of, extensive groubdsed work. They address topographic, hydrological and
sedimentological aspects of water harvesting site selection, and provide a more comprehensive and
detailed evaluation of potentiakter harvesting sites than existing approaches. As such, they represent
novel contributions to the science of arid zone runoff prediction, and have the potential to support
improved decisiommaking, leading to better outcomes and more efficient allocatiaresources,

specifically at the scoping stage of water harvesting projects.
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Introduction

1l ntroducti on

ll1Thesiana@aimbj ectives

The overarching aim of this thesis isdevelop, test, and assess novel methodeXwacting hydre
morphological information from remote sensing produsith the goal osupporing more effective

site selectiorfor largescalewater harvestingechnologiesBefore the advent of remote sensing,
scoping studies largely depended on field visits to evaluate the suitability of locations for deploying
specific types of water harvesting technologpwever, conducting field surveys can be costly and
challenging, depending on the context, which limits the number of locations that can bedasseks
surveys also present additional concerns. For instance, carrying out a survey at a particular location
may raise local stakeholders' expectations that a project will be implemented, even when planners
conclude, based on the survey, that the lonats technically unsuitable for water harvesting.
Additionally, local stakeholders who are eager to see a water harvesting project implemented in a
particular location may attempt to influence the planners responsible for conducting field assessments.

This can result in more suitable sites being overlooked during the assessment process.

The availability of remote sensing products, combined with theisgszasing computing power for

data analysis, has transformed studies on water harvesting site selectiiisiBg remote sensing
products, planners can navaluatemultiple locationsover large areaand make informed decisions
aboutthe suitability of individual sitesbefore conducting field visits. This scoping method allows
planners to subsequently examine a more manageable subset of sites in greater detail, using variou:

techniques, including field surveys.



Introduction

Slope is the moswidely usedbiophysical criterionin water harvesting site selection studiadgham

et al., 2016). However, since slope is determined based on a small cluster of pixels, it only accounts
for a limited portion of the surrounding topography at a given location, which restricts its overall
usefulnessOf greater relevance to planners is information related to the actual size of the water
harvestingstructureand details of the storage zone that would be created as a result of the barrier's
construction.This is particularly important for planners working with |laiggale water harvesting
systemge.g. embankment da)rather than irfield water harvestingystemse.g. contour bunds).
Therefore, the firsbbjectiveof this thesis is talevelop and evaluate an automated tool designed to
provide more comprehensive and practical information on potdatigéscale water harvesting

schemesextending beyond the biophysical criterion of slope

Runoff is fundamental to water harvesting and is another challenging subject for planners undertaking
water harvesting site selection studiesirid and semarid environmentsRunoff models capable of
estimating runoff volumes at various locations, such as potential water harvesting sites, would be
valuable.However, researchers tend to rely on runoff m@pg. Asmaret al., 2021, Karimiand
Zeinivand, 2021Gavhaneet al., 2023}hat do not account for transmission losses from the point of
runoff generation to a downstreamaterstoragdocation(which can be considerabl8jransmission

losses are more relevant to laigmale water harvesting systems than to sswlle ones, as there is

often a considerable distance between the points of runoff generation and the actual water storage
location.While more sophisticated rainfalinoff models are available, thegeaften too cumbersome

to apply to numerousirge scalecatchment outlet herefore, the secorabjectiveof this thesis is to
improve traditional runoff mapping by accounting for transmission losses, thereby providing more

accurate estimates of runoff at catchment outlets, and to quantitatively evaluate model performance.



Introduction

Sedimentatioraffects ertain water harvesting technologiessinga significant challenge for water
resource planners worldwidparticularly in the context of larggcale reservoirsas it results in a
considerable loss of storage capacity. Schleiss et al. (2016) report that the volume of storage lost due
to sedimentation exceeds the storage volume gained from newly constructed fagltiiesgh a
substantial literature on sedimentation and various rfindedpproachesxists limited researclnas

been conducted on predictingservoirsedimentatiomatesusing remote sensing produatspecially

when analging multiple potential sites in a single proce$hke third objectiveof this thesisis to

address the issue of reservoir sedimentation by creating and assessing an automated method fo

evaluating the susceptibility of potential reservoirs to future storage loss.

The fourth and finabbjectiveof this thesis is to devise a site selection methodology that incorporates
the tools developed in relation to the previously statgectivesand to test its usability through a case
study in a drylands region. The case study should be situatechneawvith a demand for enhanced
water resourceand a need for a study relating to the site selection of-Ergle water harvesting

technologies (e.g. damdgjurthermore, the methodology should have global applicability.

1.2Thesi s structure

Chapter 1 outlines theoverarchingaim and objectivesf the thesisalong withits structure

Chapter 2 provides an overview of water harvesting, including a brief histbwater harvestingnd

various definitions ofhe term.This chaptercategorses different water harvesting technologies into
different groups and examines how these practices contribute to sustainability and development,
particularly in the context of the United Nations' Sustainable Development Goals. The chapter also

outlines the biophysical criteria used to identify suitable sitew&ber harvesting.
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Chapter 3 provides a literature review that focuses on identifying the most influential remote sensing
products used in water harvesting studiesffersinsights into the processes involved in generating
these products, outlis¢heir potential advantages and disadvantages, and highdigierging trends

in their usage. Additionally, it explores best practices for the effective application of these products

and provides evidendeased recommendations.

Chapter 4 introduces a novel automated tool designed to aid in the scoping of potential water
harvesting sites. This tool operates withigesgraphic information syste(®1S) environment and

uses a digital elevation model (DEM) to generate virtual barriers acrodsedsiesimulating the types

of structures used in larggeale water harvestimystemssuch as embankment darfishen calculates

the characteristics of these barriers and estimates the potential storage capacity that would be available

if suchlargescalestructuresvere to be constructed in reality.

Chapter 5describes a rainfaliunoff model specifically designed for intermittent rivers and ephemeral
streams. This parsimonious model s&8 three global remote sensing products to compute the annual
discharge at a catchment outlet, which could potentially be the sitajesscalewater harvesting
structureUnlike smaltscale water harvesting techniques that focus on localised runoff collection, this
model issuited to larger catchments, where runoff must travel significant distances before reaching a
storage locatiorThe mod#ding methodology combines an established procedure for calculating runoff
using curve numbers with an innovative approach for estimating transmissioralossssxpansive

catchmentreas

Chapter 6 demonstrates the readorld application of techniques fro@hapters 4 and5 in Port
Sudan. Using satellitderived terrain data, over 25,000 potential water harvesting sites for reservoirs

are identified and evaluated via an automated td@hapter 4). Sitesare thenranked using five
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topographic featureand arainfall-runoff modelis used to estimate runofChapter 5). Further

filtering ensured adequate runoff and low sedimentation risk for selected schemes.

Chapter 7 provides a synopsis of the thesis findings and reflects on the achievesietngto the

researclobjectivesoutlined inthis chapterlt alsooffers recommendations for futuresearch.
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21Definitions of water harvesting
According toMekdaschiStuderand Li ni ger (2013, p. VII) the p
capture potentially damaging rainfall runoff and translate this into plant growth or water siipply.

makes clear sense where rainfall is limited, uneven or unreliable with pronounced dcy Bpsh&

et al., (2010) states that water harvesting in drylands maximises the use of scarce rainfall by capturing
runoff (and sediments) for productive purposes and at the same time reduces unproductive losses of
water, reduces runoff and reduces erosMarious definitions of water harvesting presented by

different authors are compiled Trable 2.1.

Table 2.1. Various definitions of water harvesting.

definition of O6water harvestingd reference

AfiThe coll ection and manage me intrease fvater ) o
MekdaschiStuderand Liniger, 2013, p. 4

availability for domestic and agric

fi émaximizes the use of scarce rainfall by capturing runoff (and sediments) for )
. . Bossio etal., 2010 p. 540
productive purposes.

fé the process of concentrating precipitation through runoff and storing it for )
- N Oweis and Hachum, 2006, p. 67
beneficial us.o

fié the process of concentrating rainfall as runoff from a larger area for use in & ]
Oweis et al., 1999, p. v
smaller target area."”

"é t hcellection of runoff for productivpurposes. Critchley and Siegerii991, p. 9

Runoff is central tavater harvestin@gnd is included in all five definitions iable 2.1. Runoff is

defined as fithat part of precipitation, snow
to streams or ot her wat er b &dnbfioscors natiraly and camledd Al |
to positive outcomes, such as the growth of riparian vegetation along riverbeds. However, this process

cannot be classified as water harvesting, as it lacks human intervention. While runoff is fundamental
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to water harvesting, it is the deliberate anthropogenic modification of the landscape to collect, store,
and use runoff that defines water harvestirfgerefore, in addition to published definitiofesg.Table
2.1), an alternative definition is provided: 'water harvesting is the deliberate act of collecting, storing,

and utilising runoft.'

22Sustainability and benefits

Adopted by all United Nations Member States in 2015, the Sustainable Development Goals (SDGSs)
provide a "blueprint to achieve a better and more sustainable future for all* (United Nations, 2024).
Central to this initiative are 17 Goals aimed at addresssugs such as violent conflict, human rights
abuses, climate change, and environmental degradation. Water plays a crucial role, either directly or
indirectly, in many of these Goals. As Rockstrom and Falkenmark (2015, p. 284) note, "Water flows

across th&DGsd from improving water, sanitation, and health to ending hunger and poverty

While the Sustainable Development Goals (SDGs) clearly engghtd® importance of water in
development, the termwater harvestingjis explicitly mentioned irconnection withonly one SDG
(Goal 6)w h i ¢ h Enswre availability and sustainable management of water and sanitation.for all
Thetarget relating to thi§oal (.e. TargebA) s t a Bye2830, @xpand international cooperation and
capacitybuilding support to developing countries in watand sanitatiofrelated activities and
programmes,including water harvestingdesalination, water efficiency, wastewater treatment,
recycling and reuse technologigdJnited Nations, 2020 Thereare many different types of water
harvesting technolggbut gventhe phrasing of Goal 6 and the other types of wagkated approaches
listed in Target 6Ait couldbe inferredhatwater harvestingelatessolely tothe collection of rainwater

from rooftops.
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This ambiguity regarding the nature of water harvesting technologies promoted through the SDGs
represents anissed opportunity to highlight the need for improved utilisation of runoff, particularly
from natural landscapes rather than artificial surfaces (e.g. rooftop water harvesiimgyer, itcould

also be argued that the targets are flexible enough to accommodate tefimologiesto achieve the

Goals. Prior to the adoption of the SDGs by the United Nations in September 2015, some experts
advocatedor changes to the wateelated SDGs. An essay published in Nature six months before the
SDGs were adopted by Rockstrom and Falkenmark (2015, p. 284) noted, "The goals are vague and
assumed as have global water policies for decadegshat water for all needs can be drawn from
rivers, lakes and groundwater."” The authors specifically endorsed water harvesting, advocating for the
collection of runoff to increase the availability of "green water" for food and biomass production. They
concudedthat"Hidingth e Af ri can Achill esd heel of water
SDGs is a grave mistake. Without connecting water, food, growth, and poverty, the sustainable
development framework will not deliver on its promise to Africa" (Rockstrom and FalkknBd.5,

p. 285).

Table 2.2 outlines the intended benefits associated withnge ofvater harvestingechnologiesAn
overviewof the different types ahesetechnologiesas well asan explanatiomf runoff, is provided

in Section2.4and?2.7, respectively
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Table 2.2. A variety of water harvesting technologies and their associated benefits.

technology

benefit

reference

floodwater harvesting

rooftop runoff

grass strips & planting pit:

warping dams

check dams

sand dams &

crop cultivation

supplement domestigater supplyreduced
household electricity bills

increased soil moisture through runoff reduction

reduced erosion by gully contrekduced sediment
loading in lower basin

sediment trapping and carbon sequestration

increased groundwater storage through riverbed

Babker et al., 2020

Traboulsi and Traboulsi, 201

Tuinhof et al., 2012

Lietal., 2018

Fang et al., 2023

Tuinhof et al., 2012

infiltration
subsurface dams

By considering wateharvesting technologies more comprehensiviejpecomes clear that water
harvesting can support multiple SDG targets, beyond just Target 6A associated with rooftop harvesting
technologies. For example, Target 6.1 (see GoBdble 2.3) focuses on access to safe drinking water.

The construction of sand dams is one such water harvesting technology that can be utilised to support
thistarget Sand dams are simple structures built across ephemeral riverbeds, with water stored within
the sand's pores (Piemontese et al., 2023). The sand provides filtration and protection from
contamination; thus, water extracted from sand dams is generallytisafiethat from open water

sources.

Target 6.5 (Goal 6) introduces the concept of integrated water resources management, including
transboundargooperation This target is particularly relevant for water harvesting technologies that
collectrunoff from large catchment areas. For instance, water harvesting technologies like artificial
groundwater recharge can contribute to an integrated water management plan by transferring runoff to
water stored within an aquifer. If the affected catchmesd and aquifer cross international or other

significant boundaries, then transboundary cooperation between stakeholders will be necessary.
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Consequently, water harvesting technologies designed to promote artificial groundwater recharge

could aid in achieving SDG Target G€eeTable 2.3).

The ai m of S E hages achidse foos setuaty amd improved nutrition and promote
sustainable agricultuéeMicrocatchment water harvesting technigugsaracterised by overland flow
harvested from short catchment lengthe particularly well-suited to smalkcale food producers
(Critchley and Siegert, 1991Additionally, project implementation is improved by considering the
knowledge of indigenous peoples with experience in water harvesting and plant production (Tumbo et
al.,, 2014)Themi cr ocat chment water harvesting technigqg

of water harvestinghatcan support Goal 2, specifically via Target 8eTable 2.3).

Also associated with Goal 2 is Target 2.4, which seeks to promote practicés.tedp maintain
ecosystems, strengthen capacity for adaptation to climate change, extreme weather, drought,
flooding..0. Water harvesting strengthens adaptation to climate change, such as changes in mean
rainfal]l and extreme events, through what is
Depending on the water harvesting techniques employed, therenisrease in water storag&ater

may be storeth aqufersthrough goundwater recharge, in the root zone by increasing soil moisture,

in tanks filled by rooftop rainwater runoff, and in surface andsulace reserves created by dams,
embankments, or barrages (Tuinhof et al., 2012). Retention dams lessen the impueantitg by
reducing flood peaks (Parsaie et al.,, 2018), making such dams an example of a water harvesting

technology that can be used in realising Targe{sedTable 2.3).

10
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Table 2.3 Summary of how different water harvesting technologiessupport developmentgoals

Sustainable DevelopmenGoals and Targets water water
(United Nations, 2020) harvesting harvesting
’ technology group
Goal 2. End hunger, achieve food security and improved nutrition and
promote sustainable agriculture
Target 2.3 By 2030, double the agricultural productivity and incorr
of smaltscale food producers, in particular women, indigenous peo
family farmers, pastoralists and fishers, including through secure planting pits microcatchment

equal access to land, other productive resourcesnantsi knowledge,
financial services, markets and opportunities for value addition ard
farm employment

Target 2.4 By 2030, ensure sustainable food production systems
implement resilient agricultural practices that increase productivity
production, that help maintain ecosystems, that strengthen capaci
adaptation to climate change, extreme weather, dtpfighding and
other disasters and that progressively improve land and soil quality

retention dams

water harvesting

macrocatchment
water harvesting

Goal 6. Ensure availability and sustainable management of water and
sanitation for all

Target 6.1 By 2030, achieve universal and equitable access to saft
affordabledrinking water for all

Target 6.5By 2030, implement integrated water resources manage
at all levels, including through transboundary cooperation as approj

Target 6A By 2030, expand international cooperation and capac

sand dams
artificial
groundwater
recharge

rooftop &

macrocatchment
water harvesting

macrocatchment
water harvesting

building support to developing countries in water and sanitaétzted rooftop
L ; . ; - ~_ courtyard .
activities and programmes, including water harvesting, desaling . harvesting
L . . rainwater WH
water efficiency, wastewater treatment, recycling andereeshnologies
Goal 13. Take urgent action to combat climate change and its impacts
Target 13.2Integrate climate change measures into national polic macrocatchment

strategies and planning

check dams

water harvesting

Goal 15. Protect, restore and promote sustainable use of terrestrial

ecosystems, sustainably manage forests, comlokgsertification, and

halt and reverse land degradation and halt biodiversity loss
Target 15.2 By 2020, promote the implementation of sustaina
management of all types of forests, halt deforestation, restore deg
forests and substantially increase afforestation and reforestation glc
Target 15.3By 2030, combat desertification, restore degraded land
soil, including land affected by desertification, drought and floods,
strive to achieve a land degradation neutral world

floodwater
spreading

contour stone
lines

floodwater
harvesting

microcatchment
water harvesting

Climate change exacerbates variability and uncertainty in natural resources, with detrimental

consequences for local communities (Piemontese et al., 2023 e t

water harvesting camelpmitigate some of thenpactsof climatechange. In drylandsational policies

al . (2013)

pr

could include the use @faterharvesting technologies as part of a wider strategy to combat the impact

of climate changeHence vater harvesting can support SDG Goalsiri&e thisgoala i ms Takeo
urgent actio to combat climate change and its impaddscheck dam isspecific example of a water

harvesting technology that can support SDG Goal 13 with reference to Targéseable 2.3).

11
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Addisu and Mekonnen (2019) found that check dams trap soil organic carbon (SOC) at levels ranging
from 20 t owitit@eConsgjderabtgariation in SOC levels attributed to differing spatial
sources of carborin addition, check dams reduce soil erosion. One consequence of climate change
will be an increase in soil erosion in many parts of the world, with the highest increase projected to be
in semtarid regions (Eekhout and de Vente, 2022). Hence check danydagaa role in climate

change mitigabn by trapping SOCandin climate change adaptation by reducing soil erosion.

SDG Goal 15relates to thesustainable use of terrestrial ecosystewth Target 15.2 providing a
specific focus on forest€hannelling storm flood caused by runoff to agricultural land is an example

of floodwater harvesting and an example of how water harvesting technology can be used to support
the growth of treesTarget 15.3 focuses on actionsaithieve aland degradation neutral woéldnd

hence the construction of contour stones bunds is an example of a water harvesting technology that
can play a ole in delivering SDG Goal 15Gebrernichaekt al., (2005) found that use of this
technology resulted ia 68% reduction in annual soil loss due to water eroshmsed on a study
located in northern Ethiopi&eeTable 2.3 for descriptios of SDGGoal15, Targetsl5.2, and Target

15.3

When smallholder farmers implement water harvesting techniques, they can better manage rainfall
variability by increasing water storage (e.g. soil moisture), thereby enhancing their resilience to shocks.
Ali et al. (2007) argues that water harvesting, if implemented appropriately, is a viable option to
improve productivity and conserve natural resour&ete et al. (2013) illustrated this benefit for
subsistence farmers in s@aharan Africa with a schemati€igure 2.1). Without water harvesting,

the farmer is more vulnerable to beihregoldabe¢ced
Figure 2.1) rather than being able to transition to commercial farming, assuming a starting point of
subsistence farming. However, with water harvesting, the situation is reversed, with the farmer now

12
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|l ess vulnerable to a forced transition to 00
6commercial é farming is | owered, as replgesent
| i ne at tHygureXlh ddnad, water darvésting not only helps farmers avoid abandoning
their land to seek alternative livelihoods but also increases the likelihood of transitioning from

subsistence to commercial farming.

Subsistence Commercial

Other livelihoods

Figure 2.1. Ball and cup conceptuakation in sub-Saharan Africa farming livelihood system illustrating the existence of several
stable states, with the ball representing the farming system, and the resilience of each state being defined by the deptreafup.
The bold line represents a situation without water harvesting, while the light line represents a situation with water harvésg.
The resilience of each state is represented by the depth of each cup, meaning the greater the depth, the harder it is fobdte

(representing, for exampk, a farmer) to move from one state to anothe(Dile et al., 2013).

Despite the many benefits of water harvesting technologies, they can have negative side effects. Kibret
et al. (2021) found thain Africa both small andarge dams can become hotspots for malaria
transmission, highlighting the need for integrated disease control efforts alongsiderttie s water
harvestinginterventions.Ali et al. (2007) also report that other researchers have indicated that
improper use of water harvesting projects can result in inequitable access to water resources, and in

some cass, may even compromise the reliability of potable water supplies.

13
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Water harvesting is often implemented in drylands, where populations are among the poorest globally
(White et al., 2002, cited in Koohafkan and Stewart, 20E@jthermore the construction of water
harvesting structures in these regions can boost rural infrastructure development, offering support to
some of the world's most impoverishe@mmmunitiesMati et al. (2006) argue that rainwater resources
must be managed through water harvesting to "drepigidf" African communities exposed to regular

climatic variability and uncertainty.

A review of water harvesting at a national level conducted by Kiggundu et al. (2018) found that water
harvesting technologies offered benefits at community and national scales, but that systems had failed
due to poor management, afterrcancludiagritdtatheiliterature ikriehnin (2 (
studies on climate change impacts on hyaieteorological records but lacks similar research on
reservoirs, reviewed the impact of climate change on runoff harvesting and reservoirs (both surface
and undergound).l n t hi s revi ew, ken (2021) noted that
adaptation opportunities against the effects of climate chavigeg et al. (2021) reviewed 25 papers
spanning two decademdam sitngppnd f ound that site selection f
primary purpose. For dams used for irrigation and water supply, site selection focuses more on
evaluating water quality. For those intended for power generation, hydrological factorsimiaterm
power generation potentiare the most significant. Meanwhile, for dams designed for flood control,

topography and geological conditions play a more crucial role

23Wat er hadwawesstifmgadci on
Under the umbrella term of teéhnotogiesand theatechnelsgies n g 6

can be classified or grouped based on shelratacteristicCritchley and Siege(tL991]) divide water

14
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harvestingechnologies nt o t wo categories (O0rainwataang har v

with respective suloategories and swutivisions

MekdaschiStuder and Liniger (2013) address this issue in a similar manner, stating that water
harvesting can be divided into two categories
category <consists of a singl e rwaheerrv ebsdari megsdt, i
6rainwater runoffé category is divided into t
harvestingo, and O6macrocatchment water harves
groups(Figure 22). The first of these (¢rapples olarge@dtchnents wa t
with runoff along welldefined channels. Water is stored as soil moisture in the root zone or as
groundwaterExamples of floodwater harvesting include flood recession farming, spate irrigation and
permeable rockdam¥ he second group is O6rooftop harvest
rooftops and courtyards. The t hiridwhghrenaffps i s ¢
sourced from 'iffield' catchments, allowing the technology system to be replicated multiple times
within the application zone. Yfield' catchments capture runoff directly within the field itself and
therefore do not rely on aollection system of rills, streams, or rivefdicrocatchment water
harvesting technologies typically support planbduction(e.g. crop, fodder, tree) with examples
including small planting pitsmechanised Vallerani basinand contour bunds. THeal group is
O6macrocat chment water hdestinguesisablethnoggh thev utilisétion tole ¢ h n
external catchments with the catchment clearly separate from the application area. Runoff is
characterised by sheet and rill flow as well as shommélaflow. Examples of macrocatchment water

harvesting technologies include ponds for groundwater recharge, small earth dams, and sand dams.

15
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water
harvesting
1
ainwater
cate gory floodwater 11]:;?0} !
) floodwater rooftop microcatchment macrocatchment
group harvesting harvesting water harvesting water harvesting
large . small
catchment household in-field
catchment catchment
small
spate rooftop . small
example Lo . semi-circular )
irrigation water harvesting bunds earth dam

Key: D ex-situ E in-situ

Figure 2.2. Water harvesting groups types of catchments and examples of technologi@slapted from MekdaschiStuder and
Liniger, 2013).

An alternativeapproach tovater harvestinglassificationis to dividetechnologiesnto one of two
groups:n situor exsitu. Dabiri et al. (2016}%tatethatin situwater harvesting technologistrewater

close to the collection area, whi&situ water harvesting technologiesquirea transmission system

to transfer watefrom the collection area to the point of storaldecan be arguethenthaté r oo f t o p

A

harvestingd and Omicrocatchment hresituteehsidlogiesg 6 t

whi loedwdtdrlhr vest i ngd and 6macrocatchment water &

asexsitutechnologies.

24Technol ogi es
While there arananykinds of water harvesting technolgd-igure 2.3 providesexamples of water
harvesting technologigsom each group shown iRigure 2.2. Using the in sitw/ex situ methodto

categorisaghese four technologigke rooftop harvesting=(gure 2.3b) and Vallerani systent{gure
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2.3c) can beclassed am situ forms of water harvesting, whitee diversion canaFgure 2.3a) and
small earth damHjgure 2.3d) can beclassed asxsitu forms of water harvesting.

(a)

© - (d)

Figure 2.3. Examples of water harvesting technologiesom WOCAT database d (a): floodwater harvesting - diversion canal
[© D. Danand; (b): rooftop harvesting [© A. Amon]; (c): microcatchment water harvesting- Vallerani system[© A. Boureima];
(d): macrocatchment water harvesting- small earth dam[© M. Malesu].

Yeomans (1954) developed the concept of the Keyline Rli&mthe primaryaim of improving soil
structure and increasing soil fertilitfhe plan introduces the concept of 'Keylines', which serve as
guides for working the land. Above the Keyline, the valley tends to be narrower and steeper than
adjacent areas, while below it, the valley becomes wider and flatter relative to the surrounding
topography. By utilising Keyline@llustrated inFigure 2.4), the Keyline Plan offers a straightforward
method for conserving all the rainfall that falls on the land by directing it into the soil (Yeomans,

2008).1n practice, this is achievetrough slightly offcontour ploughing (Ferguson, 2015).
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Constraint (eg. Boundary fence_)

, Jommm =il ‘Cultivate Valley areas
Valley area Pl It parallel downwards
S A e NN from the Keyline or
S s | the highest practical
&) SN 0\ contour line below
& /i k§ the Keyline.
I RN RN
I A TN ~ \\\\ 210
s /Ridge area ‘ \\§\\
SEANY Z:
NN
N NSNS 77
V7s2/ Cultivate ridge areas' //%220
/. parallel upwards from f
" the lowest practical 995
contour guide line that 7%
spans the ridge :

i

— a.nd continue on around the top of valleys above Ke

Figure 2.4. lllustration from the Keyline Plan showing ridge cultivation. Slightly off contour ploughing is shown in green
(Yeomans, 2008permission granted by Ken Yeomans).

Water harvesting dam projects, classified under the macrocatchmen(fgiguue 2.2), are often used

as part of water supply schemes to enhance access to drinking water (Forzieri et al., 2008; Zaidi et al.,
2015; Salih and Alrarif, 2012). Warping dams are known to reduce erosion (Li et al., 2018) and can
therefore contribute to efforte tonserve and restore ecosystems in mountainous and dryland areas.
In low-income countries, small dam failures are common (Pisaniello et al., 2015), often resulting in
significant damage and loss of life (Sampson, 2084 case study in VietnarRjsaniello et al. (2015
reviewed 22 small dams and identified safety issueadmcase. Of these, 13 dams had safety issues

specifically related to the spillway.

Water harvesting caimcrease afforestation in drylands. Microcatchment water harvesting structures
can be designed to sustain trees by storing enough water runoff in the soil profile during the rainy

season to cover the water requirers@fthe tres during the growing season (Bo@tsal, 1986).

Aside from runoffthere are other commonalities between differdgpes of water harvesting

technoloy. Al | approaches invol ve a,wlicadnibehamartificiab o f
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surface (as in the case of rooft@pdcourtyard water harvesting), a smgalibt of agricultural land (as

in the case for many microcatchment water harvesthgmes)or a drainage basin consistingitis,

streans and rivers (as in the case of floodwater harvesting and macrocatchment water harvesting
technologies)The size of catchment differs significantly dependindomal characteristics and type

of water harvesting technology employefinschuetz (203) states thafor small planting pits
(microcathment water harvesting)ere can be as many as 10,000 to 25,000 pits per hectare, resulting
in a catchment area of 0.4 m? for each pihall earth dams, which as classified as macrocatchment
water harvestingtructuresare considered to have relatively small catchsngure 2.2), which can

exceed 25 km? (Stephens, 201®oodwater harvestingstructures, in contrast, have | ar g e
catchmerdd Figure 2.2), coveringhundreds of square kilometres, withmasalmehet al. (2022)
researchinga floodwater harvesting scheme with a catchment area of a@0sknt. Floodwater
systems often include a diversion structure within the riverbed, which is susceptible to damage. This
risk stems from uncertainties caused by the variable nature of floodwaters and changes in riverbed

morphology (MekdascHstuder and Liniger, 2B).

Another common featuramongst differingvater harvesting technologies is storage. The type and
proximity of storage to the catchment area vary depending on the technique. Water can be stored above
ground in an open reservoir or in an underground cistern designed to collect rawftegterunoff.
Somewater harvestingechniquestore water by increasing soil moisture contdite location of the

storage relative to the catchmanéavaries depending on the technolo§prin situwater harvesting
technologiesthe storage zanis always close to the entire catchmedonversely,for ex situ
technologieshezone of watestoragds typicallyfar from the outermost parts of the catchment, with

runoff reaching the storag®nevia a network of rills, streams, and channelised river flows.
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Cherlet et al. (2018) identified nine sustainable land management pradticagroforestry,
conservation agriculture, integrated soil fertility management, -slopg measures, water harvesting,
irrigation management, pastoralism and grazing management, integratégestgck management,

and forest managemaeit that play a role in combating desertification. Water harvesting technologies,
referred to as O6structur al measureso, which f
bunds, dms, pans, and barriers. Furthermore, water harvesting structures, such as dams, can be

incorporated into systems for combating forest fires (Teréncio et al., 2018).

Bench terraces are suitable for drylands, especially where there are steep slopes, and are effective a
controlling erosion by reducing overall runoff (Koohafkan and Stewart, 2012). Some bench terraces
are designed with a runoff collection area close tereltrops are planted. However, certain types of
bench terraces lack runoff collection areas, with crops being irrigated directly by rainfall, leaving no
runoff water to supplement irrigation. Since runoff is not part of the technology, such systems cannot

strictly be consideredswater harvesting.

25HiIi story of water harvesting

Historical evidence indicates that water harvesting techniques have been practised for millennia
ranging from smaidkcale methods such as terracing to retain soil moisture to-kogker structures

like dams In the Negev Desenvater harvesting systems dating back 4,000 years or more have been

discovered (Evanari et al., 1971 cited in Critchley and Siegert, 1991).

While the water harvesting examples showRigure 2.3 are from relatively recent timggsrge water
harvesting structures are known to have been built thousands of yeddetagjs.of some of the oldest

known historic dams are providedTiable 2.4. One of oldest known dams was built around 3,000 BC

20



An overview of water harvesting

in preserdday Jordan in a place called Jawa (Bretas et al., 2012). This earth embankment dam is

believed to have a height of&4n and a length of 80 m.

Table 2.4. Details ofhistoric dams, including location, construction timeline, dam heightand dam length(Bretas et al., 2012).

timeline location (%Z%%rgt- h((eri]?)ht Ie(rrl%th
3000BC Jawa Jordan 5 80
2000BC Saadel-Kafara  Egypt 14 113
2nd century  Alcantarilla Spain 17 557
2nd century  Proserpina Spain 22 426
2nd century  Cornalbo Spain 24 220
3rd century  Olisipo Portugal 8 64
1595 Tibi Spain 46 65
1640 Elche Spain 23 95
1653 Relleu Spain 29 34

26St akehsol der
Water harvesting involves a diverse range of stakeholders. These stakeholders play a crucial role in
defining the requirements of the systems, and it is essenéiabtoe timely and effective consultation

with them throughout both the planning and implementation stages.

The Food and Agriculture Organization of the United Nations (FAO) has published a manual offering
practical guidance for technicians and extension workers on implementing water harvesting schemes
(Critchley and Siegert, 1991). Additionally, the Internagilo@enter for Agricultural Research in the

Dry Areas (ICARDA) is actively engaged in water harvesting initiatives. Although not part of the UN

system, ICARDA provides "innovative, scierlsased solutions for countries across the-tnopical

21



An overview of water harvesting

dry areas" (ICARDA, 2023). ICARDA staff have -asithored numerous scientific articles directly
related to water harvesting in drylanasg. Oweis et al., 2001; Meclaiet al., 2009; Ziadat et al.,
2012). TheWorld Overview of Conservation Approaches and Technoldy\83CAT) was founded

in 1992 to enhance knowledge in sustainable land management (SLM). Since its inception, it has
evolved inb a global networland institution(Hurni, 2008). WOCAT manages a portal featuring a
database on SLM, including exaraplof water harvesting technologies implemented worldwide.
Established in 1971 to address concerns about famine, the Consultative Group on International
Agricultural Research (CGIAR) is the world's largest consortium of internationally publicly funded
agricultural research institutes focused on food, land, andrvegstems (Thornton et al., 2022).
Among its sixteen cergs the International Water Management Institute (IWMI) specifically

addresses water issues and has published works promoting watetimguteeg. Oweis et al., 1999).

A rangeof donors support water harvesting efforts, either directly or indirectly. For instance, ICARDA
receives funding from over sixty different sources, including universities, state governments, the
European Commission, and the World Bank (ICARDA, 2023). Matiaesearch bodies and
universities also contribute significantly to water harvesting projects. In Jordan, the National Center
for Agricultural Research and Technology Transfer and the University of Jordan collaborated on a
study to assess the tability of water harvesting sites (Ziadat et al., 20@B)vernments are key
stakeholders. For instance, Jordan's Department of Land and Irrigation, which is part of the Ministry
of Agriculture, has been involved in water harvesting initiatives (Ziadat et al., 2012). Non
governmental organisations (NGOs) arevaiscognised for their role in water harvesting projects,
offering financial assistance or direct support (Chunhong et al., 2004; Prinz and2a@gk, Tuinhof

et al. (2012) argue that capital togepresent a significant component of water harvesiing
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particularly in contexts where the banking sectamderdeveloped and where inflation and economic

uncertainty are high.

In addition to international and national organisations, local stakeholders are involved in water
harvesting. These include households, smallholder farmers,-pagtoralists, communities,
community leaders, and user committees (Chunhong et al., 2004 ;aRdnMalik, 2002; Tuinhof et

al., 2012; Kiggundu et al., 2018).

27Mechani sms of Runoff and Associ at
Given the significance of runoff in water harvesting systems and technologies, as highlighted earlier
in this chapter, it is valuable to examine the processes responsible for its generation, as well as other
climatic and hydrological process&tsongly associatedith it. While runoff is a result of raimot all

rainfall events produce runoffhe sudy of the infiltration is necessary to understand the process of
runoff generation and associated flooding and related geomorphic procEssem¢ 2011). Only

when r ai nf a Infiltraterxcapacityds definddeas tlieimaximum rate at which a given soill

can absorb rainfall when in a specified condi{idonrton, 1933)can runoff occunfiltration provides

the only source of seihoisture and hence it is essent@l ¥egetatiorgrowth. It is also the source of

water for groundwater recharge necessary for water supplies from wells for example. Groundwater

may emergeat springs and rivers thus becoming surface water.

Water that adds to seihoisture following infiltration and is taken up by the root systems of vegetation
i s returned to the atmosphere through a proce
surface andgimilarly returns to the atmosphere buthout first undergoingnfiltration is known as

evaporation. Together r anspi rati on and evapatf@aspiraticthi on ar e kn
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Rockstrom and Falkenma(R015 presented a water balance, in terms of what becomes of rain, in a
SubSaharan contexfFigure 2.5). Transpiration and evaporation account for 3%% and 3050 %
respectivelyCollectively, evapotranspiratioprocesses can be describedr@en water Groundwater
ranges from 10i 30 %, while runoff accourst for 10i 25%. Rain, groundwater and runoff can be

grouped and referred to blsie water

SUB-SAHARAN WATER BALANCE

Crops consume less than one-third of rainfall in
semi-arid regions. Up to half of the water
evaporates directly from the soil. The rest runs
off the surface or recharges groundwater,

!

Blue Green
water water

‘Transpiration 15-30%

"
“

Rain 100%

Groundwater 10-30%

Figure 2.5. Sub-Saharanwater balance (from Rockstrém and Falkenmark, 2015)

For smaliscale water harvesting systems, runoff, as shoviamgure 2.5, travels over relatively short
distances since the catchment area is close to the water harvesting structure (e.g. contour bund). Fo
large-scale water harvesting systetsthe primary focus of this thesss there is often a significant

di stance between the | ocation where rain make

harvesting structuréds runoff is generated where rain falls and moves overland through a drainage
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network (i.e. rill s, streams, rivers), Ssome W
This reduction in runoff volume is collectively referred taramsmission losse€ompared to other
climatic regions, catchments in arid and samd regions experience high levels of transmission
lossesHence, transmission losses are an important consideration when planningszddegs/stem

(e.g. macrocatchment water harvesting), due to the long distances runoff must travel to reach the

structureand the arid nature of the environments where water harvesting is typically implemented.

As runoff transits from the point of its origingéneration (i.e. where rain contaetith the soil) to a
downstream locatiod such as an existing or potential water harvesting scl@eniteincorporates
nutrients, rocks, and sediments. Condygdwlogical | vy,
connectivity whi ch can be -ochediitedrirendporao$ maiter, energyaadtogganisms
within or between el ements of the hydrologica
Amattero in the form of rsaneiwate harvesting technolbges. p r «
Sediment deposits in reservoirs are detrimental to the operation and maintenance of such water
harvesting systems, especially those primarily intended for water supply. The issue of reservoir
sedimentation, specificglin the context of dam planning in dryland environments, is covered later in

this thesigseeChapter 6).

28Si tiibngphypairamet er s

When evaluating the potential for water harvesting in a specific area, various biophysical parameters
are selected and utilised within a methodology to determine the suitability of a particular water
harvesting technology at a specific location. The folimyvsubsections highlight biophysical

parameters, categorised under common headings, used to assess whether a location is suitable for wat:
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harvesting. The actual biophysical parameters used in any water harvesting study vary and depend on

the available resources and the methodology adopted by researchers.

Table 2.5 lists various types of water harvesting technologies and the biophysical criteria used in site
selection studies. However, it should be noted that the table is not exhaustive and significant variations
exist in how site selection studies are conductattitionally, Figure 2.6 providesa schematic

showing a range of biophysical parameters used in water harvesting site selection studies.

Table 2.5. Water harvesting technologies and the biophysical criteria used in site selection.

technology biophysical criteria reference

micro dams Kldiva);
stone terracedench
terracesborders

rainfall; slope soil texture soil depth

drainageland use land cover Mbilinyi et al., 2007

high potential surface soil characteristicsland use rainfall;

runoff sites slope de Winnaar et gl2007

aridity zonesrainfall (annual, with 806
probability of exceedance}oil texture
soil depth land use / land coverivers
dams lakes

in-field and exfield
rainwater harvesting
catchment surfaces

Kahinda et a].2008

ponds rainfall; slope Mati et al, 2006

narrows; influence area of barrage;
dams stream length; catchment area; faults; Forzieriet al., 2008
bedrock depth; substrate porosity

check dams hydrogeomorphic unit; soil; land use  Padmavatht al., 1993

Jessous andTabias slope; size of watershed Mechlia et al. 2009

check dampercolation land usé land cover lithology; soil;

pond; subsurface dyke slope rainfall, drainage Ramakrishnaet al., 2009

artificial aquifer geological setup; groundwater (level &

recharge electrical conductivity) Abdalla and AiRawahi, 2013

sand dams slope; salinity; stream order Piemonteset al., 2023
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LAND:
location

size of catchment area
size of cultivation area

stoniness

land use / land cover

infiltration /77 /

runoff coefficient
TOPOGRAPHICAL: runoff threshold —_ CLIMATIC:
surface elevation //// aridity index
contours monthly temperature
slope / [/ annual heat index
channel slope mean annual rainfall
stream order / design rainfall

— rainfall erosivity

SOIL: soil

depth

soil texture \‘ /

cla?/ .content N geology
salinity / sodicity

available water content

bund construction characteristics

Figure 2.6. Biophysical criteria used in water harvesting site selection.

2.8.1Climate

There is a strong association between waaevesting and drylands. Rainfall alone is often insufficient

to determine whether a region can be characterised as drylands. Drylands, which make up%bout 40
of the worl ddos tot al |l and area (Koohafkan and
the growing season and their susceptibility to desertification. According to Bot et al. (2000), arid, semi
arid, and dry suflnumid zones, which have aoyving period of 1179 days, fallunder he o6 dr y | a
classification. Moisture availability, ti@er than just rainfall, is the primary factor defining aridity, as

it reflects the balance between precipitation and evapotranspiration (Nicholson, 2011).

To determinghe aridity zone (e.g. serarid) of a particular locatigrthe aridity index, which is the

ratio of precipitation to potential evapotranspiration, can be uBetkntial evaporation is the
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Amaxi mum quantity of water capable of being | o
stretch of vegetation coverintdpe whole groundand well supplied with watedt thus includes
evaporation from the soil and transpiration from the vegetation from a specified region in a given time
interval; It i S expressed as a d e phe Ipotential k e [
evapotranspiration is the amount of water that coulbbstethroughevaporabn or transpiationif it

was availableas opposed the actual amowhtwater lost, which is usually less (Park and Allaby,

2017).

Zomer and Trabucco (2022) provideglobal aridity index rastefat a spatial resolution of 30 arc
seconds)or the period 1970 2000 period, based on the FAAB PenmasMonteith equationThe
FAO-56 PenmatMonteith is one of several equations that measure the atmosphere's ability to remove
water through evapotranspiration procestksng thedrylandsclassificationapproachproposecdoy

Bot et al. (200Q)which excludesyperarid regionsrom the definition ofé d r y |, amdadpdyiag

the Zomer and Trabucco (2022) methodologydédine regions based on a Glal Aridity Index

dryland regions cahe categoriseas arid, semarid, and dry suhumid, with Global Aridity Index
valuesof 0.03 0.2, 0.2 0.5, and 0.50.65 respectivelyFigure 2.7 presents a world map of drylands.
Although 'hyperarid' regions can technically be included within drylands, they are shown separately
here, in accordance with Bot et al. (2000). This distinction is made becausahgpegions are not
vulnerable to deertification and therefore are not included in Ba et al. (2000)definition of
drylands.Using this approach, drylands cover 3% f t he Eart hds | and sul

33.8%0f the worl dbés popal ation (Wang et al ., 20
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Aridity Index
hyper-arid
drylands

other

Figure 2.7. Drylands of the world based on Global Aridity Index (Zomer and Trabucco, 2022, with drylands defined by
encompassingd a r i d 6a r i6dsdedmisabrhdu ma clim@te classifications.

The frequency ofainfall distribution in drylands is often skewed, with a predominance of subnormal
years offset by occasional years of exceptionally high rainfall, which inflate theédangaverage.

Local factors, such as topography, significantly influence rainfalitorg substantial spatial gradients

in mean rainfall. Annual totals are largely determined by a few-inigimsity, shorduration rain
events. While these events generate high runoff, the overall proportion of rainfall contributimgfto r
remains low(Nicholson, 2011)In semtarid regions, 1025 % of all rainfall typically becomes surface
runoff (Koohafkan and Stewart, 2012) which either moves over the land as surface flow or is

channelled into drainage networks of rills, streams, and rivers.

Mean annual rainfall alone can be used to design rooftop water harvesting systems (Traboulsi and
Traboulsi, 2017). However, due to the significeamporalvariability in rainfall, especially in regions
with low precipitation, relying solely on mean annual rainfall means that the water harvesting system

will frequentlyunderperformKahinda et al. (2008) contend that srsdlle farmers dependent on
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rainfed agriculture face significant challenges due to aridity and climatic uncertainty, with low crop
yields stemming more from erratic temporal and spatial rainfall patterns than from actual water
scarcity.To enhance agriculturglroductivity through water harvesting, Critchley and Siegert (1991,

p. 32) recommend considering annual rainfall variability and using a Design Raimifziltheydefine

as "the total amount of rain during the cropping season at which or above which the catchment area
will provide sufficient runoff to satisfy the crop water need®/ conducting a probability analysis,

which involves ranking years of historical annual rainfall data, the probability of occurrence can be

calculated using Return Periods (in years) for different levels of annual rainfall.

Most nonrperennial rivers arocatedin drylands. Rainfall is typically seasonal in such regions, and
streams flow intermittently during the wet season, with flow continuing into the dry season only if
there are baseflow contributions from groundwater (Shanafield et al., 2021). When intplgmen
water harvesting projects in drylands, planreeeslikely todeal with ephemeral streams and rivers,

which flow for only brief periods and remain dry for most of the year.

2.8.2Topography

Kadam et al. (2012) used a slope map to identify potential water harvesting sites. Critchley and Siegert
(1991) emphased the critical importance of slope in the success of water harvesting schemes for plant
production. They identified ground slope as a key limiting factor, recommending the avoidance of
slopes greater than% due to the "uneven distribution of runoff.” Additionally, sites with slopes

greater than 5 become uneconomical because of the large volumes of earthworks required.

MorenaMateos et al. (2010) conducted a catchnveide study to identify suitable sites for wetlands
and concluded that the tools they developed would be effective for environmental planning purposes.

Their study incorporated slope as a factor in the development of these tools. Slope is a common
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criterion in site selection for water harvesting studies. A review of water harvesting studies by Adham

et al. (201@) found that slope is the most frequently utilised biophysical selection criterion.

2.8.3Land

Along with catchment characteristics such as the relationship between rainfall and runoff, the actual
size of the catchment is a key parameter in designing or selecting a water harvesting technique. For
instance, when estimating the annual catchment réoodin earth dam, Doherty (200@)tedthat the
volumeof water flowing into thédam) reservoircouldbe calculated using just three parameters, one

of whichwasthe catchment argghe others being the depth of average annual rainfall and the runoff
as a percentage of annuadinfall). Within dryland landscapes, there gsnsiderable uncertainty
regarding the nature of runoff, as most research has been conducted on small plots. Consequently,
there is scant information on fundamental issues such as how runoff varies with catchment scale
(Nicholson, 2011).For water harvestingechniques that promote crop growth, the ratio of the
catchment area to the cultivated area shailsdd be considered (Critchley and Siegert, 1991). This

ratio can vary with the aridity of the site. For example, in areas with a higher Aridity Inddanthe

area generating runoff needs to be larger relative to the cultivated area, resulting in an increased

catchmento-cultivated area ratio (Prinz and Malik, 2002).

Specialists typically consider land use and land cover during initial assessments for potdstial
harvesting sites. Ziadat et al. (2006) assessed the surface cover ofthtadgnd ant i f i ed s
percento. They also studied not only the type

coverage

Critchley and Siegert (1991) note that specific soil properties are particularly relevant to the placement

of water harvesting structures for plant production. These properties include soil texture, soil structure,
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soil depth, fertility, salinity/sodicity, infiltration rate, and available water coni#&atat et al. (2006)

explain how researchers assessed the texture of the soil surface horizon through tactile analysis (i.e.
by feeling it with their hands)Furthermore the soil's construction characteristics, though often
overlooked, are crucial. For water harvesting structures requiring a-setdaring barrier, the soil

must be capable of forming a resilient earth bund.

The ideal soil properties of the catchment area differ from those of the cultivated area concerning the
runoff coefficient. The catchment area should have a high runoff coefficient to ensure sufficient water
is conveyed overland to the cultivation or sggaone. Not all rainfall events generate runoff, as initial
raindrops are intercepted by vegetation, and infiltration processes must also be considered. For
artificial catchments, the initiation of the runoff process can be determined using a thresolketpa
Designing artificial water harvesting systems involves using different threshold values for various
catchment surfaces. For instance, a design standard for an artificial catchment might require a daily
rainfall total greater than 10 mm to effe@ly harvest rainfall. This means that a rainfathoff
threshold of 10 mm/day will produce runoff only when the daily rainfall exceeds 10 mm (Baek and

Coles, 2013).

2.8.4Geology

It is a wellestablished fact that geologi@mpositionof an area plays a vital role in the distribution

and occurrence of groundwater (Krishnamurthy ¢
that when the purpose ofnaterharvesting structure is to artificially recharge a groundwater aquifer
then the geology of the location should be considered at the site selectiorkséage. et al

actively investigated Quaternary deposits along ephemeral riveripeddaudi Arabia when
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determining optimal locations for water harvesting structures aimed at enhancing groundwater

recharge.

29Summar y

This chaptehas outlinedhe connection between water harvesting anctesainable Development

Goals (SDGs)lt is anticipated that this thesis could contribute to four SDGs: Goals 2, 6, 13, and 15.
This chapteralsorecognises that water harvesting involves the storag@ranidictiveuse of runoff,

which can be collected from a nearby catchment amesit() or from a distant oneeksitu). Various
definitions of water harvesting, gathered from published literature, have been presented, alongside a

novel definition: ‘water harvesting is the deliberate act of collectingngt@and utilising runoff.'

The chapteoffers the reader an overview of a wide range of water harvesting technodiegiesing

the regions where water harvesting is most commonly practised, such as drylands, and outlines the
typical climatic conditions of thesegions It provides a brief overview of the ancient history of water
harvesting and identifies contemporary stakeholders involved in the practice. Additionally, the
biophysical characteristics that make a location suitable for water harvesting are examigedithlon

a bief summary of the various site selection methodologies used by researchers.

An established method for classifying water harvesting techniques is pre@egiea 2.2). While
thechapter references dtlur classification groupd includingtechnologies that collect runoff from
artificial surfaces such asrooftop harvestingd this thesis places less emphasis smallscale
techniques although these are briefly referenced to provide a comprehensive overview of water
harvesting. Instead, the primary focus of this thesienigelatively largescale water harvesting,

particularly macrecatchmentsystems with some relevance to floodwater harvesting and micro
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catchment water harvestinghe intention of this chapter, however, is to provide the reader with a

broad understanding of the diversity of water harvesting technologies, both past and present.

This chapter presents evidence (d.gble 2.4) of the ancient origins of certain water harvesting
technologies. For example, in Jagpeesentday Jordar, the remains of a water harvesting dam built

over 5,000 years ago are still visible today. These sites were selected without the advantages of moderr
datasets and tools. In the past 50 years, however, the advent of remote sensing products, computatione
modelling, and GIS has revolutionised how planners select sites for water harvesting techniques. The
following chapters of this thesis examine the relationship between water harvesting site selection and
the application of innovative gspatial techniques and diverse remote sensing products, with a focus
on largescale systemm subnational drylands. This research aims to support multiple Sustainable

Development Goals.
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A literature review of remote sensing products used in water harvesting studies
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Remote sensing predominantly focuses on gathering and interpreting data about an object or terrain
from a remote vantage point. Examples of remote sensing include aerial photography, satellite
imagery, radar altimetry and laser bathymetry (Purkis and Kdeg@4.1).The sensors used in remote
sensing can be described as active or passive. Passive sensors detect natural radiation that is emitte
or reflected, while active sensors emit energy to scan ok@ctshendetect the radiation that is

reflected or backscattered from objedarfget al., 2009).

A pivotal moment in the history of remote sensing came with the launch of the first Landsat satellite
in 1972. This event marked the beginning of a continuous stream oflsps@@nformationof the

Earth, providing invaluable data for research on land use and land cover changes (U.S. Geological
Survey, 2015). However, remote sensing is not limited to satelited sensors. Airborne remote
sensing, conducted by equipping sensors on aircraftaewedaerial vehicles (UAVS), also plays a

significant rok in capturing spatial data

Remote sensing provides approach to observing hydrologic variables across extensive regions. This
includes deriving land surface temperature from thermal infrared data, measuring surface soil moisture
using passive microwave data, assessing water quality with visible anéhfmased data, and

estimating landscape surface roughn#e®ugh synthetic aperture radaihese techniques are
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essential for estimating hydrometeorological fluxes, such as evapotranspiration (Schmugge et al.,
2002).Many key factors in the land surface water balance, such as precipitation, evapotranspiration,
snow and ice, soil moisture, and changes in terrestrial water storage, can be observed through remote
sensing methods with different levels of spatial and teadpesolutionand accuracy (Tang et al.,

2009). In recent years, remote sensing (RS) technology has advanced significantly, enabling the
acquisition ofextensive data on hydrological variables such as precipitation, temperature, soil
moisture, water levels, evapotranspiration, flood extent, flow velocity, river discharge, and land water
storage across regional and global scales. Remote sensing sewatgabte input for integrated
hydrodynamics, hydrological, and hydrometeorological models (Duan et al., 2021). This advancement

is particularly crucial in remote areas where traditional measurements are impractical or costly.

Remote sensing caassist in selecting sites for water harvesting. Adham et al. §0dGewed 48
studies focused on site selection for water harvesting technologies in arid ararideragions,
categorsing them into four methodological groups. The first group uses GIS and remote sensing. The
second combines hydrological méldeg (HM) with GIS and remote sensing. The third integrates
multi-criteria analysis (MCA) with HM, GIS, and remote sensing. The last group uses MCA and GIS.
The Adham et al. (2016a)eview confirmsthat most studies on water harvesting site selection use

remote sensing in their search to identify suitable locations.

Thereis no recogrsed standarded method for conducting site selection studies for specifistype
water harvesting technoleg Authors of peereviewed articles use a variety of data sources
(including remote sensing). If HM is uséd, the modéihg approaches may vary, and if MCA is
employed, thenethodologiegsan differ. Additionally, the functions @IS used in these studies also
vary widely. However, moswater harvestingite selection studies do use GIS in combination with
HM and MCA (Adhamet al., 2016).
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The subject of water harvesting has merited the publicatiannoimber ofeviews.Boers and Ben

Asher (1982pxamined some 170 articles published from 1970 to 1980 related to rainwater harvesting.
While this review highlighted a growing awareness of rainwater harvestingde no mentiof

60r emot e Tkisesnggeasta tha the water harvesting sector did not immediately begin utilising
remote sensing datasets, since, as mentioned earlier, the Landsat satellite programme was launched i
1972.Adham et al. (2018 examined 48 studies related to water harvesting site selection in arid and
semtarid regionsandnotedextensiveuse of remote sensing produbisresearcheraith three out

of four study categories featuriigemote sensiriy The growing fusion of remote sensing and water
harvesting forms the basis of this literature review, as there is a notable gap in existing research that
specifically explores remote sensing within the context of water harvelsieng, this review aims to
address this research gap by studying how remote sensing products are utilised in water harvesting
(and closely affiliatedibject matter) studies. This review also aims to explore emerging patterns and

trends in relation to remote sensing and water harvesting.

For regions such as the drylands of Africa there has been a resurgence of interest in water harvesting
in recent years, driven by the intersection of three pressing issues: the potential consequences of
climate change in arid regions, the decreasing dubiaof water for agriculture, and the urgent need

to sustain a growing population (Critchley et al., 201&3knowledging these challenges and
recognising the existing research gap®, primary objective of this review is to identify the most
significant remote sensing products employed in relation to water harvesting studies. It seeks to
provide insights into the process of generating these products, offer specific examples of their
applications, outline potential advantages and disadvantages asbogititeeach product, and
pinpoint current trends in their usage. Furthermore, this review strives to explore potential best

practices andffer evidencebased recommendations.
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Utilising specific search terms, a systemagigiew (described in th#aterials and Methodssection)

was conductedsingtwo prominent search engines. Subsequently, a manual screening process was
employed to eliminate nerelevant and inaccessible papers, leading to the identification of 290 peer
reviewed articles all related to water harvesting (or a closely related $u#rdacollectively referred

to as the review literature. In tRResultssection the most frequently used remote sensing products are
categorised and presented. In Biscussion and Evidencébased Recommendationsection issues

are discussed with a focus on the strengths and weaknesses of different remote sensing products

Recommendations are made regarding remote sensing and its use within the water harvesting sector.

32Mat er i anes$ hadd

The first stage of the process began with the identification of relevant articles using two bibliographic
databases, namely Web of Science (WoS) and Scopus. Details of the search input text and parameter
are provided ifTable 3.1. The citationsearch was completed in January 2024. Since the outputs of
WoS and Scopus producethnyidentical references, the search resutsecombined andduplicate
entrieswere removedrollowing this any result withoua Digital Object Identifier (DOI) oaccessible

only behinda paywallto which Lancaster University does not subscril@s removed from further
considerationThe remaininglocumentsvere examined, and those unrelated to the primary topic were
excluded Specifically,documentsvritten in languages other than Englidbocumentsot originating

from journals é.g.conference praedings, book chapters, review articles), and results discussing
subjects beyond the scope of this work (e.g. rooftop rainwater harvesting) were identifietbpg off

and subsequently removed. All results that successfully passed througpréiiesmary screening
steps were included in this I|Iiteratur eFiguevi ew

3.1 provides a visual representation of the process for selecting the RL.

Table 3.1. Search commands used with bibliographic databases (search undertaken in January 2024).
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search engine

search within

search command

Web of Science

abstract

Scopus

article title, abstract

and keywords

harves

nge

(Awat er

harvesti

Airai nhaviat egt
OR frainwater
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(AGI So)

(x 465)

N

Figure 3.1. Diagram illustrating the progression ofrefining the literature review and the count of references associated with

different stages in the process.
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Following the selection of theesearcHiterature, each paper was examined to determine whether the
study had utilised any type of remote sensing (RS) product. Notes were taken on the type of RS product

used and the primary purpose of using the product.

33Resul t s

3.3.1Classification of remote sensing products

The DOI ofeachatrticle is provided iMAppendix A in tabular format(Table Al) while details of
articles cited in the body of text are provided in full within Referencessection.All the 290
references that comprise the RL were found to be articles published Hmepesved journals.
0 Kyword®from all 290 articles in the research literature were compiled and used to create a word
cloud, which was generated using the viealsed tool WordCloud.com. The resulting vissalon is

presented ifrigure 3.2.
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Figure 3.2. A word cloud generated usingd K e y w drondttse deview literature articles.

The RL articles were published over a pespdnning 1993 to 202Bigure 3.3 illustrates the yearly

distribution of the RL and showssggnificant surgen annual publication count over time.
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Bselected publications for review (total of 290) ®

Oselected publications for review using remote sensing
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Figure 3.3. Chart showing the annual publication count for review literature and the count of those that usecemote sensing.

The RL literature was published across 108 different journals. The jodkfeei6 was the most
prolific in terms of publishing the greatest number of RL articles with a total of 28, while at the other
end of the spectrum 59 journals published only a single RL afTialde 3.2 presents a list of journals

that published five or more RL articles. Among these articles, the most frequently cited (as of March
2024) is the manuscript by Sreedevi et al. (2009), with 159 citations in WoS and 202 citations in
Scopus. Thisighly cited study used a DEM from the Shuttle Radar Topography Mission (SRTM) to

compute 14 morphometric watershed parameters related to linear, areal, and relief characteristics.
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Table 3.2. Journal titles publishing five or more articles from the review literature.

journal count
Water 28
Arabian Journal of Geosciences 23
Environmental Earth Sciences 12
Geocarto International 12
WaterResources Management 12
Sustainability 11

Physics and Chemistry of the Earth, Parts A/B/C
Agricultural Water Management

Journal of the Indian Society of Remote Sensing
Sustainable Water Resources Management
Applied Water Science

Environmental Monitoring and Assessment

g o g o O O

IOP Conference Series: Earth and Environmental Scit

Before classifying remote sensing products, it is important for the purposes of this review to define
what constitutes a ‘'remote sensing productthis context, a 'remote sensing product' refers to the
processed data or imagery acquired through remote sensing technologies, such as satellites, UAVS, o
aircraft. These products encompass a wide range of outputs, including satellite images, vegetation
indices, land use maps, and climatic profiles. A remote sensing product can be relatively simple,
comprising a single image or data array, or it can be more complex, consisting of multiple images or

arrays.

All 290 RL articleswere examired and any mention of remote sensing products was recorded.
Identifying the names of these remote sensing products proved to be uncomplicated in cases where the
details were presented clearly in a tabular format, as demonstrated by Patil and Gupta (262&),Ho

some articles presented a difficulgsit was not possible to extract details of the remote sensing
product(s) utilisedrom the methodologyin some instances, ambiguous phrasing in the text indicated
that a remote sensing product has been edilisithout explicitly naming the product, such as merely

mentioning the use of '"satellite imageryo6. An
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tendency to provide details of the sourcah#fremote sensing product without giving details of the
actual remote sensing product acquired. For example, a remote sensing product may have been
fidownloaded from the USGS websiteaving the reader to speculate on the details of the product
used. In other cases, the text in RL articles attributed the source of data to a third party, often a national

agency or another study, without clearly identifying if the data originated fie8 aroduct.

In searching and documenting articles that had utilised remote sensing a broad definition of 'remote
sensing' was employed, including LIDAR, aerial photography, and satellite imaggry0ogle
Earth).In total 248 of the290 RL articles utilised at least one remote sensing product in some way.
Since the primary objective of this review is to identify remote sensing applications in water harvesting
studiesponly articles explicitly detailing the remote sensing produci$gd have bedncluded in this

count However,the actual number is likely to dagherdue tovague or unclear descriptioms
methodologiesas outlined previoushFigure 3.3 illustratesboth the number of RL articles published

in each yeaandthe number of these articles that utilisedeatst one remote sensing product as part
of the studyds methodology. This chart reveal
dating back to 1993 (Padmavathy et al., 1993). With the exception of t(b@0®sults show that the
majority of articles publisheperyear utilised a minimum of one remote sensing product. In 2005 only
half the articles used remote sensing while in 2023 approximatedy 80all published articles

indicatedusing at least one remote sensing product.

Themost frequently used remote sensing progiag Landsatwith (out of a totabf 290) statingthat
Landsathad been used in their studi@he name of each remote sensing product along with the
number of RL studies that employed the product is providdéine 3.3. As previouslystated due

to the vagueness in the way some articles are preséatdd 3.3 may not capture the entirety of
remote sensing product utilisation. For instance, a number of articles indicated the use of a DEM from
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the USGS portal without specifying the actual DEM product, so the actual occurrences of SRTM DEM

and ASTER DEM used throughout the RL is likely to exceed the count totals presehaduii3.3.

While QuickBird does appearifable3.3, it s i magery comprises the
fifth in Table 3.3) imagery where available. If QuickBird imagery is unavailable for certain locations,
Google Earth defaults to medidinigh resolution Landsat imagery (Potere, 200&ble 3.3 is not
exhaustive as it contains only remote sensing products that were determined to have been used in mor:

than five different RL article methodologies.

Table 3.3. Remote sensing products used in more than five different studies from the review literature.

remote sensing

product count
Landsat 117
SRTM DEM 91
ASTER GDEM 60
IRS LISS 30
Google Earth 23
TRMM 20
Sentinel2 22
ALOS PALSAR DEM 10
SPOT 10
INDIA CartoDEM 9
QuickBird

Table 3.4. Most frequency utilised remote sensing products used in the review literature studies, classified ifitee
groups of elevation, climatic, multispectral, RGB and composite[# indicates number of studies]

elevation models climatic multi - RGB composite
spectral
product name # product name # product name # product name # product name #

SRTM DEM 91 TRMM 20 Landsat 117 IRSLISS 30 Google Earth 23
ASTER GDEM 60 Sentinei2 22 SPOT 10
ALOS PALSAR DEM 10 QuickBird 9
INDIA CartoDEM 9

total 170 20 139 49 23
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3.3.2Digital elevation models (DEMS)
Description of DEMs

The Shuttle Radar Topography Mission (SRTM), flown aboar@&tlaeeShuttle Endeavour in 2000,
used a techniiquerdalrloenctdryadddro produce digita
from two separate radar images captured from slightly different locg#d®®S, 201B). In Table

346 SRDEMMO6 refers to two distinct SdhaidBREMpENCtpr od
at a spatial resolution of 1 asecond (~30 m) and the other the SRTN&hd DEM product at spatial

resolution of 3 arsecond (~90 m) (Buytksalih et al., Z)0

The Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation
Model (ASTER GDEM) was derived from stereo image data captoeedeen 2000 and 201y
satellite telescopedaunched onboard NASA's Terra spacegraftthe neatinfrared spectral band.
Thesedata vere then processed to calculate Eartelevation resulting in DEM with a spatial

resolution of 30 n{Tachikawa et al., 2011)

The ALOSPALSAR DEM is an elevation produatovering a temporal spdrom 2006to 2011,at a

stated spatial resolution of 12.5 m, that is available for download from the ASF Data Search Vertex
portal Alaska Satellite Facility 2023). This high-resolution DEMis 6 u p s a mpdlisefidédot a
generated from the PALSAR data itself It is a copy of an existinQEM that was modified and then

used for the radiometric terrain correction procddse pixel spacing of the source DEM was
adjusted to match that of the Terrain Corrected image it is packaged with and is not an

indication of the resolution of the DEM (Alaska Satellite Facility, 202&mphasis in original

The INDIA CartoDEM, or Cartoséat Digital Elevation Model, was created from stereo image data

obtained from a pair of panchromatic cameras on the Cattassellite, which was launched in 2005
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(Muralikrishnan et al., 2011PEM datasets are available at spatial resolutions of 30 m and 90 m,

covering theentiretyof India.

DEMSs and water harvesting

The majority of RL articles utilised a remote sensing DEM pro@smine 156 of the 290 articles
reviewed equivalent to 53.86) in some wayPawattanaand Tripathi (2008) used an SRTM DEM
raster to create a slope raster as part of an Analytical Hierarchical Process (AHP) -aeaigian
processForzieri et al. (2008) used the ASTER GDEM product to compute the size of a catchment.
Nadhim Akneama et al. (2022) computed linear parametegsiifurcation ratio), areal parameters
(e.g. compactness coefficient) and relief parameterg.(fuggedness number) from the ALOS
PALSAR DEM to evaluate surface water runoff potentidlasubramanian et al. (201@$ed he

INDIA CartoDEM to compute 16 morphometric parameters with regard to subwatersheds within a

basin located in Tamil Nadu, India.

Spatial resolution varies amongst the digital elevation models used throughout the Aetogal .of

20 studiesused the 3 arsecond SRTM DEM produgcivith a spatial resolution of approximately 90

m (e.g.Sreedevi et al., 2009; Jha et al., 2014; Abdekareem et al., 2028 dies used the 1 arc
second SRTM DEM product with a spatial resolution of approximately 3@.gnRawattanaand
Tripathi, 2008; Bajabaa et al., 2014; Waghaye et al., 20&8)e for the remaindetthe resolution of
theSRTMDEM productcould not be determinddom the manuscript. Like the SRTM DEM products
the INDIA CartoDEM datasets are available at 1 and 3sacond, generated by ssampling the
original 1/3 aresecond data (Muralikrishnan, 2011). None of the studies in the review literature
confirmed that the 3 argecondi(e. 90 m) INDIA CartoDEM was used. A number of studies from the
review literature stated that the ALOS PALSAR DEM was utilised with a spatial resolution of 12.5 m

(Asmar et al., 2021; Nadhim Aleama et al.,@22; Ouali et al., 2022; Nabit et al., 2023). Dwiatmojo
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et al. (2021) employed a DEM derived from remote sensing data with a spatial resolution 8 m obtained
from DEMNAS (Badan Informasi Geospasial, 2DI8ruins et al. (2019 mployeda LIDAR-derived

DEM with an even finer spatial resolution of 0.5 mhile Tiwari et al. (2023) merged highlsolution

colour orthophoto with LiDARderived topographic variables. Delaney et al. (2022) used a LiDAR
derived DEM data to substantiate results from a global (lower spatial resola&iIiyl DEM and

other studies also utded LIDAR data Bafiados and Quijan®022; Wag et al, 2023) created a
topographic dataset from LIiDAR dafarom theRL studies a total of 20 used a DEM with a spatial
resolution of 90 m but only five of these articles were published after 2018 (Abdekareem et al., 2022;

Debebe et al., 2022; Delaney et al., 2022; Mallick et al., 2022; Elewa et al., 2023).

3.3.3Climatic products
Description of climatic products

Tropical Rainfall Measurement Mission (TRMM) datasets consist of products generated for studying
precipitation in the tropics and include observations of radiances, microwave temperature, radar
reflectivity, rainfall rate, vertical rainfall profile, and meective and stratiform heating (GES DISC,

2017).

Climatic products and water harvesting

Moawad (2013) used TRMM data in conjunction with averaged six hourly data obtained from a

precipitation mapping server to analyse a single specific flooding event. Salar et al. (2018) used
TRMM monthly precipitation data to find the mean annual precipitatthich was then used to create

a weighting map to identify a suitable site for groundwater recharge. Abdekareem et al. (2022)
analysed TRMM data as part of a methodology to assess sites for groundwater potential by employing
a pairwise matrix with the teria of runoff and physical catchment characteristics. The ArcGIS

OMul tidi mensional Make Net CDF Raster Layer o t
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network common data form (netCDF) format, into the GIS environment (Mugo and Odera, 2019).
Mahmoud and Tang (2015) showed himotely sensegrecipitation data, including TRMM data,
couldbe used with thinverseDistancéVNeightedinterpolationmethod to obtain rainfatlatafor areas
wherein situ climate stations are sparse. Alwan et al. (2020) selected seven criteria to identify water

harvesting sites, with one criterion developed from TRMM precipitation data.

Of the 290 review literature articlé®) used TRMM Table 3.4) however two authors (Mahmowaad
Yousif) co-authored half of these articles (Mahmoud, 2014; Mahmoud et al., 2014; Mahmoud and
Alazba, 2015; Mahmoud et al., 2015a; Mahmoud et al., 2015b; Mahmoud and Tang, 2015; Yousif and

Bubenzer, 2015; Mahmoud et al., 2016; Mahmoud and Alazba, 2016ifaod Sracek, 2016).

3.3.4Multi -spectral products
Description of multi -spectral products

As previously statedhe Landsat satellite programecommenced in 1972. The first Landsat satellite
captured data acro$sur spectral bands. However, over the years the missenvolved, andhe

current satellites provide 11 bands of earth observation data. Although the original satellites are no
longer operational, newer satellites have entered service to ensure continuous cGoaisappiently

from 1972 to the present dagn uninterrupted dataset is available for certain spectral bands, such as
green, red, and neamfrared (U.S. Geological Survey, 2015).andsatband informationand

descriptions of use are presented @ble 3.5.

The acronym IRS LISS is the combination of Indian Remote Sensing Satellites (IRS) and Linear
Imaging SefScanning Sensor (LISS) in acknowledgement of the type of-spédttral radiometer
fitted to satellites (eoPortal, 2012). Both LIS&nd LISSII capture data in the blue, green, red, and

nearinfrared spectral bandSentinel2 is a multispectral imaging satellite missitdmthas 13 spectral
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bands, including four 16h bands (three RGB bands and em&rinfrared), six 20m bands (narrow
bands for vegetation and wider SWIR bands), and threen@fands for cloud screening and

atmospheric correctiofT he European Space Agency, 2023).

Table 3.5. The bands of Landsat satellites and descriptions of use (U.S. Geological Survey, 2(Q&), Operational Land Imager;
TIRS, Thermal Infrared Sensor; ETM+, Enhanced Thematic Mapper Plus; TM, Thematic Mapper; MSS, Multispectral
Scanner;--, not applicable]

1982 1982 1972

timeline 2013 1999 2013 2013 1083
band name L8i 9 L7 L4i 5 L4i5 L1i3 description of use
OLI/TIRS ETM+ ™ MSS MSS

Coastal areas and shallow water
Coastal/Aerosol Band 1 - - - - observations; aerosol, dusinoke
detection studies.
Bathymetrianappingsoil/vegetation
Blue (B) Band 2 Band 1 Band 1 - - discriminationforestlypemapping,
anddentifyingmanmadéeatures.
Peak vegetation; plant vigor
assessments.
Vegetation type identification; soils
and urban features.

Green (G) Band 3 Band 2 Band2 Bandl Band4

Red (R) Band 4 Band 3 Band3 Band2 Band5

Band 5 Band 4 Band4 Band3 Band6 Vegetation detection and analysis;
NearInfrared (NIR) shoreline mapping and
Band4 Band7 biomass content.

Vegetatiormoisturecontent/drought
Band 6 Band 5 Band 5 - - analysishurnecandfire- affected
areastletectiorof activefires.
Additionaldetectiomfactiveires
Band 7 Band 7 Band 7 - - (especiallamight);plant
moisture/droughanalysis.
Sharpeningnultispectral imagery tc
higher resolution.

Shortwave Infrared
(SWIR-1)

Shortwave Infrare@
(SWIR-2)

Panchromatic (PAN) Band 8 Band 8

Cirrus Band 9 - - - - Cirrus cloud detection.
Band 10 _

Thermal (T) Band6  Band 6 Ground temperature mapping and st
Band 11 moisture estimations.

Multi -spectral products and waterharvesting

Durga Rao and Bhaumik (2003) collected ground data to use as training sets in the supervised
classification of Landsat 5 TM satellite data to gain information on land use / land cover (LULC).
Ramakrishnan et al. (2008) used a Landsat product (specificallysat TM) with image ratios and
principal component analysis to upgrade the spatial resolution of an existing database on lithology and
soil. Yousif and Bubenzer (2015) used a Landsat product compressed to a colour image (spatial
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resolution of 14.25 m) together with a geologic map and field investigations to identify the geological
features within the study area. Ahirwar et al. (2020) used a La8gwsaduct with different software
(ArcGIS, ENVI, PCI Geomatica and Rockworks 16)ap lineaments while using the same Landsat
product to mag.ULC (verified with visual interpretation of Google Earth imagery and field visits).
Ray (2023) usedhe Landsat8 remote sensingnageryas part of method to identify groundwater
potential zones using 14 thematic layers or maps, two of which were derived from Landsat bands,

namely a land use / land cover map and a lineament map.

Behera et al. (2019) exploited the high temporal resolutiedafbrevisit) and spatial resolution (10

m) of Sentinel? data and computed spectral indices of Normalized Difference Vegetation Index
(NDVI) and Normalised Difference Water Index (NDWI) forekrseasons to classifyJLC in the

study area. Rather than manipulate remote sensing directly Sacolo and Mkhandi (2021) utilised a land
LULC layer that had been created using Sentndhta and downloaded from a portal run by an
organisation disseminatingpen geospatial datasets for Eastern and Southern Africa. In a study
targeting locations for rainwater harvesting structures Gavhane et al. (2023) used ERDAS Imagine 15
software to perform radiometric correction, layer stacking, and mosaicking Séhnmages to create

aLULC map.

3.3.5RGB (red-greenblue) imagery products
Description of RGB products

SPOT 1, SPOT andSPOT 3 captured mulipectral bands of green, red, and rirfrtared at a spatial
resolution of 20 m, and panchromatic at a spatial resolution of 10 m, with products freely available for
download via the USGS EarthExplorer portBROS, 2018). SPOT4 was equipped with a High
Resolution Visible and InfraRed (HRVIR) sensor capturing ragdéctral images at 20 m spatial
resolution. SPOT 5 was additionally equipped with an instrument capable to acquiring near
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simultaneous stereopair imagery (CNES, 2023). QuickBird refers to an earth observation satellite
which, while no longer operationgbrovided remote sensing produdisat remain availabléhrough

an archive in the form of panchromatic and msiftectral bands (Maxar, 2019).

RGB products and water harvesting

Biswas (2009) used an IRS LISS satellite image to detect trends in the depletion of watedbadies.

et al. (2014) obtained an IRS LISS product at a spatial resolution of 5.4 m as part of a process to create
a land cover / land use map which subsequently was used to in the production of a curve number map
and the computation of runoffhe &curve numbéiis a key component of a conceptual model used to
analyse how rainfall is converted into runoff. Its purpose is to calculate the depth of direct runoff
realting from a storm event (Ponce and Hawkins, 1983hu and Siddha (2022) used visual
interpretation and digitisation to classify land use / land cover including rivers, lakes, waterbodies,
villages, agricultural land, barren land, and forests from IRS LISS spédtitral data in a study to

select suitablsites for water harvesting.

Ouessar et al. (2009) created a DEM with a spatial resolution of 30 m using SPOT stereo pair images
and a O0TOPOGRI D Taprocess that atilised the SPAT nmage to adjust the DEM to
correct modelled stream channels. Setiawan and Nandini (2022) used SPOT images th dlaSsify

into six types and verified the analysis with direct measurements finding the classification process had
an overall accuracy of 9% and a Kappa coefficient of 0.8bhe Kappa statistic is commonly used to
assess interaterreliability, which measures the degree to which raters consistently assign the same

scores to the same variables, verifying the accuracy of the data collected in @stiddgh, 2012)

In a study to find appropriate locations and capacities efaon ponds, Khetkratok et al. (2010)

interpreted a QuickBird panchromatic imageassessand tenure, pond capacity, and land (dee
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interpretation of this imagery led to the creation of GIS datasets encompassing theseTactors.
identify narrow valleys best suited to locate water harvesting structures Adham et al. (2018) used a
combination of digital elevation data and QuickBird satellite images. Liu et al. (2022) used visual
interpretation of QuickBird imagery to identify seveypes ofLULC (i.e. natural forest land; urban

green space; farmland; buildings; bare land; roads; river systems).

3.3.6Compositeproducts
Description of compositeproducts

Google Earth is a software program that di sp

(Miller, 2011) and offers the option for users to extract the ground elevation for points of interest.

Compositeproducts and water harvesting

From the review literature of 290 articles a total28f(Table 3.4) cited the use of Google Earth,
published between 2016 and 2023. Adham et al. (20a6ed Google Earth imagery and GIS to
measure distances from water harvesting structures to points of ineegesettlements). Rai et al.
(2018) used Google Earth images in part of a process to cross verify outcomes produced using multi
spectral data. Salem et al. (2028gdGoogle Earth imagds digitise the Meskat system, a traditional
micro-catchment water harvesting technique for olive tree groves, in the Sahel of Tunisia. Soni et al.
(2022) used the colour of each Google Earth satellite image o estimate (using MATLAB
software) the equivalent runoff coefficient which in turn was used to calculate an estimation of runoff
volume. Okeola et al. (2023) obtained rainfall data from the Nigévieteorological Agency and

using analytical tools including Google Earth, ArcGIS, and Global Positioning System (GPS)

computed runoff using the USDA SE&3N model.
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34Di scussavoderaosdged o mmendati ons

3.4.1DEM products
Evidence

The two most utilised remote sensing products, SRTM DEM and ASTER GDEM, are freely available
and offer global coverage. The highest spatial resolution of SRTM piaNucts is 1 arsecondi(e.

~30 m at the equator), the other being 3sacond, while the spatial resolution of ASTER GDEM is

also 1 aresecond. It is intereisty to explore why researchers favaneparticular DEM product over
another when there is no difference in spatial resolution. Seesesdrcherg.g.Murphy et al., 2008;
Bajabaa et al., 2014; Sayl et al., 282Blewa et al., 2023) used both SRTM DEM and ASTER GDEM
products. Murphy et al. (2008) highlighted an issue with [pptiducts in thaboth are based on
reflected surface elevations at canopy instead of ground level noting that for forested areas this issue
needs to be addressed for proper chafiael analysis. However, Mallick et al. (2022) assessed the
merits of a SRTM DEM product aghnst ASTER GDEM and considered the SRTM DEM (3 arc
second spatial resolution) product to be more accurate than the ASTER GDEM product as the SRTM
radar beam penetrates the tree canopy to get accurate topographic measurements whereas the ASTE
gets refleabns of sun radiation from the tree canopy which are then photogrammetrically processed
to derive the elevation moddihus, thalifference inDEM assessments may be due to the fact that the
SRTM Gband hasomevegetation penetration. However, in heavily forested areas, it is insufficient

to reach the ground, instead providing surfeseémates that are mosamilar to the ASTERGDEM
methodology.Three different DEM products were evaluated by Yousif and Bubenzer (2006)

used hydrology tools to createdaainage network within a GIS environment and compared these
modelled representations against the drainage network observed through a combination of field visits

and satellite imagerytheyfound (perhaps surprisingly) that the SRTM DEM product at a lower spatial
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resolution of 3 arsecond produced superior drainage lines compared to that of a higher spatial
resolution 1 arssecond SRTM DEM product and the ASTER GDEM Ztsecond product. Similarly,
Mugo and Odera (2019) assessed the merits of the SRTM DEM piaghiost ASTER GDEM by
comparing model elevations against precisely levelled data and concluded the SRTM DEM provided

superior data and therefore decided to use the SRTM product for their site selection study.

Although SRTM DEM products aritte ASTER GDEM productare used extensively throughout the

RL articles the technology used to capture data ultimately used to compute elevation data is different.
While SRTM products aremade using a technique called radar interferometyith C-band
(wavelength 5.@m), as previously stated in this chapt®BTER utilises stereo image data in the near
infrared wavelength region from 0.78 to 0.86 um (Hirano et al., 2003). This difference in techniques
produces respective challenges with Tachikawa et al. (2011) stating that missing data in the ASTER
dataset de to constant cloud cover must be filled by DEMs from other sources while for SRTM issues

with data are linked to topographically steep atbat create radar shadow and layover.

Of theRL articles several studies utilised DEMs with a higher spatial resolution than 30 m. Notable
examples include the ALOS PALSAR DEM, as demonstrated by Asmar et al. (2021), Mamin and
Majeed (2022), and Ray (2023), featuring a spatial resolution of 12.5 ntiohaddly, Sahu and Siddha
(2022) employed the CartoSARDEM, with a spatial resolution of 10 m, while Dwiatmojo et al. (2021)
utilised the DEMNAS DEM, which provides an 8 m spatial resolution. Of the review literature the
article stating the usef a DEM with the highest spatial resolution was Bruins et al. (2019) who used

a procured LiDAR derived DEM with a spatial resolution of 0.5 m.

DEM coverage over the study area is factor when opting to select a particular DEM for research

purposes. In the context of this review both SRTM DEM and ASTER GDEM can be considered as
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6global é as both offer coverage of al | regio
resolution of either product is no higher than Isecond (~30 m). From tHeL there are examples

of national institutions/organisations supporting research through the provision of DEMs with a higher
spatial resolution than that offered by SRTM DEM and ASTER GDEM. Dwiatmojo et al. (2021)
obtained a DEM with a spatial resolution androm DEMNAS (Badan Informasi Geospasial, 2018).
Inamdar et al. (2013) obted a 10 m spatial resolution DEM in raster format (ERSI grid) from Land
Victoria. Sahu and Siddha (2022) utilised a Cartds®EM with a spatial resolution of 10 m
downloaded from the Bhuvan portal (Bhuvan: ISRO/NRSC, 2023) for a study in India wlaich is

online archive database of the National Remote Sensing Centre (Mukherjee and Singh, 2020).

Using a DEM with a higher spatial resolution increases the computational demands. From the review
literature Bera and Mukhopadhyay (2023) undertook a samdgicoveringalmost 2,00km? and
concluded thatisingthe SRTM DEM with a spatial resolution of 30stnucka balance between data
availability and computational efficiencwhile higherresolution datasstvere more challengintp

process and analyse.

Table 3.6. List of factors relating to DEM selection.

attribute ASTER GDEM reference(s)

spatial resolution (XY) 30m Hirano et al., 2003
vertical resolution (Z) 1 m (smallest increment) Hirano et al., 2003
geolocation error -0.57 to +0.22 arseconds Tachikawa et al., 2011
vertical accuracy absolute RMSE 18t0 19 m Reuter et al., 2009
vertical accuracy relative mean-9.6 m Reuter et al., 2009
surface / terrain model surface Tachikawa et al., 2011
missing or erroneous data areas under constant cloud cove Tachikawa et al., 2011
coverage 83°Nt083°S Tachikawa et al., 2011
availably freely Hirt et al., 2010

* GDEM versus SRTM

A list of factors that may be considered when choosing a B#M particular body of research are
presentedTable 3.6) together with the attributes associated with a commonly utilised DEM product

(ASTER GDEM).
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Evidencebased recommendation

SRTM DEM and ASTER GDEM are widely used global DEM products with similar spatial resolution

(1 aresecond), but their data acquisition methods result in different accuracy and limitations. Studies
suggest that SRTM DEM generally provides more accurateatdevdata due to its radaased
vegetationpenetration capabilities, whereas ASTER GDEM relies on optical data, which can be
affected by canopy cover. However, in steep terrain, SRTM DEM may suffer from radar shadow
effects. Higher e s ol ut i on nD &oktial regoldtioR) .ae available but require greater
computational resources. Researchers should select a DEM based on study area characteristics, dat

accuracy needs, and computational feasibility.

Evidence

In this review ODEM6 refers to elevation model
and digital terrain models (DTMs). Depending on the technique used to create thénBEMvation

data may represerthe Ear t h 0 s (i.es topmbsa surace, including buildings, trees, and other
objecty or theEa r t h 0 s (i.et bareearthisunface excluding buildings, vegetation, and other
surface objects)Typically, researchers working in the field of water harvesting or a closely related
subject havan interest in hydrologic characteristics or how water flows overland so terrain.eata (
DTM) would be preferable over surface data.(DSM) assuming other attributeg.g. spatial
resolution) are equivalent. The appropriater®d3EMs was highlighted in the review literature by
Murphy et al. (2008) with respect to a heavily forested study area. DEMs created from laser scanning
(i.e. LIDAR) measurements have the advantage of not only offering superior spatial resolution and
vertical resolution to that of satellite radar DEMgy(SRTM DEM) (Schumann and Bates, 2018) but

can provide terrain elevation data together with vegetation cover measurements (Kukko et al. 2019).
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While the spatial resolution remains a vital specification for every DEM and conceivably holds the
utmost significance, it is important to consider other features or limitations depending on the given
circumstances. The vertical resolution, which dendiessmallest elevation increment along the Z
axis of a DEM, influences its effectiveness in mbdg hydrologyrelated tasks. The vertical
resolution of the ASTER GDEM for exampgkel m (Hirano et al., 200355y a s | Agyei et
proposed that for ngd hydrological applications, the ratio of the average drop per pieelthe
elevation difference between a pixel and its neighing pixel in the direction of steepest descent) to
vertical resolution should exceed one to ensure reliable hmglelutputs. They also suggested that
this ratio could be used to determine the mininpirel area for reliable channel network definition

for any given vertical resolution.

From the review literature a single study (Lof&a@mos et al., 2022) utilised freely available
HydroSHEDS DEM as part of a methodology to construct a climate model at a spatial resolution of
460 m x 460 m. The HydroSHEDS DEM is created primarily from SROBW dataanda voidilling
procedure is applied that removes spurious sinks (depressions) while keeping naturally occurring ones
creating a continuous elevation surface (Lehner et al., 2008). As of 2008 HydroSHEDS data was
availableat spatial resolutionsf 3, 15, and 30 arseconds (Lehner et al., 2008) while as of 2024 there

are plans to release a newer version of HydroSHEDS at a spatial resolution eetard with

i mproveedudsntirneggdbm and i mproved del i neat202nA of d
HydroSHEDS DEM at 1 arsecond (approximately 30 m at the equator) may be of interest to
researchers working in the water harvesting sector as it should offer improved mappHstyediim
networks compared to other commonly used DEMs also haairgpatial resolution of 30 m

(e.g.ASTER GDEM).
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Evidencebased recommendation

For hydrology and water harvesting research, DTMs are generally preferable over DSMs as they
provide bareearth elevation data, enhancing overland flow modelling. LiEvaRed DEMs offer
superior spatial and vertical resolution, capturing both terrain egetation data. Researchers should
consider not only spatial resolution but also vertical resolution, ensuring the elevation drop per pixel
is sufficient for reliable hydrological modelling. HydroSHEDS, derived from SRTM DEM with
enhanced drainage repret#ion, is a valuable alternative, with a planned l-saaond update

potentially offering improved stream network delineation for westated studies.

3.4.2Climatic products
Evidence

Climatic data, obtained from both remote sensing andrewmte sensing sourcesgre utilised
throughout the review literature articles. A total of 166 studies utilised rainfall data to some degree.
However, only a relatively small number of studies used climatic data derived from remote sensing
data withthe TRMM dataset product being the most widely utilig€dble 3.3). Frequently rainfall

data, fromin situ gauge observations, was obtained from a national body. In this literature review
64.6% studies used rainfall data, comparable to a review carried out by Adham et ah) (20d6

found 27 of 48 studies (56%) used rainfall data. From the review literature an example of rainfall
data obtained from a national body is provided by Ibrahim et al. (2019) who gathered monthly rainfall
data from the Ministry of Agriculture and Water Resources of the Kurdistan Rggaoning 16 years
measured at 15 metexdogical stations and then uskewerseDistancé/Neighting (IDW) to interpolate

the rainfall dataacross the study area in raster format.

Runoff is central to water harvestiagdit is dependent on rainfall so it perhaps surprising that more

review literature studies did not use rainfall déwaleed, Adham et al. (20&6stated that rainfall is
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one of the three basic criteria for the technical suitability of water harvesting, along with slope and soil
type.Researchers may wish to consider several issues prior to opting to usédgsedeainfall data.

Water harvesting commonly takes places in regions where there is a relatively low coverage of rainfall
gauges. Should rainfall gauges exist there may be Sssaun missing or erroneous data or
measurements have been discontinued after a period of station opéedjoining rainfall data from

a rational body might not be straightforward and may require obtaining the correct authorisations and

making payments, which could lead to a complex and-tamsuming process.

Satellitederived rainfall datasetg .. TRMM) on the other hand offer extensive global coverage and
are freely accessible. Even though rainfall is one of the three basic site suitability criteria (Adham et
al., 201@) this literature review shows thsatellitederivedrainfall data is used less frequently than
DEMs. An area for future research would be to explore the reasons why the take up and utilisation of
climatic products€.g. TRMM) is not more widespread in theater harvestingector Manipulatirg

and analysing a climatic dataset is more involved compared to a digital elevation model (DEM). As an
illustration, SRTM DEM can be acquired as a single GeoTIFF raster tile, while obtaining TRMM data
necessitates the handling of Network Common Data FastCDF) file format (Mugo and Odera,
2019). Additionally, managing TRMM data is further complicated by the presence of multiple data
arrays, stemming from the varying temporal resolutions, such as monthly, daily, and hourly intervals.
Furthermore, there isften a significant disparity between the spatial resolutions of climatic products
and other remote sensing products utilised in water harvesting studies. For instaakeyAkt al.

(2023) state that the spatial resolutions of the TRMM and DEM prodsetsin the same study are
0.25° (approximately 27.75 km at the Earth's great circle) and 30 m, respectively. Consequently, the

areal spatial coverage of the DEM product is 855,625 times higher in resolution than that of the climatic
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product.Dealing with products aofliffering specifications, such as spatial resolutiorgasered later

in Section3.4.5.

Evidencebased recommendation

To enhance the uptake and utilisation of satelligzived rainfall datasetge.g. TRMM) for water
harvesting studiesresearchers should prioritise their adoption due to their global coverage, free
accessibility, and suitability for regions with sparse or unreliable grbasdd rainfall gauges. While
gaugebased data may offer higher local accuracy, issues such galme density, missing data, and
bureaucratic challenges can limit their availability. The complexity of handling netCDF files and
reconcilng differences in spatial resolution between climatic and other remote sensing products may
discourage researchers from using satellégved rainfall data. Future efforts should focus on
improving data accessibility, developing useendly processingools, and implementing capacity

building initiatives to encourage wider adoption in water harvesting studies

3.4.3Multi -spectral products
Evidence

From the review literature articlgaulti-spectral remote sensing products are commonly used to create
LULC thematic layers. Examples include LULC layers created from Landsatspattiral products
(e.g.Mahmoud et al., 2014; Mugo and Odera, 2019; Singhai et al., 2019) and S2mtinkispectral
products €é.g. Mahmood et al., 2020; Sutradhar et al., 2021; Gavhane et al.,, 2023). In essence
procedures to create LULC thematic layers involve processing several bands from-gpeutitl

product to create a map differentiating the land based on its use and cover.

However, an alternative to creating bespoke land cover map from aspedtial product for a

particular study is use an existing | and cover

61



A literature review of remote sensing products used in water harvesting studies

cover products (CGLEC100; ESA WorldCover; ELC10; S2GLC; ODSEJLC; Dynamic World),

while Congalton et al. (2014) undertook a review of four global land cover mapping products (GLC
2000; Glob Cover 2009; IGBP; UMDY the ten land cover products listed, only the ESA
WorldCover product was employed in the 290 review literature articles, and just for one study (Forzini
et al.,, 2022). This observation suggests that researchers prefer generating land use and land cove
(LULC) maps from multspectral remoteensing products such as Landsat or Senfineather than

relying on preexisting "offthe-shelf" land cover products. One a possible explanation could be the
multi-faceted utilisation of mukspectral remote sensing products. A msiiectral RS produatan

be used to create not just LULC information but also other pertinent layers. For example, Singhai et
al. (2019) in a study to locate rainwater harvesting zones, applied with a supervised classification
methodology to a Landsat mu#fpectral productotprepare a LULC layer as well as using the same

Landsat product to identity lineaments.

Creating a localised LULC layer from a mespectral product can result in a map with a higher spatial
resolution compared to some global land cover products. The global land cover products GLC 2000,
GlobCover 2009, IGBP, and UMD have spatial resolutiohd km, 1 km, 1 km, and 300 m,
respectively (Congalton et al., 2014). Meanwhile, Mohammad and Adamowski (2015) produced a land
cover map from a mukspectral Landsat product with a spatial resolution of 15 m. Also from the
review literature, Forzini el a2022) adopted a different approach, using the ESA WorldCover global
land cover resource at a spatial resolution of 10 m without the burden of processing, validating, and
assessing the product accuracytasks that are associated with developing a besptJLC map

directly from a multispectral product.

The choice of creating a bespoke (and typically Ised)i LULC layer from a mulispectral remote
sensing product over using an existing global land cover mapping product raises a debate about the
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appropriateness of one method over the other. Both methods require validation viatgrthing,

but their accuracies vary. Congalton et al. (2014) concluded that the total accuracies of the global land
cover products IGBP, GLC 2000, and GlobCover 2009 are%668.6%, and 67.3%, respectively.
Gutierrez Caloir et al. (2023), in a study with an aim similar to that of this thestsdevelop new
toolboxes and enhance an existing methodology by creating spatial analysis tools gethgnaghic
informationsystem environment for the allocation of largeale naturdased solutions (e.g. rainwater
harvesting, wetland restoration, and natural riverbank stabilisadiom}ilised several global land

cover datasetd @ble 3.7), detailing theispatial resolution, availabilitgource imagerygndaccuracy.

Table 3.7. Summary of open access land cover data features based on product informatiirom Gutierrez Caloir et al., 2023)

description spatial global source imagery availability accuracy
resolution (m) cover (%)
Copernicus Global Land Cover 100 yes ProvaV andSentinel 2 20152019 75.43
ESRI 2020 Global Land Cover Ma 10 yes Sentinel 2 2020 86.0
ESA WorldCover (2020) 10 yes Sentinel 2 and Sentinel . 2020 74.4

Creating LULC maps from muHspectral products gives researchers more control in terms of temporal
analysis compared to global land cover maps. The repeat coverage proviskelltes acquiring
multi-spectral data allows seasonal land cover analysis to be undedtakepoint highlighted by
Gontia and Patil (2012) in thBRL. Growing and dormant seasons are charaetbrby canopy
variations (Tedela et al., 2007), and hence nagéctral products can be used to determine the

timeframe of either season.

Not all global land cover maps have a low spatial resolution. As previously mentioned, the ESA
WorldCover global land cover mapping product offers a spatial resolution of 10 m, which matches the
resolution that can be achieved when creating a LULC mag G&ntinel2 data (Debebe et al., 2023).
Despite the convenience of using a global land cover product, even those with high spatial resolution
(e.g.10 m), the reviewed literature demonstrates a clear preference among researchers for generating

bespoke LUIC maps. Examples from the literature show that researchers frequently develop
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customised LULC maps tailored to their specific study areas, achieving accuféeresuperior to
those of global datasets. With sufficient resources for grbuthing, it is possible to accurately
estimate a localised land cover map produced from a-spétitral remote sensing product. For
instance, Rai et al. (2018), Behera et al. (2019), KarmakdrGhosh (2022), Mamin and Majeed
(2022), and Odeh et al. (2023) reported overall accuracies for their bespoke LULC mapsiof 82.50

90.00%, >83%, 86.36%, 89.6%, and 80%, respectively.

The thematic accuracy of global land cover products (despite gradually improving over time) is often
lower compared to bespoke land cover products developed for smaller,-spgmfic areas. This
disparity largely arises because global land cover pre@wetdesigned to provide broad classifications
across diverse environments, which can result in oversimplifications, especially in heterogeneous
landscapes. Their thematic classes are typically more generalised to ensure global applicability,
making themless effective at capturing finer details and local variations in land cover. In contrast,
bespoke land cover products, created for smaller areas, are tailored withrbgghetion imagery and

often incorporate local knowledge, resulting in greater thienaacuracy. These customised LULC

maps are more adept at distinguishing between similar land cover types and capturing subtle landscape
features, as they can utilise detailed gretmith data. Nevertheless, the creation of such customised

products can éresource intensive

Global LULC products may therefore be more suited to regional and worldwide studies, at least until
global land cover products improve further. Using mspitectral remote sensing products also
provides researchers with the flexibility to examine tempciahges in land cover within the study

area and enables custead land cover classification to address specific requirements.
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Evidencebased recommendation

Before generating a stugypecific Land Use and Land CovdtULC) map from multispectral
producs, researchers should evaluate the suitability ofemisting global land cover mapping
resources (e.g. ESA WorldCover, ESRI 2020 Global Land Cover Map). These resources, particularly
those with high spatial resolutions (e.g. 10 m), offer conveniencealgtolverage, and acceptable
accuracy (e.g. 74i86 %), reducing the need for resowicgeensive processing and validation.
However, for studies requiring finéhematic detail, temporal analysis, or higher accuracy ¢80
bespoke LULC maps derived from medpectral products (e.g. Landsat, SentRjelmay be
preferable, despite the additional effort. Researchers should weigh factors such as spatial resolution,
thematic accuracy, temporal flexibility, and resource aliditg when deciding between pexisting

global products and bespoke LULC maps

3.4.4Single-band / Panchromatic / Duatband / Minimal-band products
Evidence

The review of the literature provides numerous examples of more than one thematic layer being created
from the same remote sensing product. For instance, Othman et al. (2020) used 23 high spatial
resolution QuickBird scenes, captured by satellite overeedi@y period, to ascertain the stream width

for discharge estimation. They also used the same remote sensing product for training and validating
datasets for the purpose of land cover classification. Similarly, Mukherjee and Singh (2020) created
five sepaate thematic layers, all from the same DEM: roughness, curvature, drainage céoysity,
topographic wetness index (TWI), and topographic position index (TPI). The TPl compares the
elevation of each DEM pixel to the mean elevation of a specified selection of naigigbpixels

(Weiss, 2001).
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As previously mentioned, DEMs are often used to modstream flow. However, the accuracy of

the moddled stream network depends on the suitability of the DEM used. Some techniques used to
produce DEMs simultaneously obtain gebderenced imagery, which can be used to assess the
accuracy of the modled stream channels and allow adjustments to the DEM to improve how well the
modeled stream network represents the real world. While SPOT can be used simply as satellite
imagery (Elewa et al., 2023), Oueseaal. (2009) used a SPOT stereo pair to create a DEM and then
removed some moded channels to match the actual occurrence of streams as observed on the SPOT

image.

Of the 290 review literature articlethe authors of 17 stated that Google Earth played a role in their
research methodology. While this is a relativeiyall number compared to other remote sensing
products sed inthe revieved literature (Table 3.4), its applications are divers&ar et al. (2021)
generated random points across Google Earth images, extracted elevation data for each point, and the
appliedinverseDistanceWeighting (IDW) to generate a continuous elevation surface, enabling the
creation of a digital elevation mod@oogle Earth imagery was utilised to refine stream networks that

had been created through the digitisation of topographic maps (Rejani et al.,. S8t al. (2022)
introduced a fAsimple and novel d approach to ¢
utilises the colour of individual pixels in Google Earth satellite images to estimate a corresponding
runoff coefficien. Soomro et al. (2022) employed Google Earth to delineate the boundaries of the
study area by generating shapefiles. Rai et al. (2018) intentionally depended exclusively on satellite
based remote sensing products, which included utilising Google Earthwatershed study to
showcase the effectiveness of satellite technology. Nine studies from the review literature were noted
to have incorporated Google Earth as a component of their land use and land cover (LULC)

classification methodology (Grum et alQ15; Rai et al., 2018; Mahato and Pal, 2019; Roy et al.,
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2019; Ahirwar et al., 2020; Pathak et al., 2020; Abdelkebir et al., 2021; Kar et al., 2021; Alem et al.,

2022), frequently during the validation phase of the process.

In the reviewed literatur@articularly studies focused on site suitability, thematic layers are frequently
used é.g.Buraihi and Shariff, 2015; Mugo and Odera, 2019; Ajibade et al., 2020; Mamin and Majeed,
2022).There are many instancefereresearchers have created more than one thematidiagena

single remote sensing produ€tere are a number of advantages of creatifigrentthematic layer

from a single remote sensing product as opposed to cresditiy thematic layer from a different

remote sensing product.

Onekey advantage of creating multiple thematic layers from a single remote sensing product is the
consistency in resolution and coverage. Since these layers originate from the same data source, the)
maintain uniform spatial resolution, temporal coverage data quality. This uniformity ensures that

the layers are directly comparable, mirsimg discrepancies and reducing the risk of errors or biases

in the analysisAlso, if the remote sensing productasime-series datget creating multiple thematic

layers over time allows for change detection and trend analysis. This can be critical for understanding
how site conditions have evolved, aiding in predicting future suitabiiitgummary thereforéhe

capacity togenerate multiple thematic layerglevant to the aim of the studyom a single remote
sensing product is advantageaursd should be carefully considerathen developing the research

methodologies

Evidencebased recommendation

To optimise the number of useful thematic layers generated from a single remote sensing, product
researchers should prioritise extracting multiple relevant layers from the same dataset. This approach

ensures consistency in spatial resolution, temporal coverage, and data quality, reducing discrepancies
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and minimising errors in analysis. Additionally, leveraging a single remote sensing product for
multiple layers enhances efficiency, facilitates change detection, and supports trend analysis, making

it a valuable methodological consideration in remoteisgr&udies

3.4.5Fusion of products
Evidence

While it can be advantageous to create multiple thematic layers from the same remote sensing product,
as outlined in the previous section, researchers often need to use seuetak of information,
including different remote sensing producte generate the thematic layers required to meet the

studyds obj elitetaturegpeogides nmeroaswexamples of this practice.
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Figure 3.4. Flow chart showing sources oflata to create thematic layers prior to fusion from Abdekareem et al, 2022 [GWPZs,

groundwater prospective zonep

Al-Hasani et al. (2023) utilised several data sources, including an SRTM DEM product with a spatial

resolution of 30 m, a conventional soil map, precipitation data from the Long Ashton Research Station

Weather Generator, and annual land cover maps ddriv@dSentinel2 imagery with a 10 rspatial
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resolution. From these datasets, six thematic layers were created: rainfall, runoff depth, slope, soil
texture, drainage density, and land use/land cover (LULC). Fusion of these layers was necessary before

applying a weighting methodology.

The examples provided by Abdekareem et al. (2022) astdashni et al. (2023) are representative of
many studies in th&L. Typically, thematic layers are created from various sources. Some layers
originate from the same source, while others come from different sources. In some cases, layers rely
on more than one sourdegure 3.4 illustrates this point. This figure, provided by Abdekareem et al.
(2022), shows through a flow diagram, how eleven thematic layers were generated from four different
remote sensing products (SRTM DEM, TRMM, ALOS/PALSAR, Landsat) and conventional sources
(geology map and well data). To aid analysis, these thematic layers must be int@gmi@dcess

known as 'fusiond which produces more consistent, accurate, and valuable information than

analysing each layer separately

The fusion process may involve integrating data with different resolutions (both spatial and temporal)
and spectral bands. The more remote sensing products used to create the thematic layers, the mor
challenging fusion becomes, given the greater varietgsolutions and spectral bands. There are
numerous fusion techniques available, and this number is likely to expand given tirceasing

range of sensors being deployed. However Rheletails some specific fusion techniques used by
authors. AlGhdbari et al. (2020) used a paharpening technique to produce higlsolution
multispectral images (with a spatial resolution of 15 m) by combining images of different spatial
resolutions. Mamin and Majeed (2022) also applied agpanpening technique thange the spatial
resolution of images. Moaadl (2013)appliedthe cubic convolution method #nhancesdges and
improvestream extractiorCubic convolution resamples discrete data using an interpolation technique
(Keys, 1981).
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Evidencebased recommendation

When merging multiplehematiclayersfrom different remote sensing productssearchers should
carefully assess the implications of variations in spagisblution, temporal coverage, and spectral
characteristics. Selecting appropriate fusion methodologies, such ashagening or cubic
convolution, can enhance data consistency and improve analytical accuracy. Given the growing
diversity of remote senginsensors, researchers should evaluate the suitability of available fusion

techniques to ensure the optimal integration of radtirce data for their specific study objective

35Summary and concl usi ons

This chapter revieed290 peer evi ewed articl es r el at e,ibcussing t he
on the adoption and usation of remote sensing products. It found that remote sepsiayicts are
extensively used, particularly in more recent academic studies. For example, in studies published in
2023, approximately 9% of all reported methodologies utilized remote sengrgductsto some

degree.

The approach researchers take in theirsatibn of remote sensing products varies, with some
combining remote sensing data with more traditional sources of information, while others rely solely
on remote sensing(g.Rai et al., 2018). The degree of manipulation of the remote sensing data by
researchers also differs. In some cases, the remote sensing product does not require any processing
such as in the visualition of satellite imagery, while in other cases, researchers extensively
manipulate the da to create a specific product. An example of this is Ouessar et al. (2009) building a

DEM from a remote sensing product consisting of stereo pair images.

It was found that the remote sensing products used across the 290 studies could be classified into the

following groups: 'elevation models,’ ‘climatic,’ 'midpectral,’ 'RGB," and 'composite’ grougigure
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3.5 provides examples from the 290 studies, featuring one from each ofgtioeps and illustrates
how the products were utilised by the respective researchers. Notably, this deviemstrates a
strong demand for DEMs among researchers, with globally and freely available DEMs being

particularly popularé.g.SRTM DEM and ASTER GDEM).

Evidence suggests a demand among researchers for DEMs with higher spatial resolution than these
global DEM productsie. 30 m). While higher spatial resolution DEM products offer greater detall,
they have the drawbacks of requiring increased computational resources and often entail additional

expenditure for acquisition.
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group product utilisation

build slope raster

elevation
— SRTM DEM — (Pawattana & Tripathi, 2008)

model

climatic — > obtain annual precipitation
TRMM (Salar et al., 2018)

multi-spectral — s > acquire LULC information
P (Durga Rao and Bhaumik, 2003)
RGB # SPOT # DEM construction

(Ouessar et al., 2019)

composite — Google Earth — (g:lsg;]t;; ::I:] 53‘;{’;?{;1)

Figure 3.5. Examples of remote sensing product utilisation, with name of product and group classification.

In dryland regions, where water harvestingwiglely practised, obtaining rainfall data is often
challenging.While this review found examples of researchers using climatic datasets derived from
remote sensinge(g. Yousif and Bubenzer, 2015; Mugo and Odera, 2019; Alwan et al., 2020), it did
not find evidence of significant adoption of such datasets. Instead, researchers typicallyrrsiyuon
gaugebased measurements or do not incorporate rainfall data into their methodologies. Given the
importance of ainfall in relation to water harvesting, this suggests a need for greater adoption of

climaterelated remote sensing products by researchers
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This review found that muHspectral remote sensing products are popular for creating bespoke land
LULC maps. Scant evidence was found for the uptake of global and regional LULC datasets,
suggesting that bespoke LULC maps made from rsplictral remote esnising products offer
advantages in terms of greater flexibility and supepigel differentiation compared to global and

regional land cover products.

Someof the remote sensing datasets identiietbngthe 290 articlethat comprised thBL, arealso
usedn this thesisThe most obvious example is the utilisation of SRTM DEM produsexi91 times

in the RL(seeTable 3.4). The larcsecond SRTM DEM~30 m spatiatesolutior) productis used in
Chapter 4 while theSRTM DEM3 aresecond~90 m spatiatesolutior) at global coverage is utilised

in Chapter 4, Chapter 5, andChapter 6. Global climate datasets, notably TRMM, have been utilised
by researchers in tHeL. Although TRMM is not usetbr anyoriginal researcin this thesis, another
climate dataset, GPCC, is employedChapter 5, and Chapter 6 for the purpose of acquiring
precipitation dataThe RL also provides examples of LIDAR data usaGéapter 4 details how

LiDAR was utilised to produce a higlesolution DEM.

Finally, water harvesting studies typically wg#i thematic(or predictive)layers to differentiate
between lowinterest and higinterest zones. These layers often originate from various sources,
including different remote sensing products and conventional soe.geséps). The fusion of these
layers to facilitate the decisiemaking process is, therefore, an important t@ione that may gain

even greater significance as spatial and temporal resolutions continue to imdprontrence from

this isthat researchers should aim to maximise the number of relevant thematic layers extracted from
a single remote sensing product, while minimising the total number of remote sensing products used

in a study, to achieve satisfactory results in line withthedsy 6 s ai ms .
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41Abstract

Water harvesting has a long history, but still plays an important role today by increasing crop
productivity, combatting erosion, and improving water supplies. Geographfoaimationsystems

(GIS) are used extensively to assess the suitability of sites for water harvesting but available tools fail
to consider the synoptic topography of sites. Here, we report the creation of a novel, automated tool
ASit ek that evaluates poteatilocations by automatically calculating s@eecific information,
including parameters of the harvestisgucture (height, length, and volume) and descriptors of the
zone affected by the structure (storage capacity and area of influence) and the catchment area.
Innovatively, compared to existing tools of this kind, SiteFinder works within a GIS environment.
Thus, itfacilitatescombining its outputs with larger Mul@riteria DecisioAMaking processes to
consider other biphysical, socieeconomic, and environmental factors. It utilises a Digital Elevation
Model (DEM) andautomatically analyses thousands of potential sites, computing site characteristics
for different barrier heights that are dependent on the surrounding topography. It outputs values of
parameterselated to the water harvesting structure and the zone flooded upstream of the stoucture,
aid planners in assessing the characteristics of sites as to their suitability for water harvesting. We
conducted case studies usingr38 30 m gridded DEMs to automatically evaluate several thousand
sites and, by filtenig the tool outputs, successfully identified sites with characteristics appropriate for
scenarios at three spatial scalestionally significant water supply reservoirs (383 sites analysed; 5
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filtered sitedor potential large damsyith barriers up to 3@n in height);erosion controbktructuregor
regionalscale interventions (4,586 sites analysed; 6 filteredfsitgmtential large gully erosion dams,

with barriers up to 3.6 in height);and bcal, communitybased projects (801 sites analysed,; 6 filtered
sitesfor potential earth embankment damsth barriers up to 2n in height). A higher resolution

(2 mx 1 m) terrain elevation model, derived from opgurce airborne survayDAR data,was used

to assess the veracity of these res@isrelations between the barrier length, impounded area and
storage volume capacity derived from the two different resolution data sets were all strongly significant
(Spear manodos r €a00@1); and mormaliseal toot mean sqyere errors Wel% % and

16 % for these parameters, respectively.

42l nt roducti on

There is evidence that civilisations constructed water harvesting structures over four millennia ago
(Evanari et al., 1971 cited in Critchley and Siegert, 1991), yet water harvesting continues to be widely
used and the focus of ongoing research (Abdultadl.e2020; Adham et al., 2019; Farswan et al.,
2019; Haile and Suryabhagavan, 2019). It is practised primarily in arid anéhgdmegiongBruins

et al., 1986;Boers, 1994; Wang et al., 2008) where it is valuable as a way of bridging dry spells
(Rockdrom and Falkenmark, 2015) and has been estimated to have the potential to increase crop
production by up to 10% (Piemontese et al., 2020). Depending on the location and design, water
harvesting structures can serve different purposes, for example for the promotion of tree or crop
cultivation MekdaschiStuderand Liniger, 2013), artificial recharge of aquifeAb{alla and Al
Rawahi , 8t @ll 3013), &resion control (Li et al., 2018), surface water storage (Say! et al.,
2019), or sulsurface watestorage (Forzieri et al., 2008). Some form of water treatment (AWWA,

2006; Logsdon, 2008; Siabi, 2008; Panagopoulos, 2021) will probably be required when harvested
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water is intended for domestic/industrial use, with the type of treatment dependent on the water quality

problem (Cairncross and Feachem, 1993; Binnie et al., 2018).

Water harvesting structures vary from small pits or soil bunds made using hand tools, to earth
embankments over a kilometre in length built with the aid of machinery. All water harvesting structures
aim to reduce runoff and thus increase water storage=rid@m on the technique implemented, water
storage may take place in the sbélow the surface within introduced material such as,sasdrface
water reservoirs or in storage tanks. Water he
coll ect water originating from rimstwf avlalt et hdtar k

involves collecting rainfall on the surface where it falls (Helmreich and Horn, 2009).

Many previous studies have usgelographicainformationsystems to find potential locations for
water harvesting structures without the need for field visigs.Padmavathy et al., 1993; Adamat,
2008;Ziadat et al., 2012; Kadam et al., 2012; Krois and Schulte, 201dhézaie et al., 2020These
methods invariably bring together different datasets, from remote sensing and digitised maps, often
combined with hydrological modelling, and explore the decisnaking space within the GIS

environment.

When deciding if a location is appropriate for water harvesting there are numerous biophysical and
sociceconomic criteria to consider. In a review of 48 studied)afid et al. (2018 identified nine
biophysical criteria and nine soegzonomic criteria that can be used to help assess the suitability of
potential sites for water harvesting. Examples of biophysical criteria include rafddlaiet al.,

2016a), and drainage network metrics (Salih andTArif, 2012), while examples of soearonomic

criteria include population density (Mati et al., 2006), and distance to adepd&/{hnaar et al., 2007).

Adham et al. (2018 found that slope was the most common biophysical criterion used to identify
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water harvesting sites with P8 of all studies using slope as a criterion while onl\66f all studies

used rainfall as a criterion. In all studies the slope data used is defined on-laygoamt basis, with

flatter locations being identified as preferential for water harvesting locations. However, slope defined
on a pointby-pointbasisloes not consider the Osynoptic top
crucial for identifying the potential of water harvesting locations. Moreover, while it may offer relevant
information on the suitability of potential sites, it fails to provitie dimensions of necessary

impounding structures (bunds or embankments) and the storage geometry they would create.

Automated tools working outside a GIS environment have been developed that consider the synoptic
topography of potential sites and provide details of impounding structures and storage zones. For
example, Petheram et al. (20H&veloped a novel set of algorithms, named 'DamSite’, to aid dam site
selection by simulating virtual dam walls at each pixel along a river network within a catchment. The
algorithm iterates through incremental dam heights to calculate storage capatbity agd cost,
identifying ogimal dam locations and heights. It relies on a DEM to extract geometric parameters, a
D8 flow network, and gridded timgeries runoff data to estimate water availability. However, its
accuracy is limited by DEM artefacts and errors in the drainage netWtmteover, it can only
evaluate dams individually, preventing the identification of optimal dam site combinations, and is
unsuitable for very small basins (Teschemacher et al.,)2088 method proposed Byimmer et al.

(2019) automates the identificatitoof potential reservoir sites by analysing contour lines to detect
terrain features suitable for dam construction. It uses parallel shifts to identilyteesecting contour
segments that enclose retention areas and relies on a DTM with predefinéshddnconstraints.

The approach assumes a single vertical dam per polygon, disregards terrain stability and hydrological
factors, and requires careful selection of input parameters to ensure suitability for the given project

scope. They used the point atbprocessing software OPALS, storing outputs in a GIS vector dataset;
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however their results do not include details of barrier volume and catchmentTaszhemacher et

al. (2020) describan opersource MATLAB tool that automates the detection, characterisation, and
evaluation of retention and detention basin locations using numerical DEM analysis to determine
optimal dam orientation, geometry, and basin volume. The tool requires DEMdatsteusedefined

dam and basin characteristiesd.length, height, volume), and additional input daay(land use,
hydraulic comluctivity, groundwater levels). It employs a flexible methodology adaptable to different
site demands but currently lacks integrated environmental, social, and economic assessment criteria.
Users must manually incorporate all relevant criteeay.(settlement areas) to identify the most
suitable siteswang et al. (2021) reviewed dam siting methods and found that the majority were GIS
based, so it is argued that the siting tool introduced in this paper, which operates entirely within a GIS

environment, wilbe of value to those involved in water harvesting site selection.

Opensource Digital Elevation Models (DEMs) are commonly used in selecting water harvesting sites.
Typically, those used have a gridded resolution no finer than 30 m x B@@yher resolution DEMs

are available, but usually at a significant cost, which can often be prohildtiiemann and Bates
(2018) arguedor freely available DEMs with global coverage, higher resolution and increased
accuracy, as open source DEMs are poorly suited for many-doakd hydrologic applications.
However, higher spatial selution brings with it a problem for methods based on gwoyoint

defined variables in that the higher the resolution, the smaller each pixel becomes in relation to the
land affected by a water harvesting structure. Thus, while there is an incentsestigher resolution

DEMs for enhanced hydrologic modelling this reduces the appropriateness of methods that rely on
parameters defined on a polmnt-point basis, such as the slope variable identified bigaAdet al.

(201&), that have been widely useiHerto.
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The aim of the present study has been to provide a bridge between thbgsekitslope criteria
calculated in a GIS environment adopted by many researchers for water harvesting site selection and
the automated methods that consider the surrounding tqgogod potential sites but work outside a

GIS environment (Petheram et al., 2017; Wimmer et al., 2019; Teschemacher et al., 2020). This was
approached by creatinga GIStodl Si t e F that che aiddhe siting of water harvesting structures

by consideing the synoptic topography of potential sites. The intended output of this approach is
information about the length and height of potential impounding structures (barriers, hereinafter), and
details of the areas of water storage they could create upstiethemselves. In essence, this is a
similar approach to existing methods used to estimate the storage capacity of ponds (USDA, 1997)
and small dams (Stephens, 2010) in so much as the area of water storage and the barrier height ar
used to compute preded storage volume. The tool was designed to calculate the catchment area of
each water harvesting structure since there is a correlation between catchment area and runoff
efficiency (Karnieli et al., 198830ers and Beif\sher, 1982), and the catchment area to cultivation
area ratio is important for water harvesting sites designed for crop production (Critchley and Siegert,
1991). Finallythe tool was developed such that for every location analysed as a potential site for water

harvesting, several barribeights could be considered, up to a wdefimed maximum height.

In summary the aim was to create an automated process capable of providing information on barrier
size and water storage volumes for potential water harvesting sites that is not at present readily
available within the convenient and widely used contex GiS environment. The intention is that

this could assist with scoping out potential sites, with an accuracy sufficient for feagpitality stage

of a project cycle. It is envisaged that this would need to be used alongside other biophysieal, socio

eonomic and environmental information as part of decisiaking processes.
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43Materi als and met hods

4.3.1Tool development

The basic premise of SiteFinder is to take a basin elevation model and for each site of interest, compute
the catchment area, create an imaginary axis perpendicular to the flow direction and perform analysis
based on how the axis intersects with the meddhce for varying heights above the elevation of the

site. Tool outputs were compared against those derived manually using a dam site ground survey, and
in addition, the tool was used to evaluate thousands of sites and rank them based on relevant
paramegrs. The starting point for the developed tool is a rdseed Digital Elevation Model (DEM),

which provides the primary source of elevation data. Clearly, the capability of the tool is in part
dependent on the quality and resolution of the DEM used. iShdonsidered further below, but it is
described here with reference to a generic DEM, of no specific quality or resolution. SiteFinder is
enacted using an ArcPy script within ArcGIS Pro. Through a series of steps, described below, it
processes the DEMd creates outputs comprising information on the barrier (length, height, location,

and orientation), the storage area the barrier would create, and the volume of the storage created.

Firstly, since the DEM may contain imperfecti

regions of lower elevation). The next step creates a flow direction regjard 4.1, A f | ow di r ect
using the o6filleddéd DEM as the input. FI ow dir
steepest downslope neighbouring cell. The flow direction raster is then used to produce a flow

accumulation raster~{gure 4.1, Afl ow accumul ationo), where f|
number of cells that flow into each downstream cell. Subsequently, only cells in the flow accumulation

raster with values that fall within a range defined by the user prior to runningolh@ased on the

mi ni mum and maxi mum catchment areas) are kept,

flow accumulation raster, which effectively represents a stream network, is then used, together with
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the flow direction raster, to create a stream order rdSigure 4.1, fstream net wor k /
which classifies each cell using Strahler stream ordering, whereby the uppermost, headwater channels
in a network are denoted first order, second order streams are those that result from the confluence of
two or more fist order streams; third order streams are those that result from the confluence of two or
more second order streams, and so on, such that the largest, trunk channels in a network have the
highest order (Strahler, 1957). The next step is to create sitints féigure 4.1, Asiting poi
creating a point located at the centre of every cell in the stream order raster. By default, all cells in the
stream order raster become siting points but it is possible for the user to control which stream order

cells become sitinggnts.
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Figure 4.1. Overview explaining how a DEM is used to obtain script outputs of polygons and volumes.
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Barrier information is then calculated and added to the siting points database. At every siting point,
the SiteFinder script will, if the topography allows, create three barriers at different elevations, labelled
A, B and C in order of increasing elevatiofhe usedefined maximum barrier height is used to
calculate the barrier elevations. First, the maximum height is divided byadhcethe resuls rounded

to the nearednteger. This integemeasured in units of the DEM elevation dataset, reprethenssep

change in elevation between each barrier. Barrier elevations are then calculated by rounding up the
DEM elevation at the siting point and adding the step change. For example, if the user enters a
maximum barrier height of 1@ and the elevation at the siting point is 57®.¢hen the first barrier
(Contour A) elevation will be 58th (577 + 3), the second barrier (Contour B) elevation will berb83

(577 + 6) and third barrier (Contour C) elevation will be 58677 + 9).

The barrier axes pass through the siting point, with their direction set perpendicular to the siting point
cell 6s flow directi on a n-defined) maximum barmegléngth om gqacha |

side of the siting poinfFigure 4.2).

83



SiteFinder: A geospatial scoping tool to assist the siting of external water harvesting structures

.
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Legend
. siting point ____ Dbarrier axis line
O intersect point (used to form barrier) [ ] barrier

® intersect point (removed before barrier 1s formed)

Figure 4.2. Schematic showing th@rincipal components of barrier creation.

To determine the length of the top of each barrier, and subsequently the area of water they could
impound, the points at which the barrier meets the ground needs to be determined. This requires putting
the barrier axis direction into the context of thewgrod 6 s t opographi c contou
DEM is used to create a Triangulated Irregular Network (TRQuWre 4.1, A TI NO0) el evati
from which a surface contoufigure4.1l, A contour o) shapefile is der
of each barrier intersects the ground are then determined by intersecting the axis shapefile with the
contour shapefile, producing intersect poifiiggre 4.1, fAi nt er sect pointso) t

and end points of the barrier. Each intersect point is linked with its associated siting point and barrier
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el evation (A, B o0r1si@) ngy poaidecdntredrerleaktel t hat
database. Creation of barrier Iines then requ

label-si ti ng poi nt 0 reoffagivea sitingepsinHgmre42). t her si d

The first of several scenarios that may be encountered in this process is that there is no intersect point
created for a siting point at an elevation corresponding to any of the barriers A, B or C. This will occur

if the land is toglanarand the top of the proposed barrier would not meet the surrounding land within
half of the usedefined maximum barrier length from the siting point. The second scenario is that an
intersect point is unique in that there is no other intersect point véth te a me lébel ositingo u r
pointdé reference. This case corresponds to th
latter rises up on one side of the siting point, but the land @aoar ordescending, for this to happen

within the maximum barrier length on the other side. If either of these two scenarios occur, the site is
rejected. The third scenario is that ésxitmgtl!| y
poi nt 6 aredduredyorenon each side of the siting point and the site is identified as a potential
water harvesting site. The final scenario is that more than two intersect points exist each having the
same Ocon-tsdauri nlgalpeli nt 6 r edases, Siwkneer iddntifies bltiple e f
intersect points (wsthindepbioabh béebrpteocebab
point and del etes the more distant ones. The
poi nRigerd4l( Atri mmed pointso), and these sites

harvesting sites.

The next step is to create a line representing the top of each barrier. This is done using@lpwnts
tool, which wusesi ttihreg 6pcoinntolurr d fadbrednces t o0 cCr €
intersect point, through the siting pototthe corresponding intersect point on the other side. If for any
siting point there is no intersect point or just a single intersect point at an elevation corresponding to
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A, B, or C then no barrier i's formed sisiinge t o
poi nt 6 rSece any marecdestant intersect points have been deleted, barrier lines can only be
formed using the two trimmed intersect points, one on either side of each siting point. These lines are

stored as barrier shapefildiqure 4.1, Abarri er 0) .

Once the barrier lines have been created, SiteFinder then begins a loop, processing one barrier at
time. A polygon Figure 4.1, Apol ygono) shapef ipbtentialwater ptorages e nt |
that each barrier would impound, is created by combining the barrier line with a contour line that has
the same contour identification reference as held in the barrier attribute field. This polygon is
intersected with the TIN surfac&iQure 4.1, ATI NO) to oFgueidlh fNive |l umke
impounded by each barrier. For this to work, each polygon is assigned an elevation value set to the

elevation of the top of the barrier with which it is associated.

The loop process ends once every barrier has been analysed. The polygons are then checked fo
artefacts created by closed contour lines, which result in more than one polygon per barrier. Artefacts
are removed by calculating the distance of each polygotraseé to the barrier and removing all

polygons except the nearest. The barrier shapefile is updated with the correct storage area and volume
and secondary raster information from the polygon feature class. Each row in the barrier feature class

represents unique barrier and is linked to a unique polygon by a barrier reference.

An estimation of the height of each water harvesting structure is carried out by taking the elevation of
the barrier and subtracting the lowest elevation under the barrier profile on the TIN surface. In a similar
manner the flow accumulation for each stwe is found by extracting the maximum flow

accumulation value along the barrier line. Elementary information contained within the barrier feature

class is used to calculate additional parameters (for example, catchment area to storage volume ratio)
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useful for water harvesting siselection Equation 4.1 is used to calculatihe barrier volumei g.the

volume of material that makes up the barrier) based on the geometry of a small earth dam (Nissen
Petersen, 2006), wheyés the barrier volume (&t H is the maximum height (m) of the barrier before
settling;L is the length (m) of the barrier cre€tjs the width (m) of the crest; ai8is the sum of the
upstream and downstream slope. To simplify the comparison of results the crest width was fixed at
0.25m and the sum of upstream and downstream slopes fixed @i§ring with a NissetPetersen

(2006) worked example of dam desidm) all case study scenarios.

®w T p@ilcO OY 4.2

4.3.2Geometric validation of SiteFinder

To check that the fundamental geometrical aspects of the process described above were functioning a:
intended, results produced ByteFinder from a Shuttle Radar Topographic MissiSBRTM) void

filled, 3 areseconds (approximately 92 m grid resolution) DEM of an area in Sikigure 4.3a)

were compared against results obtained manually using elevation data fiansianDifferential
Geospatial Positioning Systea3P9 dam site survey (Mohammed, 2018). The SRTM elevakxa

(EROS, 2018) was selecteds it is operaccess, and the scale of the existing dam is far greater than

a single 3 arsecond grid cell. The site is characterised by-tovnedium relief and SRTM products

are considered to have small vertical errors in such circumstararesxampleFalorni et al.(2005)

describe a lowelief site as having a mean vertical error of 0.36 m when SRTM elevatieres

compared with GPS elevations.

Before starting the processing, a comparison of elevations between the SR Mglata4.3b) and
thedGPS survey points was undertaken to establish the presence of any systematic vertical offset

plot of SRTM elevation against the corresponding elevation fromd@ieS survey(Figure B,
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Appendix B) confirmed the presence of such an offset. The linear regression formula derived from
this plot was applied to atiGPS points. The reduced vertical offset produced by this adjustment of

thedGPS data can be observed by comparing the SRTM and adj&R&icontour line@igure B2,

Appendix B).
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Figure 4.3. Validation of the geometrical process: (a) country map with inset of basin extent, (b) Shuttle Radar Topography
Mission (SRTM) 3 arc-second elevation of basin, (c) script outputs of barrier at 854 m based on SRTM DSM input, (d) barrier
and polygon createdmanually usingdifferential Global Positioning System GPS) ground survey.

A check was carried out to verify that the SiteFinder script was producing realistic measurements, for
the polygon (area of influence) and volume (storage capacity). This was done by first selecting a barrier

along with its associated polygon created by shript with the SRTM inpufFigure 4.3c) located
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within the boundary of thdGPS survey. A comparator barrier (and its associated polygon) was then
created(Figure 4.3d) manually by forming a barrier at the same elevation and orientation as the
SRTM-derived barrier and intersecting it with the adjusi&PS contours. The storage volume that
would be impounded by these two barriers were calculated. The SRTM/SiteFinder method gave a
polygon area of 1,274,949 °nand a storage volume of 2,053,58F, mand the corresponding
dGPS/manual process values were 1,278,33@md 1,785,070 Arespectively. This is a less than

1.0 % difference for area and an approximately0®5 difference for volume. In terms of area, at least,

this difference demonstrates a strong level of consistency between the SRTdGRSBderived

results. The 186 difference encountered when comparing the volumes may be explained by several
factors including the period of 18 years between the SRTMJ&RE data acquisition. The SRTM
survey is a Digital Surface Model (Gallant et al., 2012) which may have picked up the top of any
vegetation or buildings rather than the ground, while the elevation points fdG#® survey are of

the dam structure and the ground surrounding the embankment only. Finally, the distance between the
survey points for theGPS ranged between 10 and 20 m and thus were better suited to capture relief
features of the site compared to the 3sgconds SRTM elevation product whigsulted in a grid

size of 92m3 92 m.

4.3.3Application and validation to water harvesting scenarios

To assess its performance in a previously unexamined context, SiteFinder was applied to a different
study area with the intention of identifying locations within it that have favourable characteristics for
siting water harvesting structures. Three scesasiere explored, each one defined by constraints on

the input parameters that resulted in a different scale of water harvesting structure being identified.
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The study area used for this application is in central Ethiopia between latitudes 8.155 N to 8.206 N
and longitudes 38.937 E to 39.046 E. It covers an area of 6&.412vkm3 5.7 km) and has an
elevation range of slightly over 600(figure 4.4) andis representative of the arid to seamid regions

where water harvesting techniques are most commonly implemented. The digital elevation data to
which the process was applied was taken from thecksecond global digital elevation product from

the NASA Space Shuttle Radar Topography Mission (SRTM), which is freely available via the US
Geological Survey (EROS, 20d)8 This is a digital surface model (DSM) rather than a digital terrain
model (DTM) but offers good coverage of arid and sand regions and is often used for water

harvesting site selection (Vema et al., 2019; Mugo and Odera, 2019).
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Figure 4.4. Ethiopia: area of interest (AOI) showing Shuttle Radar Topography Mission (SRTM) elevation data with country
level map (inset).

In Scenario 1, the rationale was to imitate a national governmental department tasked with finding
sites suitable for large dams with the primary purpose of creating water supply reservoirs. Candidate
sites were sought that would be able to accommodatetstes with a barrier height of over 15im

to meet a definition of a large dam (ICOLD, 2011) but not greater than 25 m. Other defined criteria

included storage capacity in excess of 1,000,008nd a storage volume to barrier volume ratio of at
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least ten, the latter acting as an indicator of w&tumeanoney. Finally, the dam length was constrained
to be no greater than 2,000 m. The minimum and maximum catchment areas were set to 2,600,000 m
and 9,000,000 Arespectively following analysis of a flow accumulation raster to identify the most

significant drainage channels within the AOI. The search parameters are summareiele #h2.

Scenario 2 aimed to replicate the implementation of a water harvesting techniques at a scale of interest
to planners at a regional level. SiteFinder was therefore used to search for sites suitable for large gully
erosion control check dams, classified wihlea gully depth is more than 5 s€yik, 1986).The

search parameters are summarisebaible 4.3.

Scenario 3 was intended to resemblecanmunitybased project, possibly supported by a-non
governmental organisation, whose goal is to increase crop productivity by placing more agricultural
land under flood. The water harvesting structure considered therefore is in the form of earth
embankmet) no more than 2 m in height, intended to hold back runoff, and as the dry season advances
water loss through evaporation causes more land to become available for planting, similar to some
earth embankment dams in SudZarrawi, 201% and comparable in purpose to the traditidrexas

system (Van Dijk and Ahmed, 1993Niemeijer, 1998) also found in Sudan. In this scenario
embankments should be no more 400 m in length. Since the aim of project is to bring land under
irrigation the desired feature of any site is the area of influence (the saturated zone upstream of the
barrier) which should be a minimum of 10,006.1fo identify locations that offer acceptable value
for-money barriers would only be considered viable if the area of mfki&o barrier volume ratio is

equal or greater than one hundred. The search parameters are summaasbel 4.
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4.3.4High-resolution DEM

To test the accuracy of the process using the-$erond resolution DSM, it was repeated for each of

the three scenarios using a higher resolution DEM and the results compared. The higher resolution
DEM was found using an open topography websdpenTopography, 2008) and consisted of a

1 m3 1 m resolution produdtAirborne Research and Survey Facility, 200B)ained using a LIDAR

instrument by the UWNatural Environment Research Courfitborne Research and Survey Facility

The comparison of results from the two elevation data products was carried out using a modified
version of SiteFinder, so that while the siting points and axis directions were derived from the SRTM
DSM the actual barriers and storage volumes were creatad . dAR DTM elevation surface. This
approach allowed a comparison of barriers and impoundments to be made for barriers formed at the
same location, in the same direction and of a similar height, but using elevation models of different

resolutions, thergbisolating the effects of the resolution change.

From the matching pairs of barrier data, three parameters were analysed to assess the comparison ¢
the SRTMbased results and the LiDABased results. Barrier length, area of influence and storage
volume were chosen since these metrics play a signifionin the water harvesting site selection,

either directly or indirectly, and they cover dimensions of length, area, and volume. Comparisons of
these parameters from the two elevation dat a

correlation testand Root Mean Square Error (RMSE) analysis.

44Resul t s

4.4.1High-resolution DEM
The modified version of SiteFinder identified 903 barriers in the LIDAR DTM. These were compared

against barriers identified in the SRTM DSM. However, since there is a difference between the two

92



SiteFinder: A geospatial scoping tool to assist the siting of external water harvesting structures

elevation models not all barriers (with a shared siting point and contour reference) formed on the
LiDAR DTM model were also formed on the SRTM DSM surface. Barriers sharing the same siting
point, the same contour reference and formed on both elevatiogisweere matched. The results of

the statistical comparisons of parameters derived from each DEMemented iMable 4.1. Charts

of each metric are provided Appendix B (Figure B3 andFigure B4).

Table 4.1. Analysis of results from all case study scenarios comparing barrier length (L), polygon area (A), and storage volume
(V) using Shuttle Radar Topography Mission (SRTM) elevation data against highesolution Airborne Research and Survey
Facility LIDAR data .

Lsrtm - LLipAR Asrtm- ALibAR  VsrTM - VLiDAR

Correlation Coefficier .568** .683** 721%*

Spear man:i Sig. (Ltailed <0.001 <0.001 <0.001
N 68E 68t 68E

Root Mean Square 188 v 78,887 552,018 If

Error

Normalised Root Mean Square Error (RMSE c

divided by LIiDAR mean) 0.91 L1t L.1€
**_Correlation is significant at the 0.01 leveldiled).

4.4.2Scenario 1 Case StudyLarge Dam

The results for Scenario 1 are presente@iahle 4.2. In total, SiteFinder identified 383 siting points

and created 376 barriers. The initial desired minimum storage volume was set Qi xtile
SiteFinder outputted barriers with a maximum storage volume 12 %l4nd since storage volume

was considered to be an important metric it was decided to increase the minimum storage volume, so
a filter was applied resulting in only barriers with a storage volume equal or greater thaf mdx10

were included in the final barrier list.

The storage to barrier volume ratio (SBVR) for some batrriers fell well below the desired ratio of ten,
so these were removed by applying a filter, resulting in the filtered barriers having a SBVR not less
than 15.4. Consequently, only five barriers remairdthough these were all associated with different
siting points, those poistwere all clustered together, thus effectively, a single site was identified

(Figure 4.5).
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Table 4.2. Case study Scenario 1: desired parameters, search parameters, tool output parameters, filter limits and parameter
range of filtered barriers.

scenario reference Scenario 1
implementation level national
structure type large dam
primary purpose water supply
parameter limit desired search output filter range
. . min. 15 10 10 20
barrier height (m) max. o5 30 30 23
barrierlength (m) min. 68 1,004
max. 2,000 2,000 1,427 1,216
. min. 1.0
area of influence (20?) max. 12
min. 2 3.6
catchment area (2@n?) max. 9 61
5 min. 1 0.1 10.0 10.5
storage volume (¥in®) max. 139 139
storage tdarrier volume  min. 10 0.0 10.0 154
ratio () max. 33 23.9
catchment area to storage min. 0.3
volume ratio (rrt) max. 0.5
siting point 383 5
barriers (7)) 376 5

002000
EA

SRTM elevation (m) —— barrier (filtered)
— 2,265 area of influence (filtered)
— 1,677 catchmen’[ areca (ﬁltered)

Figure 4.5. Scenario 1 (Large Dam) results using Shuttle Radar Topography Mission (SRTM) elevation data.
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The ranges of values of parameters defining the identified barriers and impoundments are shown in
Table 4.2. This information could be used to inform decisions as to whether it would be worthwhile
investigating sites as potential water harvesting locations. In this scenario, planners would observe that
the catchment area to storage volume ratio is no greate0th rdm for any of the identified barrier
locations and may conclude this is insufficient to generate the inflows needed to fill the dam and hence
decide not to pursue the site as a location for a large dam. For compaapenfus (2003) describes

three potential dams with catchment area to storage volume ratio ranging from 69 néni22
drought reserve dams should have a catchment area to storage volume ratioiftGm rin>
(Agriculture Victorig 2020) andNissenPetersen (2006) details a daesign with a catchment area

to water storage volume of 33&m=.

4.4.3Scenario 2 Case Study Gully Check Dam

The results from Scenario 2 are presentetiable 4.3. SiteFinder identified only 23 barriers from a

total of 4,586 siting points analysed. Of these, some had vergBWRs. A filter was applied that
removed all those withEB/R <2.5 resulting in six barriers at different siting points across the study
area, although two barriers are located in the same gully separated by only 30 m. While the filtered
barriers met the desired parameter ranges for barrier length and catchmenegrat féil outside

the desired range for the parameters of catchment area to storage volurrlEatitt) andbarrier

height (5 7 m). From the results of the filtered barriers the ranges of storage volume, catchment area
and barrier height were 900,0@0300,000 M, 60,000200,000 m, and 3i 3.6 m respectively.
Ettazarini (2021) describes small check dams having a storage volume up to 500 @80enGeyik

(1986) defines medium sized gully dams having a catchment area range of 2000000 riand a

range of gully depth ofib m, so while the intention was to locate large gully check dams SiteFinder

results appear to show that sites for medium sized check dams have been identified.
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The six filtered barriers, located in a total of five gullies, together with the respective area of influence

and catchment area of each barrier are showigure 4.6.

500000

(@)

B

, .
SRTM elevation (m) - Pt t
- 2,265 | L‘} ‘\
roozcos W | 77 L ) .
L ™= E—

| barrier (filtered)
' [0 area of influence (filtered)
catchment area (filtered)

N

Figure 4.6. (a) Scenario 2 (Gully Check Dam) results using Shuttle Radar Topography Mission (SRTM) elevation data with inset
box, (b) inset of two filtered barriers with their respective area of influence and catchment area.

4.4.4Scenario 3 Case Study Earth Embankment

The results for Scenario 3 are presentedable 4.4. In total 801 siting points were analysed as

potential sites for earth embankments resulting in 1,771 potential barriers.
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A barrier height filter was applied so that all barriers would be at least 1 m and no greater than 2 m.
Placing a maximum limit on the height of filtered barriers of just 2 m increases the prospect that the
construction could be accomplished using locarsight and labour as the work is technically less

demanding than constructing higher embankments.

Table 4.3. Case study Scenario 2: desired parameters, search parameters, tool output parameters, filter limits and parameter
range of filtered barriers.

scenario reference Scenario 2
implementation level regional
structure type gully check dam
primary purpose erosion control
parameter limit desired search output filter range
. . min. 5 3 3 3
barrier height (m) max. 7 9 6.5 36
. min. 19 24
barrier length (m) max. 40 40 39 39
. 2 min. 0.7
area of influence (0m?) max. 16
> min. 0.05 0.05 0.04 0.06
catchment area (£0n?) max. 04 04 04 02
o min. 0.9
storage volume (£an3) max. 53
. . min. 04 25 2.8
storage to barrier volume ratie) ( max. 78 78
. min. 5 35 35
catchment area to storage volume ratid\n max. 15 2.467 170
siting points (7)) 4,586 6
barriers (7)) 23 6

A high proportion (508 from a total 1,771) of outputted barriers had a SBVR ranging from zero to
almost three, so a filter (equal or greater than 3) was applied to ensure these barriers were not includec

in the finallist selected barriers.

In this scenario the purpose of the water harvesting structure is to provide irrigated land immediately
upstream of the barrier.€. the area of influence) so a condition was applied to ensure that all filtered
barriers provided at least 10F of irrigated land for every cubic metre of embankment constructed.
This demonstrates the capaeccioonyonoifc 6SictreiFtienrdieorn,

influence to barrier volume ratio is an indicator of valoemoney.
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A catchment area to storage volume ratio filter was applied that set an upper limit dfakSamvay
of controlling the amount of runoff a water harvesting site would receive. The rationale behind such a
filter is that planners may wish to avoid sites where excess runoff might require expensive technical

solutions and focus on sites where excassff is less problematic.

Of the seven batrriers filtered from the initial 1,771 barriers the SBVR was found to range from 234 to
1,374 Table 4.4). SiteFinder calculates the storage to include the volume of any natural depressions
(i.e. pools) should they occur within the area of influence, together with storage created as a direct
result of the barrier. SiteFinder is able to compute the volume of natural depressions as it computes
site geometry based on a Tidrface(Figure4.1)cr eat ed using a DEM that

remove O6sinkso.

Table 4.4 shows the range of parameter values for both the total unfiltered 1,771 barriers and the seven
filtered barriers. The final filterMab@dDae rier

distributed in three distinclustergFigure 4.7).

500000 502000 504000
SRTM elevation (m)

] 2,265
= ..

— 1677

l,

bafrier (filtered)
[0 area of influence (filtered) )

—96-2000- —
catchment area (filtered) =
49{000 49#000 49%000

Figure 4.7. Scenario 3 (Earth Embankment) results using Shuttle Radar Topography Mission (SRTM) elevation data.
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Table 4.4. Case studyScenario 3: desired parameters, search parameters, tool output parameters, filter limits and parameter
range of filtered barriers.

scenario reference Scenario 3
implementation level community

structure type earth embankment dam
primary purpose irrigation (flood recession)

parameter limit desired search output filker  range
. . min. 1 0 0 1 1
barrier height (m) max. > 3 8 > >
. min. 0 0.4 55
barrier length (m) max. 400 400 377 180
area of influence (m?) min. 0.01 0.04

max. 0.1

2 min. 1 1 0.5 0.9

catchment area (£0n?) max. 5 5 69 20

o min. 0.1

storage volume (£an3) max. 02
. . min. 0 3 234
storage to barrier volume ratie) ( max. 1,374 1,374
area of influence to barrier volume ratio min. 100 0.2 100 114
(m?) max. 837 717
catchment area to storage volume ratio min. 4.7 8
(m) max. 28x 10° 15 13
I min. 12 16
catchment area to cultivation area ratp | max. 112x 10° 33
siting points 801 6
barriers B 1,771 7

45Di scussi on

The case studies demonstrate how SiteFinder can analyse automatically thousands of potential externa
water harvesting sites within a GIS environment and provide useful informatgpbdrrier volume

and storage capacity) using a digital elevation raster as the primary data source. The automated methoc
runs entirely within the GIS environment and provides information for site selection purpages (
barrier dimensions and storage geometry) which cannot be obtained from a slope raster, which is most
the common type of dataset currently used by researchers for water harvesting site selection (Adham
et al., 2016). Bespoke software and tools (Petheram et al., 2017; Wimmer et al, T2&®emacher

et al., 2020)described earlier in this chaptdn existto automate the process of extracting dam details

for potential sitesbut all function outside a GIS environment.
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The SiteFinder tool described here does not aim to provide the answer to where the best water
harvesting sites are but rather provides relevant barrier characteristics, calculated within the GIS
environment, allowing the possibility of readily incorporgtiresults into a mukcriteria decision

making process, again using the GIS environment, which would allow the consideration of other

biophysical, socieeconomic, and environmental factors.

Integral to the functioning of SiteFinder is the use of flow direction to determine the orientation of the
barrier (set perpendicular to flow direction), which is an innovative feature for an automated water
harvesting site selection process. This has#nefit of allowing SiteFinder to scan a higher number

of locations as processing time required to optimise barrier orientation is avoided. Unlike some site
selection tools (Wimmer et al., 2019; Teschemacher et al., 2020) SiteFinder considers catcament are
Catchment area is related to runoff efficiency (Karnieli et al., 1988) and the volume of runoff a water
harvesting site will receive. SiteFinder calculates catchment area and uses it to search for potential
sites and outputs water harvesting site charmtics including catchment area to cultivation area
(Critchley and Siegert, 1991). This implies that if data on annual catchment runoff were available,
SiteFinder would readily be able to output the site selection criterion of inflow to storage vatione r

(Papenfus, 2003) using the catchment area to storage volume ratio that it already calculates.

Often the choice of which locations should be reviewed for potential water harvesting sites involves
an amount of human interpretati onForpdrietaaz083) t o |
as places to be analysed for suitability. SiteFiraféars an objective and repeatable alternative to
identify sites with favourable characteristics. For the siting of large water harvesting structures there
is an argument that human interpretation alone can identify sites of interest that warrant further
analysis. For example, in ScenarigFigure 4.5) there are only a few places that a large dam could

be sited, and these locations could possibly be ascertained using visual interpretation of maps alone.
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However, the same task becomes extraordinarily difficult for smaller water harvesting structures like

those described in Scenari¢figure 4.6) andScenarid3 (Figure 4.7).

For a small dam the volume of material required to construct the barrier itself can represent
approximately sixty percent of the Bill of QuantitiddigsenPetersen, 2006)lhe barrier volume
therefore can be used as a proxy for capital cost. SiteFinder calculates the barrier volume based on the
barrier length and barrier height. However, planners invariably want to establish themefst of

any proposed scheme in thetigli stages of the project cycle. To address this, SiteFinder provides the
storage volume to barrier volume ratio and area of influence to barrier volumé&edile 4.2), either

of which could aid a decisiemaking process on site suitability. Of the feetght papers reviewed by
Adham et al. (201% only four refer to cost. One uses a fixed cost for the wetaresting solution
(Jothiprakash and Sathe, 2009), two use pofeand (BanaKashani, 1989; Sekar and Randhir,
2007), and only oneFprzieri et al., 2008considers the water storage volume against the volume of
the dam (or barrier volume) but in a process that requires visual interpretation of satellite imagery to
estimate the width of HAnarrowso. SiteFysmaer p
criteria .g.area of influence) with socieconomic criteriag.g.costbenefit informatio in the form

of storage volume to barrier volume ratio.

SiteFinder calculates the barrier height based on the elevation profile along the entire barrier crest and
similarly the catchment area of the site is based on flow accumulation associated with the barrier crest
line. This method is therefore arguably ma@phisticated than other site selection methods that
establish site suitability using single raster cell valaagslope. SiteFinder considers potential water
harvesting sites in full, extracting and using values from any number of raster cellsrapdesents

a shift away from a single cell approach to one whereby the water harvesting structure is considered
as a complete entity. A problem with using values obtained at single raster cells to support a site
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suitability assessment is that as the cell size decreases (due to the use of a higher resolution datase
the size of the raster cell becomes smaller in proportion to the water harvesting structure, although is
it possible to calculate surface parameterslding slope) using windows greater than the normal
default size of 3 3 cells. Better elevation data, in terms of vertical accuracy and spatial resolution, is
associated with regional and local scale data (Schumann and Bates, 2018) and sinceeih has be
demonstrated that SiteFinder can be successfully used with high resolution datasetd HD8R as

(Table 4.1) it thereforecan exploit the increased detail these DEMs offer in a way that techniques that

assess site suitability based on values at individual raster cells cannot.

For every barrier created by SiteFindepolygon is also created that represents the area of influence
(saturated zone) upstream of the water harvesting structure. These polygons represent the area affecte
by the barrier in a more realistic way compared to representing a water harvestiugestry a single

point (or raster cell) or just the barrier alone. As part of a site selection process these area of influence
polygons could be overlaid with land use and land cover maps. For example, if thespofrplos

water harvesting structure is to facilitate artificial groundwater rechatgeli(et al., 201p the

polygons defining the area of influence could be overlaid with soil texture and vadose zone thickness
maps to enable the hydrological response to be more realistically assessed. Selection criteria have bee
presented in the case studies preseritadl€ 4.2, Table 4.3, Table 4.4) but SiteFinder outputs allow

users to formulate other criteria that they may consider useful in a site selection process. For example,
it may be useful to know the area of influence to storage volume ratio as a way of limiting evaporation
(Reseigh, 2021and this could simply be obtained since both parameters (area of influence and
volume) are contained within the barrier database. As SiteFinder works within a GIS environment
combining its results with other parameters is straightforward, requiring ntooadtsoftware. For

instance, the catchment area calculated by SiteFinder in case study Scenario 2 could be used togethe
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with the slope (calculated using GIS but not with SiteFinder) to ascertain the runoff energy which is

strongly associated with erosion control check dam collgpasti{loet al., 2007).

The case studies presented above utilised a-$emand (30 m x 30m) SRTM DSMhe resulting

barriers locations wer@mpared against the equivalent barriers locations based on thesadition

(I m x 1 m) DTM and show a higher degree of agreement for water harvesting structures longer in
length. The implication is that using a higgsolution DEM will give more accate results. That said,
SiteFinder is intended for use in scoping, so all potential sites will require detailed, -tpased

survey at dater stage. The risk however, especially when using a-&4emand DSM as here, is that

when identifying smaller water harvesting structueeg.Scenarios 2 and 3), selected sites may have
quite different parameters that those predicted by the tool and possibly some locations that would make

suitable sites for water harvesting structures are missed.

SiteFinder calculates the barrier crest width as being fixed at just 0.25 m. This is somewhat less than
the 3 m proposed biissenPetersen (2006), so the tool could be used for low standing water
harvesting structures without significantly overestimating the barrier volume. A future refinement of
the tool could set the crest width as a function of the height of the barephé&sis, 2010) as well as
allowing the user more control over the design of the barrier structure to match the water harvesting

technque.

For the threscenarios presented in the case study, SiteFinder was only used to find potential locations
for water harvesting structures. In the locations identified, runoff from the outer limits of the catchment
area would need to flow some distance before reachmgtéa of influence where it would be
impoundedFigure 4.5, Figure 4.6, Figure 4.7). No analysis was undertaken to test the functionality

of the SiteFinder in finding sites suitable forsitu water harvesting. GKased decision support
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systems have been used to identify areas suitabie $mu water harvesting (Mahmoud and Alazba,
2015) and this is a potential further application of the tool. A feature of SiteFinder is that the barrier
axis is set perpendicular to the flow direction, calculated using the D8 procedure, described by Jenson
and Daningue (1988). This D8 flow direction is also the basis for siting point identification since the
flow accumulation raster is created with the D8 flow direction raster as the input. Otherr8otiodi
methods do exist such as midlow-direction (MFD) Qin et al., 2007) and {nfinity (Tarboton,

1997). Future research could investigate if these flow direction methods would be preferable to the D8
method in setting the barrier axis direction. Similarly, it would be interesting to determine if some flow
direction methods offer advantages to others for siting point identification, especially if SiteFinder is
to be used for both external amdsitu water harvesting. Orlandini and Moretti (2009) concluded that

the choice of using nedispersive methods over dispersive methods is dependent on the need to
delineate flow paths or to focus on divergent terrains. This tentatively suggests that digjmevsive
direction methods would be more applicableifositu water harvesting and natispersive methods

(e.g.D8) better for external water harvesting.

None of the filtered barrierg éble 4.2, Table 4.3, Table 4.4) are presented as recommendations for
water harvesting sites since some criteria typically incorporated into a site selection process were not
considered. SiteFinder does however demonstrate its capacity to generate pertinent site characteristic:
within aGIS environment that could form part of a mudtiteriaanalysis (MCA)approach to water
harvesting site identification. Therefore, a future development would be to use SiteFinder as part of a
orealrl d6 MCA water harvesting site selection
economic, and environmental criteria, with the ainidentifying suitable locations prior to any site

Visit.
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46Concl usi ons

A novel methodology has been presented for automatically obtaining the characteristics of potential
external water harvesting sites using a sdvged tool operating entirely within a GIS environment
using a digital elevation product as the primary sewfcinformation. Using an automated process, a
total of 5,770 sites were analysed, the characteristics of barriers computed, resulting in the selection
of sites based on water harvesting site selection parameters. To our knowledge, this is the first time
that details of potential sites, including details of the barrier (height, lesngihvolume) and storage
geometry, have been automatically calculated within a GIS environment. Outputs are provided in
geospatial formats including barriers represented by lines, and polygons representing the area of
influence linked to each barrier. Ttwol functions using lovto-high resolution elevation datasets and

can find site characteristics for any size water harvesting structure.

Since GIS is used extensively by researchers as part of water harvesting site selection processes it i
envisaged that SiteFinder could be readily assimilated into deecisaing methods, enabling
combination of outputs created by this tool with othepbisical, socieeconomic, and environmental

criteria to aid the identification of potential water harvesting sites.

It is suggested that SiteFinder is best suited for scoping, prior to anyiBék] automatically
calculating the catchment area, storage capacity, and barrier dimensions for pexesitialvater
harvesting earth embankments with a 0.25 m crest width and fixed slope but with future refinements
the tool could offer greater control over the barrier specificatiergsghape, slope, and crest width)
allowing a wider range of water harvesting structures to be analysed. It is recommended that further
resarch is undertaken to ascertain the quality of the digital elevation prodigta (elation to spatial
resolution and vertical accuracy) required to compute the geometry of potential water harvesting

structures to within acceptable levels of uncertainty.
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Water harvesting is predominantly carried out in arid and-seithregions. Site selection studies often

rely on a methodology that calculates runoff using curve numbers to generate runoff maps. These
maps, typically used as part of a multiteria seletton process, identify areas conducive to the siting

of water harvesting structures. However, traditional runoff maps do not account for transmission losses
that occur along the surface flow path to the catchment outlet, and these losses can be significant
arid and semarid regions. Here we introduce a methodology that incorporates a curve number runoff

method while also addressing transmission losses.

Our approach, utilising three global datasets, was validated against observed runoff data from 28
catchments worldwide, and infers hydraulic characteristics of both overland and channel flow from

curve number values. This involves leveraging the curve suddiaset twice: initially for calculating

runoff and subsequently for forecasting transmission losses. The outcomes include a runoff

connectivity map, at a spatial resolution of 250 m x 250 m, presenting the runoff depth (in mm) for
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each pixel based on the direct runoff generated at that pixel and reaching the catchment outlet. This
connectivity map aids planners in comprehending the dynamics of surface runoff towards a catchment

outlet, assisting in identifying potential locations foture water harvesting structures.

The process integrates 38 years of precipitation data, enabling predictions not only for average annual
runoff but also for the return periods of various annual runoff volumes. Despite the simplicity of the

model, a positive NasButcliffe efficiency valuavas observed in 11 out of the 28 catchments.

52 ntroducti on

Water harvesting the collection of runoff water for productive purposes (Critchley and Siegert, 1991)

T is a common practice in arid and seamnid regions. Beyond their primary role of collecting and
storing water for domestic, agricultural or industuak, water harvesting structures can have many
other benefits, including increased plant biomass production, recharge of aquifers, reduced soll
erosion, and flood mitigation (Gupta, 1994; Abdeldayem et al., 2020; Parimalarenganayaki, 2021;
Strohmeier etla 2021). There are many factors that need to be considered when deciding whether a
location is appropriate for development as a water harvesting site, and several different methodologies
have been deployed to identify sites. These include methods #ppltcadifferent types of water
harvesting systems, including check dams (Patel et al., 2015, Ettazarini, 2021), structures located in
gullies (Li et al., 2020), and small dams located on the surface or underground (Forzieri et al., 2008).
Surprisingly, tke prediction of runoffi(e. water volume inflow to a water harvesting storage site from

its catchment) is not routinely used in site selection. Adham et al. (2016a) reviewed water harvesting
site selection studies and found only 13 of 48 included runoff as a site suitabilityaritghile the

most frequently used biophysical criterion was slope (40 of 48 studies). Quantifying runoff volume to
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a potential site is crucial to determine whether a scheme will receive sufficient water on an annual
basis to fulfil its intended purpose; help determine the height of the storage structure that needs to be
constructed (Stephens, 2010); and ascertaircéssive inflows will be problematic. Locations where

the ratio of total volume of inflow to storage capacity is close to one are optimal for siting water
harvesting structures (Adham et al., 2816lence, an important principle on which the work reported

here is based is that the ratio of mean annual inflow volume to water harvesting storage volume is a
key design metric and should be incorporated as one of the most important biophysical criteria in any

water harvesting siting methodology.

Predicting the harvested water volume at a po
rainfall, and rainfalrunoff relationship (Critchley and Siegert, 1991). Because catchments differ in
terms of size, topography, geology, and land caver rainfaltrunoff relationship will vary between

them. Rainfall patterns can also change significantly, even between nearby catchments. Moreover,
climate change is affecting mean precipitatic
becomingmr e variabl eo ( Kol.alpeesefora, predictiom of harvesed Raler p

volumes for proposed storage sites requires contemporary data specific to the catchment in question.

Several methods have been used to quantify runoff in water harvesting site selection studies. These
include the empirical formula of Tixeront (Mechlia et al., 2009), the Finkel method (Elewa et al.,
2012), the Watershed Modeling System conceptual modet @fed EdAwar, 2004) and the Soil
Conservation Service Curve Number (SCR) methodology (Gupta et al., 1997; Senay and Verdin,
2004; Kadam et al., 2012; Mugo and Odera, 2019; Shalamzari et al., 2019). Their outputs typically
comprise of runoff maps (Senpand Verdin, 2004), predictions of total catchment rurafj.Gupta

et al., 1997) and runoff coefficients.¢.Ramakrishnan et al., 20D Runoff maps allow the ratio of
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annual runoff to available storage volume to be calculated for potential water harvesting sites (Sayl et
al., 2019). Presented as a thematic layer, with runoff classified ordiaalyofv, moderate, or high)

or fully quantitatively €.g.depth, annual flood volume) they have been incorporated intéoed&d

site selection methodologies in various ways. For example, De Winnaar et al. (2007) and Nagarajan et
al. (2015) created maps showing zones of low, moderate, and high runoff poBaytiadt al. (209)

and AlGhobari et al. (2020) created maps of annual flood volume and potential runoff depth. Haile
and Suryabhagavan (2019) incorporated a thematic map of runoff depth into a Fuzzy Logic model as
part of a GlSbased approach for identifying potentiainv@ater harvesting sites. To improve the
effectiveness of simulating the final runoff map of the watershed Karimi and Zeinivand (2021) used a
distributed spatiagp hy si c a l based model with 594 fAsubwat e
map to locate @ential rainwater harvesting sites whilst accounting for daily temperature and

evapotranspiration.

The method used most commonly for runoff calculation in water harvesting site selection is the SCS
CN methodology, which was first introduced in 1956 (Mishra et al., 2012). It can be described as a
conceptual model supported by empirical data, which id tsestimate the volume of direct runoff
(i.e.runoff generated by rainfall, rather than from baseflow) generated at locations within a catchment
from rainfaldl dept h, using an empirical par am
are determrmed based on soil type and soil coverg(vegetation or crops, vegetative debris, built
environment surface materials) (Ponce and Hawkins, 1996). CN is essentially a measure of land
surface permeability and therefore of subyface potential moisture retention capacity, and by
extension the potéial for runoff to be generated by precipitation. The ST methodology

calculates runoff using a CN value by first finding the soil water retention capgaitsing:
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PTTT (5.1)

whereSis the maximum soil water retention (mm), and CN is the curve number (dimensionless). From

this, runoff generated is computed using:

. 0 TRY 0 ™Y
TV
0 T o0 ™Y (5.2)

whereQ is the direct runoff (mm), anB is the storm rainfall (mm). Curve number rairdalhoff

models are best used for ungauged catchments when runoff is the only output needed (Sitterson et al.
2017). As water harvesting site selection planners typically deal with ungauged catchmamis it is
surprising that so many water harvesting selection studies use th€M$@®thodology to compute

runoff. While this method is appropriate for such purposes, difficulties do remain. Notably, as it was
formulatedfor use on small agricultural catchments (Soulis, 2021), its application to larger catchments
needs to take into account the tendency for runoff efficiency to decrease as catchment area increase:

(Karnieli et al., 1988).

To predict the water storage yield at a particular location from precipitation in its catchment, in addition
to knowledge of catchment area, rainfall and rairatioff relationships, understanding is also
required of the transmission losge infiltration, evaporation or other proces$eexperienced by

the runoff as it travels from its points of creation (where the precipitation falls) to the proposed storage
location. These losses are typically high in arid regions, where water harvesting is copractgegd

(McMahon and Nathan, 2021). Hughes and Sami (1992) estimated total transmission los$és of 22
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and 75% for two rainfall events in a serairid ephemeral channel system located in Africa with
transmission losses largely taking the form of infiltration of water into the ground. For aisémi
basin in Brazil, Toledo et al. (2020) stated that transmissice$osccrued at a rate of 2ofor every
kilometre of river system. Consequently, runoff miégagdo not include an allowance for transmission
losses cannot be verified against observed flow data, should they exist. Thus, another difficulty in
using the SCSCN method in larger catchments is obtaining data quantifying the land surface
conditions over which transmission losses occur at sufficient spatial resolution. Typically, modelling
a catchment to incorporate such transmission losses involves aggregating land-cdtcisoients

with uniform runoffl o s s char act er iagptoack reduced spatia variabilily nRermaded
sensing offers an ewancreasing availability of high spatial resolution data products that can address
this problem. The method described in this paper aims to exploit this to creasphtg resolution

runoff maps whilst incorporating transmission losses.

The aim of this study is to develop and test a novel procedure to create maps showing the mean annua
runoff from locations within arid and serarid catchments to collection points that takes into account
transmission losses at high spatial resoluti@nat the pixel resolution of currently available remote
sensing data, rather than at the much coarsecaighment scale that has typically been used to date.
The intention is that this procedure can be used to aid the siting of water harvestingestimcagions

where orthe-ground data is sparse. This aim is addressed through the following objectives:

1 Create a model to compute generated runoff using global precipitation and curve
number datasets.

2 Model flowpaths from points where runoff is generated to the catchment outlet.
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3 Develop a transmission loss model to determine the proportion of runoff reaching the
outlet.

4 Evaluate model results against observed runoff data, including evaluatiefettteof
incorporating transmission losses by comparing results for model runs with and without
them incorporated.

5 Examine the characteristics of catchments best modelled by the procedures developed.

The novel contributions of this work lie in the use of fully distributed data sets, rather than the lumped
approach taken previously, and in the novel method put forward for calculation of transmission losses.
The approach taken to calculating transmisgisses is based on the following argument. In arid and
semtarid regions, there are far fewer rainy days than in humid regions. Only some rainy days create
direct runoff. Even fewer rainy days are responsible for runoff reaching a collection pointtHesein
regions, where water harvesting is largely psedtj there are only brief periods when runoff is being
generated and transferred to a candidate water harvesting site downstream. Within such ephemeral
systems, baseflow is less significant, or largely absent, compared to more humid regions. The method
descibed here exploits these characteristics of arid zone hydrology, generating runoff using daily
precipitation data, while surface flow (and hence transmission loss) is modelled as a singular annual
event. Such an approaaiiminates the need for hydrograph routing, allowing catchments to be

modeled at relatively high spatial resolution without requiring the creation ebasins

The rainfall runoff yield model effectively consists of two components. The first component generates
direct runoff from daily precipitation data using the SCS method with curve number values
extracted from a global dataset (Jaafar et al., 2019). Tdmmdeomponent calculates transmission

losses over flowpaths from cells where the runoff is generated to the candidate water harvesting storage
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site, at high spatial resolution. Outputs include a runoff connectivity map (RCM) of annual runoff
depth reaching the storage site, and the predicted mean annual runoff volume. These two components
are combined in the fAHIi ghomRelsodutEDMNi MRatniodd 0 a

(pronounced Ahurtleo).

53Mat er i ank$ hadd

5.3.1Method summary

A set of catchments in arid or seand climate zones were identified for which the necessary data
setsi elevation (as a digital elevation model, DEM), curve number, rainfall, and dischavgee
available. The position of the gauging station used tbegalischarge data determined the outlet of

each catchment, hence catchments became proxies for candidate water harvesting catchments fo
model development purposes, with their outlets (gauging station location) acting as places for potential
collection and storage sites for the harvested water. Each catchment in turn was represented as an array
of 250 m x 250 m cells and characterised in terms of its size, shape, and elevation. Usirtgranlong
precipitation dataset and a global curve number dataseff generated directly by precipitation was
calculated for all cells within each catchment at a daily resolution using th&€8@8ocedure. These

were summed to give an annual value of runoff (in mm) generated at each cell. This was followed by
the calcuation of transmission losségjuantified as transferral ratios, the fraction of generated runoff
reaching the catchment outlet on an annual time saabech involved several stages. Firstly, analysis

of pixelscale flow accumulation, derived from thetca h me nt 6 s DEM, was us
catchment 6s stream network, and distinguish it
assumed to occur via overland flow. Flowpaths were then defined between each cell and the catchment
outlet and clasified into sections of stream and overland flow. Transferral ratios for thetream
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segment of each flow pathway were determined by considering the curve number and flow transit time.
The transit time was derived from the length of thethream flow path and the velocity of the flow.

The flow velocity was computed using Manning's equmtigilising proxies for hydraulic radii and
roughness coefficients, which were determined based on available data and a set of assumptions anc
approximations. For the overland section of each flow path, transferral ratios were again calculated as
a functon of curve number and flow transit time, of the same form as that-$breiam flow, but with

different values of the curve number power law index and travel time constant. Overland flow transit
time was calculated from overland flow path length and 8peed, and flow speed was calculated as

a function of curve number and topographic slope, again based on the available data and a set of
assumptions and approximations. The overall transferral ratio was then calculated as the product of
the instream anaverland flow section transferral ratios. This was multiplied by the annual runoff
value for each cell, and the total modelled discharge at the catchment outlet calculated by:

B & 0 @ovYydEo | (53)

0 - o]
P

whereQa is the annual discharge fiyi?); i andj are cells in the X and Y directions respectivielyhe
catchmenti running from 1 to m, angl running from 1 to nQc(i,j) is the annualbirect runoff
(expressed in rainfall depth equivalent, mi) generated at cell,); TR(i,j) is the overall transferral
ratio for cell {,j); N is the total number of cells in the catchment; Aat the total catchment area

(m?). A schematic diagram of the main stages of the HRRTLE tool is pre{€igede 5.1).
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Figure 5.1. Schematic of the main stages of the HRRTLE process [CN = Curve Number; TR = Transferral Ratio].

The model was calibrated by comparing its outputs with the outflow data available for each catchment
and adjusting the values of the power law index and time constant in the transferral ratio equations to
optimise the model r a. fAnudsdessraentfwastthert nadetohwdichdypes efr v
catchments the model worked best for, why, and how the model might therefore be applied in practice,

and improved in future research
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5.3.2Methods in detall

Catchment area selection and characterisation

Observed catchment outflow records from the Global Runoff Data Center database (GRDC, 2020)
were scrutinised to identify catchments located primarily in arid or-sechiregions with records
spanning four decades f r o%dailylvaduese@ncel aycatchrieBt@vass a
identified as a potential study area, three catchment morphometric parameters were computed. A GIS
was used to define the catchment area from a DEM (EROS¢cROth a spatial resolution of 3 arc
seconds for global coveragThe catchment form factor (CFF), defined as the ratio of catchment area
to the square of the basin length (Patel et al., 2015), and the Height Above Nearest Drainage (HAND)
were then computed from the DEMsee Sect) belowfor details of how the drainage network was
identified. Each catchment was classified based on its @ffa,and HAND(Table C1, Appendix

C). A subset o0f28 catchmentgFigure 5.2) that offereda range of permutations of area (large,
intermediate or small), shape (CFF), and elevation (HAND) were then selected for the purposes of
model developmer{fTable C2, Appendix C). Of these 15 are in South Africa, 7 in Australia, 3 in the

USA, 2 in Brazil and 1 in Israel.

Global Aridity Index

P 000003
- 0.03-0.20

0.20-0.35

Y

0.35-0.50
0.50 - 0.65
0.65 - 0.80
0.80 - 1.00

1.00-1.25

[ gauging station

1.25-1.50

Figure 5.2. Map showing locations of runoff gauging stations used. Each station represents the outlet of a modelled catchment.
Basemap of Global Aridity Index (Zomer and Trabucco, 2022).
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To further characterise the selected catchments, additional datasets were obtained. The mean aridity
index was found for each catchment using a global aridity dataset (Zomer and Trabucco, 2022). Mean
rainfall was derived from a Global Precipitation Climagy Centre (GPCC) 1° resolution dataset
(Ziese et al., 2022). The baseflow percentagetbie proportion of runoff at the catchment outlet that

is derived from baseflow, rather than direct runoff generated by precipitation) was computed for each
catchmat by inputting the GRDC daily runoff data into a baseflow index calculator (U.S. Geological
Survey, 2016). The runoff efficiency was calculated for each catchment by taking the ratio ofthe long
term runoff depth (mm) from the GRDC records to the mearthdépm) obtained from the
precipitation dataset. The mean peak runoff month was found by analysing observed runoff data. Land
cover (spatial resolution ~1 km) for each catchment was obtained from global land cover datasets for
the year 2000 (Eva et al., @8 Latifovic et al., 2003; Mayaux et al., 2003; Mayaux and Bossard, 2003;

Tateishi et al., 2003).

Direct runoff calculation

The spatial resolution of the GPCC precipitation data was enhanced from 1° (approximately 110 km
on a great circle) to 250 m using linear interpolation, to create a precipitation datésen) that
matched the spatial resolution of the CN dataset used (see below). Antecedent precipitation values,
PE5 (mm), were then calculated for each day a°
the five preceding days. The antecedent moisture condition (AMC) was then assigned to each cell for
each day basesh thevalueoPE5 f or t hat dTEagle5d)nfdloning ®ilvesaesttak 0 n

(2000).
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Table51. Sel ection of antecedent moisture condition (AMC) wusing

dormant growing
AMC season season
PE5 (m_ PE5 (m
I (dry) <13 36
Il (normal) 13to0 28 36to 53
Il (wet) >28 >53

Curve number values were taken from a global curve number dataset with a spatial resolution of 250
m (Jaafar et al., 2019), which provided CN values for the three AMC groups defifeoleb.1. The
appropriate CN value was selected according to the AMC value derived &bl 5.1 and assigned

to each cell in the extent. The daily direct runoff was then calculated from CRfandach cell using

the SCSCN equationgg. (5.1) and Eq(5.2).

Transferral ratio calculations

To determine catchment outflow from the direct runoff values for each cell in the catchment,
knowledge of transmission losses is needed. These quantify how much of the direct runoff is lost
primarily to infiltration but also to evaporation and other pssesd.g.uptake by plants or animals)

T on its journey from its source cell to the catchment outlet. Here, this is quantified in the form of
transferral ratio$ the fraction of the runoff that makes it to the catchment outlet. The transferral ratios
are calculated by dividing the catchment into cells that form its drainage stream network (where fluxes
are densottreeda miifnl owo) and the rest of the <cat
flowo). For runof f f r oiosare elcliated ferlbdththatpartioftits jaudneyt r &

that occurs as overland floWR,), and that part that occurs assimeam flow TR,). The overall

transferral ratioTR;) is then calculated as the produciTé$ andTR..
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Stream network identification and parameterisation

To identify the cells that formed the catchme
was increased from 3 aseconds to 250 m by unifying and filling its tiles in a GIS environment
(ArcGIS Pro 2.8) effectively matching its spatial resolntito that of the curve number and
precipitation data. D8 flow direction value for each cell was then derived by identifying the
neighbouring cell whose elevation was lowest. The D8 flow direction values were then used to
calculate an unweighted flow acculation value for each cell, defined as the total number of cells

flowing into it.

Having calculated the flow accumulation value
defined as being made up of all cells with a flow accumulation value greater than 65. This was based
on the assumption that the threshold drainage area requirecitiate stream formation and
maintenance in arid or sevaiid zones is 4.05 khfGao et al., 2019), which approximates to 65 cells

of size 250 m x 250 m, to the nearest whole number. Rasters of the following variables covering all
cells in the streametwork were then created within the GIS: the height above the catchment outlet,
HACO\ (m); the horizontal distance to the catchment outlet along the stream network(rhlf-Ehe

mean downstream slope of stream network c&llén mt), found by dividing HACQ@ by HFD,, and

the stream network mean downstream length{nt), calculated by taking the square root of the sum

of the squares of HACGand HFD.

In-stream flow transferral ratio calculation

The transferral ratio for that part of a cell

the stream networl,R,, was calculated as:
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00 j (5.9

Of the terms on the right hand sid&\n 1 the stream network mean annual curve number value for
flood-days (dimensionles$)andT, i the stream network travel time (days) are calculated, whereas
phithe fAcurve number power andehWwt hedédkoavyel menm
(dimensionless) are parameters whose values are adjusted in the calibration process whereby the
calculated outflow is compared with observed outflow data for each catchment. Elchys,4)
encapsulates the assumptions that more runoff will reach the outlet as curve number increases (which
follows from the definition of curve number), and the longer the runoff takes to reach the outlet, the
more of it will be lost along the way. Mathematicaltiiese effectare hypotheticalllassumed to

follow power law and exponential relationships, respectively.

Of the two calculated terms on the right hand side, the stream networkam®aa curve number
value for flooddays CNw,n) wascalculated as the mean CN value for stream network cells in the
runoffdos path for al | days i ire. whemBE 5y e>®r Theazh e n

calculationof the stream network travel time is more complex and is described in the following section.

Stream network travel time calculation

The stream network travel time to the catchment outlet was calculated using:

Y D] pgoetam (5.5)

where T, is the network mean downstream transit time (dals)is the stream network mean

downstream length (m), ang is the stream network mean downstream velocity fmGalculation
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of Ln is described above. Calculation\éfis based on Mannings equation for open channel féog (

Chow et al., 1988) shown by:

o Byivy
€

(5.6)

wherenisMa n ni n g 6 s coeffiiany (n'fsy Risthehydraulic radius (m), an& is the friction
slope (dimensionless). Hef®js assumed to be equal to the mean downstream slope of stream network

cells, S, (see above), and tlfiemore complex procedures focalculatingn andR are as follows

To calculate values for n, it is first noted that there is a relationship between land use, CN and
Ma n ni m dgd sxample, natural forests have relatively low CN values and relatively high
Manninvpdaues, whereas bare | and has relatnvely
values (Schwab et al., 1981 cited in Tarigan, 2016). Using this principle, that higher CN values are
associated with | ower hydraulic r exsvasedtablishece t o
by creating a linearelationship between it and CN. This was done by noting that the maximal
Manninvpdsue i s approximately O0.15, which is as
or floodways with heavy stand of timber and wu
0.025, associated with #nAcl eponol ssa r(aDagsh,t ,2 OF ud )l .
values vary from a minimum of approximately 20 to a maximum of 100. By associating the maximal
Ma n n i mwgtltotke minimal CN, and viceersa, andletermining the equation of a liletween

these two points, the relationship

3 Mm@y ™ Yo (5.7)
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wasderived. Using the stream network mean annual curve number value fodf#geCN,n), values
of Ma n n i mcgnaais be estimated and usedEq. (5.6) to calculateflow speed and thus stream

network travel time.

The final el ement of ManniR)ig delnedeag & ahe iraborof thet h e
stream flow crossectional area, A, to its wetted perimeter,These stream parameters cannot be
determined directly from a DEM, or from any of the other input data sets that are commonly available.
The parameter most closely related to A &tthat may be derived from the available data is stream
channel width, W. The precise relationship between W and Aavill vary, but for small streams in

arid or semiarid zones, we assumed that the channels would be approximately triangutervand
depth W/12. The decision to select a depth of W/12 was influenced by the common use ofte- width
depth ratio of 12 when delineating natural rivers (Rosgen, 1994). This choice was anticipated to

accommodate a diverse range of river types. Thus, tiveaged the hydraulic radius using:

(5.8)

® . .
p_c w w
o ° clpTyerT

We derived channel widths by assuming thay were linearly related to the flow accumulation value

for each stream network pixel, the calculation of which is described in this section, above. Thus:
®w OO0 w (5.9

wherea andb are empirical constants that require determination. This was carried out by manually
measuring 20 stream widths using an ArcGIS Pro World Imagery basemap (Source: Esri, Maxar,

Earthstar Geographic, and the GIS User Community) from locations within eabimeat selected
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to cover a range of flow accumul ation values.
flow accumulation values, to give catchment specific values fmdb. A list of catchment codes

alongside the values of these constants is providagpendix C (Table C3).

Overland flow transferral ratio calculation

All catchment cells not designated as stream network cellall cells with a flow accumulation value

of 65 or |l ess, were classified as fAoverl and f|
flowing through these cells followed the same general approach as that laid out aboy&réanm

cells, but required some different assumptions and approximations to be made to reflect the different
nature of the conditions. Using the same assumptions as those represdtge(bi) for stream

network cells, the overland transferral rai®&,, was calculated as:

00 j (5.10

whereCN,0 is themean CN value along the overland flow path for flood dayss the overland
curve number power law indek; is the overland travel time constant; ands the overland travel
time (days). For each overland cell, the travel time for runoff to reach the catchmentToutets

calculated, analogously fq. (5.5), as

Y 0 yeTta@m (5.11)

wherel, is the mean downstream overland length (m), ¥nds the mean downstream overland
velocity (m sb). Lo was calculated as the square root of the sum afcpisares of HANRand HFD,
whose definition and derivation are described previously in this sesfiomas calculated using a

method based on the shallow concentrated flow equations. For unpaved (grassed waterway) and pavec
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surfaces, respectively, these give the relationships between flow $peaed, alonglow slope,S, as

(Cronshey et al., 1985) by:

w T18p XYH (5.12)
and

©  oP wPyh (5.13

By adopting a similar principle to t t5&raboues e d
a linear relationship was assumed betw@Bh o and thecoefficients in Eq(5.12) andEq.(5.13). The
coefficient for the rough, unpaved surface, 4.9178 in(k42), was given an equivale@Nq,o value
of 60, while that for the smoother, paved surface, 6.1969i(6.13), was given an equivalefN,o

value of 100. This recasEy. (5.12) andEq. (5.13) as:
w modwp cBULYS (5.14)

whereV, is the mean downstream overland velocity (Hy €N o is the overland mean downstream
annual curve number for floedhys (dimensionless), ai® is the mean downstream overland slope

(m mh).

Overall transferral ratio

For each cell within the catchment, the overall transferral ragidhe proportion of rainfall running

off from that cell that reached the catchment outlet, was calculated as:

YY YY Y (5.15)
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where TR is the catchment transferral ratibR, is the irstream transferral ratio; antR, is the
overland transferral ratio (which is defined as 1 if the cell in question is part of the stream network).
This was then multiplied by the (annual) dire
cell 6s cont r i b offattleratchnoent outlatd. tlze iarvested wateuifrthe catchment

outlet represents a potential water harvesting location).

5.3.3Model performance
The performance of the HRRTLE tool was evaluated used two commonly used measures,-the Nash

Sutcliffe simulation efficiency (NSE) and percentage bi&sa®, which were calculated, respectively,

as.:
O - O - (5.16)
. 3 %p —h - h
0 0
and
. . B 0j 0 ; 5.1
OAEAG h - h D T 617
B vy

wheren is the total number of eveni®; obsis the observed flowQica is the calculated flow, both at

timei, andd is the averagebserved flow (Cirilo et al., 2020). NSE is commonly used to assess
the predictive abilities of hydrological models, and generates values that can range fmfn An

NSE value of 1 indicates a perfect model, with zero mean difference between observed and calculated
flows. NSE = 0 implies that the model has no greater predictive power than simply assuming constant

flow equal to the observed mean. NSB means that the model has worse predictive power than the
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observed mean flow (Knoben et al., 2019). P{sas Eq5.17) measures the tendency of the calculated
flows to beeitherlarger or smaller than their observed counteggat@po et al., 1996)A Pbiasgreater

than zeroaindicaesthat the model underestimates observed flomisle a negative value suggests
overestimatior{CarlosMendoza et al., 2021). While achieving a bias of zero would be an ideal target
for a model for the sake of scoping potential water harvesting (especially for ungauged catchments),
Moriasi et al. (2007) and Abbaspour et al. (2015) suggest that an absdhe@fPbias less than 26
indicates god model performance. Here, as we are working with ungauged catchments, we argue that
this criterion for good performance should be somewhat relaxed, and thus take an absolute value of

Pbias less than 3 to indicate a threshold between adequate and inadequate performance.

HRRTLE was applied to each of the 28 catchments and the calculated flows evaluated against observeo
runoff records. In each case, in order to assess the value of applying the transferral ratio calculations
described above, the model was run both with aitldowt transmission losse$R.. If the values of

NSE and Pbias improved wh&R:. was applied, this would imply that its use was beneficial for model
accuracy. Four parameters,(pn, ko, po) from the stream network and overland transferral ratio
equatiors, Eq.(5.4) and Eq(5.10), were adjusteduring the calibration stage. Each time one of these
parameters was adjusted, the model wasimeand the NSE recorded. Once the NSE could not be
increased by adjusting a particular parameter, the next parameter was used. Once a combination of
parametewvalueswas found through this process, for which the NSE value could not be further
improved,it was recorded and subsequently used in the model validation stage. Observed runoff data
from even years was used in the calibration s

number of years of data used for the calibration and validatages, together with the optimum
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transferral ratio parameter values used in the validation stage for each catchment are presented in

Appendix C (Table C4).

54Resul t s

5.4.1Model output

Runoff connectivity maps (RCMs) were generated by the HRRTLE modelling process to visually
communicate the distribution of runoff contributions to the catchment outlets. An example of these
maps is presented Figure 5.3 for catchment AUNP, which has its outlet at a gauging station on the
Shaw River in northern Western Australia. In this case, 18 years of validation model outputs were used
to create the RCM, which shows tienual runoff depth (mm) for each cell that reaches the catchment
outlet, taking transmission losses into account. The spatial resolution of the map is 250 m x 250 m.
The map shows the importance of proximity to both the outlet and the stream netwoakifoigimg

outlet runoff contributions.
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Figure 5.3. (a) location of AUNP catchment; (b) runoff connectivity map (RCM) for the catchment of a gauging station located
on the Shaw River, showing mean annual runoff reaching catchment outlet taking transmission losses into account, created

using validation data.

5.4.2 Assessment of model performance

Table 5.2 summarises the optimum NSE and Pbias values for each catchment in the calibration and

validation stages, for both the runaffn | vy

model.
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Table 5.2. Values of the NaskSutcliffe efficiency (NSE) and percentage of average tendency (Pbias) for calibration (cal) and
validation (val) runs of the runoff-only (ro) and runoff-and-transferral -ratio (tr) versions of the model, for each of the 28 test
catchmerts. The first two letters of the catchment code indicate country: Australia (AU), Brazil (BR), Israel (IR), USA (US) or
South Africa (ZA).

calibration validation

catchment NSEwo,cal NSE cal PbiaSo,cal PbiaSr,caI NSEo,val NSE val PbiaSo,vaI PbiaSr,val
code () () (%) (%) () () (%) (%)
AUFR -305.564 0.039 1158.3 -35.0 | -185.942 -0.209 1382.6 -3.2
AUGD -1.966 0.705 130.0 20.0 0.668 0.609 42.9 -26.7
AULT -92.259 0.105 1064.0 16.5 -1.310 0.058 324.9 -62.9
AUMF -0.629 -0.835 -52.8 -63.4 0.193 0.009 -34.3 -48.7
AUMS -8.442 0.240 199.0 7.4 -0.407 0.672 136.7 -13.1
AUNP -0.903 0.353 183.8 -6.5 -8.376 0.410 312.6 56.0
AUSJ -0.327 -0.407 -51.8 -54.4 -0.764 -1.875 -35.5 -38.8
BRMN 0.281 0.265 12.7 -17.9 0.283 0.199 -2.7 -28.9
BRPR -5.280 0.648 206.9 -3.9 -0.964 0.328 228.0 6.4
ILOB -3.110 -3.155 -96.5 -97.1 -5.055 -5.138 -96.4 -97.0
USMH -4.046 -6.209 -67.6 -82.2 -1.899 -2.092 -64.0 -66.7
USNP -8.220 -8.501 -57.0 -62.8| -12.502 -10.082 -10.8 -22.0
USSC -4.646 -4.688 -97.3 -97.7 -6.489 -6.540 -97.6 -98.0
ZAAN -0.440 -0.663 -45.6 -50.5 -0.027 -0.109 -35.5 -41.2
ZABT -8.615 0.044 314.1 -11.7 -30.761 -0.387 388.9 26.4
ZADE -31.513 0.186 1175.7 4.5 -37.383 0.125 1006.1 -22.4
ZADK -0.082 0.129 10.6 -16.8 -3.608 -1.415 108.5 64.0
ZAHE -1.467 0.129 121.2 -27.9 -14.182 -1.712 328.0 101.7
ZAHH 0.077 0.100 4.7 -18.4 0.014 0.011 -23.3 -42.0
ZAKK -20.469 -0.404 331.3 -12.6| -18.204 -0.117 283.7 -24.3
ZAMB -1.951 -1.972 -88.9 -90.3 -0.882 -0.926 -91.3 -92.4
ZAMK 0.096 0.057 -44.1 -47.5 -0.036 -0.052 -11.9 -17.1
ZAO -0.866 -0.061 76.6 24.6 -6.524 -1.319 165.1 64.7
ZAOS -28.792 -0.274 527.9 -4.1 -0.353 -0.442 61.3 -73.8
ZASD -1.661 -1.890 -61.9 -66.6 -1.512 -1.755 -56.0 -64.9
ZAT -50.187 0.186 961.6 -20.5| -301.272 0.148 1646.3 43.8
ZAUL -0.546 0.012 59.9 4.0 -0.870 0.441 77.1 144
ZAW -0.378 0.527 62.3 2.0 -3.170 -0.423 87.5 19.9

A first assessment of these results suggests that the use of transferral ratios improves the performanct
of the modeli(e. moves the NSE closer to 1 and Pbias closer to zero) as demonstrbdxdieis.3.
However, it also indicates that there is a significant proportion of the 28 test catchments used where it

does not lead to satisfactory performance by any of the measures.
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Table 5.3. Number (out of 28) catchments which show satisfactory values (NSE >-80% < Pbias < 50%) for the NSE and
Pbias performance metrics at the calibration (cal) and validation (val) stage of model development.

number of satisfactory

performance number of satisfactory . improved
catchments with
measure  catchments runoff only . (yes/no)
transferral ratio
NSEcal 3 16 yes
Pbiasal 5 19 yes
NSEal 4 11 yes
Pbiasal 8 17 yes

The sensitivity of the NSE to the transferral ratio equapiarameterskg, pn, ko, po T See equations

(5.4) and 6.10)) thatwere adjustetb calibrate the model is shown figure 5.4, for an example test
catchment (code AULT), which shows typical behaviour for this analysis. It indicates that the NSE
was most sensitive to the stream network flow travel time constant, and least sensitive to the overland

flow travel time constant, andt intermediate sensitivity to the two curve number power law indices.

parameter value (-)

0
-5 2 -1 0 1 2 3
__________________________ . overland p
Braaat i ° < parameter
0\’§1'la11d L network p
parameter 2 parameter
vV
& network k -3
z parameter )
-4
-5
-6

Figure 5.4. Sensitivity of Nash-Sutcliffe efficiency (NSE) to variation in transmission loss parameters (catchment code AULT)
for calibration data.
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5.4.3Determination of catchment types for best model performance

To determine which types of catchments the model performs best upon we focus on the results from

the validation stage of the modelling (since this is a test of model performance, c.f. the calibration

stage, which is an exercise in optimising the modeloperdnce) and on the results for model runs

where transferral ratios are incorporated (since this is the main novel contribution of this work). On

this basis, 11 of the 28 catchments have satisfactory NSE values (>0) and 17 have satisfactory Pbias

values (&solute values <5%), with 9 having both. These nine are listedTiable 5.4, with their

predominant land cover characteristics.

Table 5.4. Catchments with NSE > 0 and absolute Pbias values <%0 for validation models with transferral ratio effects
incorporated, with the predominant land cover characteristics.

gstdc:ment predominant land cover (classification and percentage of coverage)

AUGD grasslands with sparsérubs 7?6

AUMS closed shrublands 8%

BRMN mosaic agriculture / degraded vegetatior¥@4pen deciduous forest 28, Montane forests
5001000 m- open deciduous 1%

BRPR open shrublands 3&; Montane forests 50000 m- open deciduous 1%; Montane forests
500/ 1000 m- open semhumid 10%; mosaic agriculture / degraded vegetatid;%agriculture
T intensive 8%

ZADE open grassland with sparse shrub$85

ZAHH open grassland #%; open grassland with sparse shrub$38

ZAT open grassland with sparse shrub®®2losed grassland 34

ZAUL deciduous woodland 4%; croplands (>506) 32%

Table 5.5. Proportion of catchments of different dominant landcover type for which the modeperformed satisfactorily in the
validation stage with transferral ratios incorporated.

dominant total number of # of catchments with % of total catchments with
landcover type  catchments /28  NSE>0;-50 %<Pbias<50 %  NSE>0;-50 %<Pbias<50 %
grassland 4 4 100
agriculture 1 100
woodland 2 1 50
shrubland 9 3 33
croplands 7 0 0
forest 5 0 0
28 9
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Their ranges of values, in the context of the ranges for all 28 catchments, for seven other biophysical
catchment parameters are showiable 5.5. The full set of values of these parameters are provided

in tabular format in the Supplementary Materials. The nine catchments with a positive NSE value and
absolute Pbias values less thart®(Table 5.4) are compared to all 28 catchments is a summarised
format(Table 5.5). Table 5.5 shows that while seven of the 28 catchments have a dominant landcover
type of O6écroplandsd none of these catchments
superior model performand&able 5.4). The same situation is repeated for five catchments with a
domi nant |l andcover type of 0 f(Tablee5H) ppovideddrhodel f o u |
results that fell into the top nine catchmefitable 5.4) as did the single catchment with a dominant
landcover type of agriculture. Taken as a whole, this suggests that the model works best in catchments
where there is lovgrowing vegetation (grassland or (pastoral) agriculture), and not well in catchments

wherethe vegetation is tall and/or dense (croplands and forests).
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Figure 5.5. Range of values of seven biophysical catchment parameters for 9 catchments with NSE > 0 and absolute Pbias <
50 %, in the context of the full range of values for all 28 catchments for each paramet&ize: catchment area; CFF: catchment
form factor; HAND: heigh above nearest drainage; Rainfall: mean annuatainfall; Aridity: mean aridity index; Baseflow: % of
runoff from baseflow; Efficiency: runoff efficiency

Turning next td=igure 5.5, the group of nine catchments for which the model performed satisfactorily
are distinguished amongst the full set of 28 by their (a) relatively small size (<17,627(l&n
relatively low (<0.147) catchment form factare( lack of elongation in any direction); (c) low
(<12.4%) runoff efficiency (proportion of rainfall that becomes runoff at the catchment outlet); and
to a lesser extent (d) height (<90 m) above nearest drainagadan elevation). The appearance of
runoff efficiency in this list suggests the effect of our transferral ratio calculation method being
incorporated into the model. The hydrological parameters considareshn rainfall, aridity index

and percentage of runoff from baseflow, do not distinguish the nine catchments from the full set of 28

at all. Considered together, therefore, the results shoWalle 5.4, Table 5.5 andFigure 5.5 suggest
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that the model works best in catchments that are relatively small; of approximately equal length in all
directions; of relatively low topography; have high levels of transmission losses of runoff on its journey

to the catchment outlet; and have predomigdotv-growing vegetation.

55Di scussi on

5.5.1Methodology

HRRTLE employs three global datasets, one being the SRTM void filled elevation product,
encompassing 8% of the Earth's land surface between 60° north and 56° south. This dataset offers a
spatial resolution of 3 areeconds, approximately 90 m spatial resolution, based on radar data acquired
in 2000. The suitability of the elevation dataset for the HRRTIdEg®s relies on the assumption that

the elevation data from the year 2000 adequately represesite@am networks for all modelled years,
disregardingchanges in morphology. The SRTM void filled elevation data, has previously been
applied in hydrologic analyses for water harvesting studies (Sreedevi et al., 2009; Grum et al., 2016;
Salih and Hamid, 2017; Ahmed and Diab, 2018; Abdekareem et al., 2082HRRTLE process
adjuststhe spatial resolution of the SRTM dataset to 250 m to match the curve number dataset.
Consequently, some degree of diminished hydrological model performance might be anticipated
compared to using the process with the originain®® 90 m data. Yang et al. (2001) investigated the
sensitivity of hydrological models to spatial resolution changes, exploring resolutions up to 1,000 m x
1,000 m. They found that the hydrological response is sensitive to changes in the spatial re$olution
the DEM, but the significance is greater for hourly response over daily response. Since the HRRTLE
process employs a daily temporal resolution for runoff computation then this would suggest that the
downgrade in spatial resolution from 90 m to 250 mmas expected to significantly affect runoff
computation. Nevertheless, it should be noted that the HRRTLE process goes beyond mere direct
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runoff computation at individual cells or pixels. Instead, it models the runoff path to the designated
catchment outlet and, for the modelled pathways, acquires curve number data to predict transmission
losses. Hence, when a DEM is not adequately suitednfmelling instream networks, there is a
greater probability that the curve number data acquired through the HRRTLE process for cells

identified as part of the 'network’ does not accurately reflect channelised flow.

The HRRTLE modelling process consists essentially of two components. The first component utilises
the GPCC precipitation data to predict runoff from each 250 m x 250 m gridded cell using curve
number maps (Jaafar et al., 2019) based on the@C&ethod. Tie second (novel) component
predicts the amount of runoff reaching the catchment outlet from the cell where runoff occurs,
accounting for transmission losses. The journey from the runoff cell to the outlet, is modelled as
6overl and6 f I-steawm f @ d towerdk d yf ioow. Thi s process
regardless of actual catchment characteristics, overland flow transitions to network flow when the
catchment area reaches approximately 4.kbme of the simplifying assumptions in the HRRTLE
process involves maintaining a consistent relationship between flow accumulation (and consequently
catchment area) and stream width across the entire catchment. The HRRTLE process assumes tha
curve number values along the overland and network flowpaths can be used to infer channel properties
(kieeManningds roughness coefficient) . -rinoffmodelr Kk n ¢
that utilises such an assumption, although Soni et al. (2022) did estimate equivalent runoff coefficients
based on the colour of Google Earth pixels to prediwbif. Associating curve number with hydraulic
roughness relies on the presumption that flowpaths characterised by a higher average curve number
are pone to greater wetness or saturation compared to those with lower curve number values.

Consequently, these paths pose reduced resistance to open channel flow and, simultaneously, result i
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fewer transmission losses due to the relatively higher saturation of the ground. Employing curve
number values in this manner eliminates the necessity of incorporating extra datasets to define
hydraulic roughness. The curve number dataset, utilised foulaahg transmission losses along

flowpaths, is the same dataset employed in the initial component of the model for runoff computation
using the SCNCN method. As a result, this approach restricts the number of datasets, each carrying

its own uncertaintig to three.

5.5.2Performance

Out of the 28 catchments simulated with HRRTLE, nine demonstrate a positive NSE value and a Pbias
within the range of50 % to 50% during the validation stage. Additionally, by expanding the Pbias to
+65 %, eleven catchments show a positive NSE value in the validation results. It is thus worthwhile to
examine the potential factors contributing to the superior performance of HRRTLE in certain situations
and its poorer performance in others. The findings ssigghat HRRTLE exhibits improved
performance witlsmaller catchment sizes, although some larger catchments still produced reasonable
results. Among the ten catchments categorised as the largest in size, four (AUGD; AUNP; ZADE;
ZAT) yielded a positive NSE value during the calibration stage. One pla@siplanation could be

that the contributing factor to suboptimal results may not be the size of the catchment, but rather the
potential for larger catchments to be more diverse and complex. This complexity, which may include
engineered structures, could pahallenges for HRRTLE in achieving satisfactory modelling results.
None of three large catchments located in North America (USMH; USNP; USSC) gave a positive NSE

value for the validation stage.

Certain catchments exhibit relatively high runoff efficiencies, as determined through the calculation

using GPCC precipitation and observed discharge data. For instance, one catchment (ILOB) has a
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runoff efficiency value of 47.%. One possible explanation for this is that the observed discharge data
incorporates flows beyond those generated solely by precipitation within the catchment béundary
suggesting potential external introduction of water in some manner. Six of the 28 eats tested in

this study had a runoff efficiency greater tharfdgone of which produced a positive NSE value in

the validation stage.

The results suggest a tendency of superior model performance for catchments chextdmtdaw

lying vegetation. One potential rationale is that the radar technology employed to generate the SRTM
product encounters difficulties in penetrating vegetation. As a result, digital elevation models (DEMs)
for catchments with sparse or ldwng vegetation might be more advantageous for hydrological
modelling processes compared to catchments with dense canopy cover. For this study HRRTLE was
used to analyse 28cc hment s, five of which can be cl assi
of these five catchments are included in the group of nine catchments that performed better than others

in terms of NSE and absolute Pb{@sable 5.5).

Several test catchments (coded as AUFR, ZADE, ZAT) exhibited Pbias values exceedin 1,000
during the validation stag@able 5.2) when transmission losses were not taken into account. The
calculated baseflows for these catchments ar&3.B1%, and 14.1%, respectivelyseeTable C5

in Appendix C) which aligns closely with existing literature on this topic. Pilgrim et al. (1988)
proposed that the rainfalinoff modelling approach for arid and seanid regions may differ from
that for humid zones, as baseflow is essentially absent in arid zoneldgydrwhile channel
transmission losses are crucial. Transmission losses have been documented to s@tpasarids
regions (Knighton and Nanson, 1994) and up to %746 semiarid regions (Abboushi et al., 2015).

Studies based in arid @nsemiarid regions have generated runoff maps without incorporating
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transmission losses (Abhobari et al., 2020; Karimi and Zeinivand 2021; Alataway, 2023; Radwan
and Alazba, 202). Such maps, if used to compute inflows for potergdabitu water harvesting
structures, run the risk of overestimating runoff (or runoff potential) as they do not allow for
transmission losses which in dryland regions can be considerable as previously noted. Sayl et al. (2019)
created a runoff volume map linkimgfiltration losses with drainage frequency density. The concept

of a connectivitymap is not new, as D'Haen et al. (2013) previously developed a connectivity map of
geomorphic coupling for points within a catchment in relation to the catchment outlet. Current rainfall
runoff models exhibit limitations in certain aspects. According han@field et al. (2021, p. 12),
rainfallkr unof f model s "étell wus little of the phys
which water migrates from its landing place within the catchment to become streanflosv"
HRRTLE process addresses thrdicism in part, as the connectivity runoff mépg. Figure 5.3)

provides information on flowpaths and quantifies (in mm) the annual runoff reaching the catchment
outlet (which theoretically could be a potential water harvesting location) for every pixel at a high
spatial resolution allowing planners to understandréfative significance of various parts of the

catchment with respect to outlet discharge.

5.5.3Application

The development of the HRRTLE process was geared towards aiding the assessment of potential watel
harvesting sites within a designated area. This involves a comprehensive examination of numerous
locations to pinpoint areas where water harvesting offersnibst advantages. The primary phase
where HRRTLE is anticipated to deliver valuable applications is during the initial scoping phase of a
project cycle. Several characteristics of HRRTLE make it attractive to planners and specialists in the

water harvestig sector. Firstly, it relies on freely available global datasets, eliminating the costs and
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delays associated with acquiring national data. Secondly, it utilises commonly available software such
as MATLAB and ArcGIS Pro, as opposed to specialised hydrologic modelling software. Thirdly,
HRRTLE is a relatively straightforward in terms of model ¢angion, requiring only the catchment

output and the extent boundaries to be defined by the modeller.

Numerous rainfalfunoff models exist, and some of them have been applied in water harvesting
research. As previously mentioned in this paper, the-S8Snodel is frequently utilised in such
studies (Ramakrishnan et al., 2009; Kadam et al., 2012; Moawad; Rlahmoud, 2014; Pathak et

al., 2020; Aghad, 2021; Manaouch et al., 2022). However, none of these studies address transmissior
losses. In contrast, the HRRTLE process, while also employing theCSIC#&ethod, takes
transmission losses into account. Thellwnown Hydrologic Modelling System software (HEC

HMS) has also been utilised by researchers in the field of water harvesting (El Osta et al., 2021;
Ghanem et al., 2021; Ndeketeya and Dundu, 2021; Ramadan et al., 2022; Soomro et al., 2022) and
offers hydologic modelling features such as runoff hydrographs, something that the HRRTLE process
does not. The Soil and Water Assessment Tool (SWAT) model has also been used in water harvesting
studies, as demonstrated by Ouessar et al. (2009addey et al. (L6), Doulabian et al. (2021) and
Umugwaneza et al. (2022). Ouessar et al. (2009) expressed a preference fdraaecelouting
procedure over SWAT's setdistributed approach at the subbasin level when modelling flows in arid
environments. While the HRR.LE process does not route hydrographs it does provide a runoff

connectivity map at celevel.

There are various ways in which HRRTLE could be employed in the context of water harvesting site
suitability. If a specific location has been identified for siting a water harvesting structure, HRRTLE

could be configured with the catchment outlet desighate the proposed structure's location. To
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provide planners with a diverse set of information including a high spatial resolution runoff
connectivity mape.g. Figure 5.3) which would enable planners to visualise parts of the catchment
that contribute varying amounts of runoff to the outlet. The tool uses almost 40 years of precipitation
datg allowing the return period of annual discharge to be determined.

Assuming a consistent relationship between stream width and flow accumulation, the HRRTLE
process could be automated for multiple points, each representing anicutéepétential location

for a water harvesting structure), by repeating the transferral ratio elements of HRRFE 5.1)

without the need to rprocessthe SCEN comput ati ons over the O6ext
be sufficiently varied in terms of location and catchment area it would be possible to establish a
regression relationship between catchment area andlanno# discharge, allowing a prediction of
annual runoff for every pixel within an area of interest. HRRTLE does not route hydrographs, resulting
in the absence of peak flow estimations. Estimating peak inflows in response to a single flood event is
essatial when designing a water harvesting structure so excess inflows can bypass safely. Here we
suggest that during the initial scoping phase of water harvesting sites, considering the ratio of annual
runoff to the size of the water harvesting reservoiraidrihe selection process. This approach would
help streamline site options, allowing modelling efforts for individual events to focus on a reduced
number of potential water harvesting sites. Potentially HRRTLE results could be combined with
automated tds that compute water harvesting reservoir metrics (Petheram et al., 2017; Wimmer et
al., 2019; Teschemacher et al., 2020; Delaney et al., 2022) so the site selection criteria such as reservoi
storage volume to annual inflow volume ratio could be computed HRRTLE process does not
serve as a substitute for established ranrtalbff models (such as SWAT and HEQ/S), but such

models could be utilised after HRRTLE has been used to narrow down the number of possible sites or
to reinforce the findings fra the HRRTLE process.
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In cases where observed runoff data is available, HRRTLE can undergo calibration ags&dsttsh
However, in practical terms, water harvesting scoping studies often occur in regions where obtaining
observed runoff data is unavailablee(ungauged catchments). The absence of observed discharge
data presents challenges. As Beven (2012, p. 329) notes, "One of the great unsolved challenges in
hydrology is the accurate simulation of a catchment without any observational data with which to
calibrate a hydrimgical modelj.e.an ungauged basin." Despite this obstacle, HRRTLE does possess
potential uses in ungauged catchments. Results could be senbitiséyg, with calibration performed

for a range of runoff efficiencies. Alternatively, by matching catchment characterrsiioggauged
catchments where HRRTLE has been successfully calibrated and verified with observed discharge
data to another ungauged catchment with the same essential characteristics, HRRTLE parameters

could be applied to the ungauged cateint.

5.5.4Future work

The GPCC precipitation dataset (Ziese et al., 2022) used in the HRRTLE process has a temporal range
of 39 years (1982020) and a spatial resolution of 1.0 degree x 1.0 degree. The dataset is based on
precipitation data provided by national meteorologasal hydrological services, regional and global

data collections as well as the World Meteorological Organization Global Telecommunication System
data. GPCC offers full gl obal coverage of the
this for theNile Basin, along with another five lostgrm rainfall products, and ranked the GPCC
project the best performing based on monthly, maximum monthly and annual scales. Nevertheless, the
spatial resolution of this dataset is rather coarse in comparisaszés of most of the 28 catchments
examined in this study. To illustrate this point, a precipitation tile with a spatial resolution of 1.0 degree

(=110 km on the equator) encompasses an area of about 12,000 km?2, whereas only 5 of the catchment
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studied exceed this size. Therefore, future efforts could explore the sensitivity of HRRTLE to

precipitation from higher resolution datasets.

In this investigation, the SGSN component of the HRRTLE process incorporated an initial
abstraction ratio of 0.2, aligning with earlier studies (Sekar and Randhir, 2007; Elewa et al., 2012;
Shalamzari et al., 2019). Nevertheless, other studies hawedtiifferent ratio values (Liu et al.,

2021; Weerasinghe et al., 2011). Subsequent research could investigate the consequences of alterin
the initial abstraction ratio. In this version of HRRTLE the ST% component assumes a permanent
dormant season sadditional work could investigate how to distinguish between the dormant and
growing season especially if this can be achieved without the need to introduce additional datasets.
The HRRTLE modelling process computes annual runoff based on the calend@rgsaming that

the entirety of annual discharge stems exclusively from precipitation occurring within the same
calendar year. Future work could explore the effects -ofeséggning the modelling process, so the

annual discharge calculations begin at the @f the dry season for example.

To model the 28 catchments using the HRRTLE process and establish the relationship between strean
width and flow accumulation, a manual and subjective approach was employed, relying on individual
judgment to delineate the riverbank. Introducing an objecind automated process to determine the
relationship between stream width and flow accumulation would likely be advantageous. Flow width
rasters can be created using SAGH (Conrad, 2009) based on the work by Gruber and Peckham
(2009) and Quinn et al1991) yet flow widths are limited by the spatial resolution of the raster pixels.
Automated tools based on remote sensing products have been developed such as RivWidthCloud
(Yang et al.,, 2020) and GrabRiver (Wang et al., 2)2#%hile Mengen et al., 2020 created an

automated process using Sentihigbroducts. These tools and processes could potentially automate
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the stream width measurement stage in future iterations of HRRTLE. However, the effectiveness of
these tools to measure river widths for +pmrennial river systems (typically associated with water

harvesting) may be diminished compared to perennial rivers

The HRRTLE process utilises-stream network cells to extract CN values as a component of its
methodology for calculating the transferral ratio. It is preferable therefore for an accurate alignment
between the modelled-stream cells and the actual streaetwork. The underlying assumption is

that the current version of HRRTLE adequately maps genuisteeam networks. Nonetheless, future
work could assess the sensitivity of network modelling accuracy and explore ways to enhance the
modelling process busing other elevation products than the SRTM void filled used in this study.
HydroSHEDS is modified SRTM elevation data that integrates hydrographic baseline data (Lehner
and Girill, 2013), is freely available, and could be more appropriate for the HRRdt&sp should it

offer superior modelling of stream networks so allowing the extraction of more pertinent values from
the Curve Number dataset. Alternatively, it is possible to transform a Digital Surface Model (DSM) to
a Digital Terrain Model (DTM) by efninating forest canopy height so making it more preferrable for
hydrologic modelling performance. Such a procedure has been carried out on a Copernicus DEM with

a land cover dataset (Potapov et al., 2021) creating a DTM dataset (Strahlendorff, 2024).

The HRRTLE process uses gridded maps of curve numbers (Jaafar et al., 2019) the development of
which was based on the USDA Soil Conservation Service (SCS) Runoff Curve Number (CN) method.
Sujud and Jaafar (2022) conducted runoff computations using tagetat conjunction with the SES

CN method, revealing that model performance was influenced by factors such as climate, soil
permeability, and bedrock permeability. A potential area for future investigation could examine of the

influence of permeability, grticularly bedrock permeability, on the accuracy of HRRTLE results.
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In arid and semarid regions, the primary source of groundwater recharge is often considered to be
transmission losses in ephemeral river systems (Shanafield et al., 2021). Although HRRTLE does not
explicitly distinguish between losses attributed to ewgmspiration and those due to infiltration, in
certain catchments, infiltration (representing groundwater recharge) can account for as muih as 95
of all transmission losses (McMahon and Nathan, 2021). Therefore, while HRRTLE was developed to
quantify runoff, there exists the potential for HRRTLE outputs to be utilised to estimate groundwater

recharge.

Model outputs for all catchments underwent verification against observed runoff data, yet acquiring
thesedata from arid and semrairid regions, crucial for validating runoff models, poses a considerable
challenge. The scarcity of observed data stands out as a major issue for runoff modelling in arid regions
(Pilgrim et al., 1988). While modelling can complethemeasurements, it cannot serve as a substitute

for them (Silberstein, 2006). The limited availability of observed runoff data in arid andagemi
regions, particularly in regions where water harvesting is peattimpedes the development of
rainfall-runoff models, including the advancement of the HRRTLE process. Therefore, future efforts
to enhance discharge measurement techniques, enablwerifimtion of models against actual flow

data, would be valuable.

56Concl usi on

Relying on three global datasets in conjunction with satellite imagery, a rainiaff modelling

process has been developed to compute annual catchment runoff and provide a high spatial resolutior
runoff connectivity map at 250 m x 250 m. The outcomkeshis process, referred to as High

Resolution Runoff and Transmission Loss Estimator (HRRTLE) tool, underwent validation against

144



HRRTLE (High Resolution Runoff and Transmission Loss Estimator): a novel tool for mapping connectivity of runoff in

ephemeral stream networks to aid the siting of water harvesting structures

observed runoff data, achieving satisfactory results in some instances but not universally. HRRTLE
integrates and tests the hypothesis that curve number values can be indicative of the hydraulic
properties of surface flow. It is anticipated that HRRTLEIdquove valuable for specialists engaged

in water harvesting site selection, particularly those seeking to employ th€S@&thod for runoff
prediction but wish to account for transmission losses, a capability offered by the HRRTLE process.
Further effats (e.g. using a more hydrologically accurate DEM)e recommended to refine and
enhance the HRRTLE process and deepen the understanding of which catchment chardetegristics
connectivity)are more likely to yield acceptable results. The scarcity of suitable observed discharge

data poses a challenge in the development of rainfadff modelling procedures like HRRTLE.
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6.1Abstract

When assessing sites for water harvesting structikeslams it is common to evaluate multiple
locations usingearth observation datasets before committing to detailed assessments. Traditionally,
this practice relies on limited metrics, primarily topographic slope or wetness index. In this study, we
present a comprehensive approach tailored to Port Sudan, a @ttlyngeeding sustainable water
resources. We defined the area of interest and used satelited terrain data to identify over 25,000
patential dam sites, filtering locatiomsed orStrahler stream order. The geospatial tool SiteFinder
was then used to determine dam sizes and reservoir dimensions for potential schemes, ranked for
suitability using an Analytical Hierarchy Process (AHP) based on five local topographic
characteristics. Bit, we applied a rainfallunoff model that integrates transmission losses to estimate
runoff at each potential site. Schemes were filtered to retain only those predicted to receive sufficient
runoff, basedon the ratio of annual runoff volume to storage capacity. We then modelled storage

capacity loss due to sediment retention to retain schemes with less%hpard/ear volume loss to
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sedimentation. This resulted in 55 favourable schemes being identified. This approach may interest
planners involved in water harvesting site selection studies, considering criteria such as storage
volume, dam size, runoff, and sediment retention. Reawdtpresented within a GIS environment,

enabling the inclusion of additional criteria in the final decisiaking process.

6.2l ntroducti on

There are numerous exampledafth observation (EO) products, hydrological modelling (HM) and

GIS being used in water harvesting site selection studies (see Adham et &, f@0a6 overview).

When assessing potential locations for water harvesting structures, it is vital to consider a wide variety
of bio-physical, socieeconomic, and environmental factors. Some factors can be evaluated by
analysing the immediate local envimaent of a potential water harvesting site, for example slope, soil
type, andstorage capacity. Other factors, however, require analysis of areas often some distance away
from the potential site, for example, proximity to a main road or populated area, or precipitation.

Therefore, a broader catchmdraised approach to site selection is necessary.

The use of Digital Elevation Models (DEMs) created from data captured by sensors on satellites
enables analyses of far greater areas of land in the search for suitable locations for water harvesting
structures than traditional growhdsed topographic sweys. However, satellitderived DEMs

exhibit significantly lower accuracy and precision compared to those attainable through most ground
based survey methods. Consequently, these DEMs cannot serve as a viable replacémagradod

based topographic sreysthat are essential during the feasibility and detailed design phases of a
project. They can, however, be used in assessments of catchments prior tebgsechdurveys, to

identify potentially suitable sites for water harvesting. These assessments typieaNansus
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parameters derived from satellite da@msed DEMSs, including slope metrics (Ziadat et al., 2012;
Mahmoud et al., 205 Saha et al., 2018; Ahmed et al., 2022) and the Topographic Wetness Index
(TWI) (e.g.Tsiko and Haile, 2011; Bisrat and Berhanu, 2018; Ettazarini, 2021; Ezzeldin et al., 2022).
However, while these metrics can provide information on the potential suitability of a location for a
water harvesting structure, they do not provide informationtopotential storage volume or the

required size fothe structure. This information is vital for planning.

There are a number of models and methods that do compute storage volume to aid the siting of water
harvesting structures. Most of these operate outside GIS environments (Petheram et al., 2017; Wimmer
et al., 2019; Teschemacher et al., 2020). Techniqudsctmapute storage volume within GIS
environments have the advantage that they allow results from DEM analyses to be caabilyed

with information from other sources as part of a raciitieria decisiormaking process. For example,

Walsh et al. (2015) eated a welbased GIS system designed to assist in the basic screening of
potential dam sites in North Carolina. However, this system requires the user to input the location of
each potential dam, assessing one location at a time, which limits its applicatthe automatic
scanning of numerous potenti al sites. Del aney
which utilises a DEM to analyse the surrounding topography of potential water harvesting sites. It
calculates various metrics sueB storage volume and barrier dimensions that cannot be obtained
directly from slope and TWI layers. While the Delaney et al. (2022) study included some-ground
truthing by comparing SiteFinder outputs based on EO products against measurements frooh a groun

survey, it did not demonstrate the efficacy of the SiteFinder tool irweddl applications.

It is important to estimate the annual runoff to a potential water harvesting site in order to obtain the

ratio of annual inflow to the storage capacity of the scheme. Should runoff volumes be too low then
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the reservoir will only fill partially or infrequently. Alternatively, should runoff volumes be too high
then dealing with excess flows wild.l be probl e
collection of runof f Hleyand Biegertd 1921t p. 6), eungdf to pqientiale s 0
sites is not routinely quantified when water harvesting site suitability assessments are conducted.
Adham et al. (201# reviewed 48 such assessments and found that only 13 included runoff as a site
selecton criterion. While numerous hydrological models exist, water harvesting site selection studies
that consider runoff frequently rely on the creation of runoff mapsSdbari et al., 2020; Karimi

and Zeinivand, 2021; Radwan and Alazba, 2022; Alatawa33)2®ften as part of a multhemed
approach. These provide information on the runoff potential at each location within the catchment of
a potential site (Weerasinghe et al., 2011; Ibrahim et al., 2019; Shalamzari et al., 2019; Sayl et al.,
2020a). They d not, however, compute the cumulative runo#.{he volume of water that would be
available for harvesting) at the potential water harvesting site. In other studies-ramééiimodels,

such as the Hydrologic Modeling System (HB®IS), have been employed to evaluate the potential

for water harvestig (e.g.Ndeketeya and Dundu, 2021) atedprovide cumulative runoff volumes at

basin or sukbasin exits. However, such approaches fail to predict the runoff volume generated at every
location within the study area, thereby limiting the number of potesited that could be assessed as
suitable for water harvesting. Moreover, traditional runoff maps do not allow for transmission losses,
which can be significant in drylands where the implementation of water harvesting techniques is most
important. They arkkely therefore to oveestimate cumulative runoff volumes (Simanton et al., 1973

cited in Senay and Verdin, 2004).

Delaney et al. (2024) presented a rainfall n o f f mo d e | named OHRRTLES®

estimation of annual runoff volumes at catchment outlets in arid anebsiglmegions. Utilising three
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datasets that quantified catchment topography, curve number (rainfaff relationship), and
precipitation, HRRTLE estimates catchment discharge while accounting for transmission losses that
would occur between where runoff is generated and a propaded arvesting schemes are located.
While Delaney et al. (2024) validated HRRTLE outputs against observed runoff data, they did

apply tplnhirggcantaxd at 6 i denti fy potential water hal

For somein situ water harvesting techniques, such as contour bunds, the capture of sediment is a
positive element leading to increased crop production (Critchley and Siegert, 1991). Howexer, for

situ water harvesting techniques such as water supply dams, the accumulation of sediment within
reservoirs is regarded aBsadvantageousas it reduces storage capacity. As water flows into a
reservoir, the stream depth increases and mean flow speed decreases, creating a reduction in th
transport capacity of éhstream, resulting in the deposition of at least some of the waterborne sediments
(Vanoni, 2006). Schleiss et al. (2016) questioned the sustainability of dams, citing studies that claim
0.511.0% of global reservoir storage is lost each year to sedimentation, which equates to a volume
greater than that created by the construction of new dams. Despite the significance of this issue, to our
knowledge, other researchers have not attempted to quémtifdegree of sediment retention in

potential reservoirs wdn evaluating numerous sites using automated processes.

As previously stated, water harvesting site selection studies invariably consider more than one criterion
to differentiate sites. Researchers, working within a GIS environment, typically create a thematic layer
for each criterion deemed pertinent when eatihg the relative merits of sites. For example, one
thematic layer may be a slope raster while another layer may be a land use / land cover (LULC) raster.
There are several approaches that allow an assortment of thematic layers to be evaluated as part o

decisionmaking process. The Analytical Hierarchy Process (AHP) has been used extensively in this
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regard €.g.Assefa et al., 2018; Li et al., 2020; Forzini et al., 2022). Other approaches include fuzzy
membership/logicg.g.lldoromi et al., 2019; Vema et al., 2019; Nabit et al., 2023) and Boolean logic
(e.g.Zaidi et al., 2015; Dile et al., 2016; Teréncio et al., 2017). It is possible to utilise more than one
approach within a single study. For exampleAdladi et al., (2017) combined fuzzy logic and AHP,

while Jamali and Kalkhajeh (2020) combined fuzzy ¢caynd Boolean logic.

This study aims to integrate innovative and established techniques to enhance the efficiency of
identifying suitable sites for water harvesting structures. The objective is to apply this methodology in

a practical scenario where there is an urgent denaawebter harvesting and uncertainty about optimal
locations. By integrating EO products, hydrological mbdgl (HM), and GIS, the studgssesses
favourable sites and schemes for water harvesting near Port Sudan, Sudan. The study introduces ¢
ranking methd based on local topography, with provisions for incorporating additional criteria in later
stages of assessment, ensuring flexibility and adaptability as the project evolves. Each scheme
undergoes analysis and filtering based on the ratio of annual itdl®torage capacity volume to
prevent 'undefilling' and 'oveffilling'. An additional filter considers the degree of sedimentation. This
methodology is designed to be flexible, allowing for iterative refinement of site selection by adjusting
criteria importance and filter thresholds. Initially screening thousands of potential sites, the goal is to
present a methodology that narrows down options to a manageable number of promising sites and
schemes. This smaller, more favourable set of sites can thergarfdether scrutiny using criteria
beyond this study's scope, such as continued use of remote sensing products or field surveys. This
study is expected to interest planners in dryland regions who are tasked with identifying suitable

locations for construmg new water harvesting structures, such as dams.
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6.3Mat eri al s and met hods

Study area

The provision of water to Port Sudéfigure 6.1), a commercially important city with an estimated
popul ation of approximately 850,000 people (Gr
is challenging and complex. Over the past century, there have been various interventions, initiatives,

and announcements, aimed at improving access to water.

In 2005, AtKhaleej newspaper reported (IARyod (Middle East) Ltd., 2005) an agreement to create

a trunk water main from Atbarah (Atbara District, River Nile State) to Port Sudan. By 2013, water
shortages persisted, with many relying on water tankecdseun mi ni ng t he t hen Pr
Port Sudan (BBC Worldwide Limited, 2013). The crisis, exacerbated by power outages, led to soaring
water prices and protests. Allegations of corruption and further price increases followed, with many
relying on aiificial ponds for water. In 2016, the Red Sea State Governor prioritised resolving the
water issues (AllAfrica Global Media, 2016) and a $20 million project was subsequently announced
to address water needs (States News Service, 2016), however littlessrbgs been made. In 2023,
activists welcomed an agreement to supply Port Sudan with River Nile Whgdri€a Global Media

2023).
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Figure 6.1. Map of area of interest (AOI) showing significant watercourses together with locations of Khor Arbaat main dam
and Moj dam. Study area = 7,385 kr

Regardless of plans to supply Port Sudan with water from the River Nile, the Port Sudan water supply
is dependnt on an array of well fields and dams with water reaching Port Sudan via either buried
pipelines or by water truck. Some dams and weirs are no longer operational or have been removed but
two significant sites remai(Figure 6.1). One is to the nortiv e s t of Port Sudan
Arbaat main damé (also known as O6Danfudo dambd

other is the Moj dam and its well field located to the sauist of Port Sudan (Cattarossi et 2018).
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The main reservoir located on the Khor Arbaat watercourse is under threat from sedimentation, having
had its storage volume of 16 million cubic metres at the time of construction halved to 8.3 million
cubic metres ten years later in 2013 when a bathymairieey was undertaken (Cattarossi et al.,
2018). The threat of sedimentation affecting dams situated along the Khor Arbaat ravine has been
recognised for a considerable time: reservoir sedimentation was a point of contention when

construction of the damas originally discussed (Hebbert, 1935).

Dams could be rehabilitated by-diting, removing sediments deposited in the reservoir, although the
cost implications often discourage such an approach. Alternatively, new dams could be built, which
raises the issue of how many potential sites wereidemsl before deciding on the locations of
existing dams. The Shora Consult (2003) report on the Khor Arbaat main dam design does not mention
whether alternative sites were considered. Similarly, a consultancy report by Sinohydro Corporation
Limited (2010)assessed the suitability of ten dams, both built and unbuilt, in the Red Sea State. This
report states that these dam site |l ocations w

these ten sites were selected from a larger pool of canditide si

The area of interest (AOI) for the present study was delineated by taking the catchment boundaries of
existing known dams important in supplying water for Port Sudan as well as additional catchments in
the vicinity of Port Sudan that may be of interesiptanners. AOI delineation was achieved by
identifying points on major riverbeds downstream of existing dams, and on major riverbeds along the
Red Sea State hills, located to the west of Port Sudan. For each identified point the catchment boundary
was compted using tools from a GIS hydrology toolset using a Shuttle Radar Topographic Mission
(SRTM) voidfiled DEM (Table 6.1) set at a spatial resolution of 90 m x 90 m. The individual

catchments were then amalgamated, creating an AOI of 7,38F krput this figure into perspective
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the catchment areas of Khor Arbaat main dam and Moj dam are 4,ZGnKHM80 krArespectively
(Cattarossi et al., 2018). Locations of prominent dams, besierwvice and oubf-service, located
within the AOI are shown ifrigure 6.1. This figure also shows the AOI boundary and locations of
major settlements. Cordinates of dams shown Figure 6.1, together withdetails ofthree other

dams.are listed inAppendix D (Table D1).

Figure 6.2. Image of Moj dam reservoir. Stonearmoured upstream dam batter wall can be observed in the bottomight. The
presence of vegetation in the reservoir is attributed to sedimentation [Photographed by Mohammed M. Salih in 2024].

Historic rainfall data indicate that areas in the southern part of the AOI receive approximately twice as
much annual precipitation as those in the northern (fégure 6.1). Based on a global database
(Zomer and Trabucco, 2022) , the noantihedd n wlhkigl

southern region is | abelled as O6ari doé.
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Table 6.1. Details of datasets.

# datasets product name structure spatlal_ source reference
resolution
. A . USGS EROS
1 elevation SRTMvoid-filled DEM raster 30 (https://earthexplorer.usgs.go 2018
> precipitation GPCC Full Datdaily Version raster 1.0° Deutscher Wetterdiens Zieseet al.,
precip 2022 at 1.0° ’ (https://opendata.dwd.de) 2022
GCNZ250, global curve numbe
curve ' . FIGSHARE Jaafaret
3 number datasets for hydrologic raster 250m https://figshare.com/ al., 2019

modeling and design

6.3.1Methodology synopsis

The methodology to identify the most favourable sites for dam construction consisted of several
distinct steps. Firstly, the AOI boundary was defined as a polygon. ThousabD&\o€ells within

the AOI were then identified as potential dam sites based on a stream clEgugsearch. Each site

was assessed using the SiteFinder geospatial tool (Delaney et al., 2022) using five criteria which
captured the local topographic charastiees (LTCs) that defined the dimensions of the potential dams
and their weer storage capabilities. Each potential scheme was then scored using a weighted
combination of these criteria, the weighting being determined by an analytical hierarchy process
(AHP). The HRRTLE rainfalfunoff model (Delaney et al., 2024) was then useatder to determine

the ratio of annual inflow to reservoir storage capacity for each scheme. The potential schemes were
filtered using this ratio to ensure that selected schemes would be neither underfilled nor overfilled.
Finally, using outputs from bltthe SiteFinder and HRRTLE steps, a GIS script was used to calculate
the storage loss due to sedimentation for each scheme. A final filter was then applied using the results
of the sedimentation loss analysis, leaving only those schemes predicted igebeunaffected by

sedimentation. The major stages of the methodology are presented schemafiegllyer®.3.
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Figure 6.3. Schematic of input datasets and processing chain [AOI, area of interest; AHP, Analytical Hierarchy Process; LTC,
local topographic characteristics].

6.3.2Step 1: Initial identification of potential sites based on stream ordering

Elevation data for all cells within the AOI were retrieved from mosaiced SRTM elevation tiles
resampled to a spatial resolution of 90 m x 9QTable 6.1). A sink-filling algorithm was then used

to eliminate minor imperfections on the DEM surface, ensuring that no cell was lower than any of its
eight surrounding neighbours. A flow directional tool was then applied to thdilg#kDEM to create

a D8 flow drection raster, identifying the steepest downslope neighbouring cell. From this a stream
order raster was derived, using the standard Strahler method (Tarboton et al., 1991). The number of
cells within the AOI assigned to each stream order is showilite 6.2. Potential dam sites were
identified as cells with a stream order of five or higher. This reduced the number of cells needing to

be analysed by subsequent steps from 623,684 to 2b&@aroximately 4% of the total.
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Table 6.2. Number of raster cells within the AOI assigned each stream order (Strahler method), derived from elevation data
with a spatial resolution of 90 m x 90 m.

% of cells
stream number .
assigned
order of cells
stream order
1 416,842 66.8
2 103,817 16.6
3 50,314 8.1
4 27,686 4.4
5 13,309 2.1
6 6,212 1.0
7 2,558 0.4
8 1,505 0.2
9 1,441 0.2
total 623,684 100.0

6.3.3Step 2: Ranking schemes based on scoring of local topographic
characteristics

The SiteFinder gespatial tool (Delaney et al., 2022) was used to compute basic reservoir
characteristicsg.g.storage volume) and dam characteristecg.parrier height) collectively termed

as local topographic characteristics (LTCs t each of the stream orde
described in the previous section. The maximum barrier haighhéight of dam above elevation
surface) was set at 10 m, and the maximum barrier lengtm@ximum length of dam crest) was set

to 1000 m. The SiteFinder tool then attempts to construct up to three water harvesting schemes for
each site analysed, each with a different barrier height. Therefore, eeenyasitbe associated with

up to three distinct schemes.

The results generated by the SiteFinder tool comprised of local topographic characteristics (LTCs) of
each potential site expressed in terms of five criteria describing the dimensions of the potential dam

(barrier) and its associated water storage capacity
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A barrier height (BH)

A barrier volume (BV)

A area of influence or reservoir boundary (Al)

A water storage volume (SV)

A water storage volume to barrier volume ratio (SBVR)

The LTCs were analysed using the Analytical Hierarchy Process (AHP) to compute weights by
determining priorities (Saaty, 1987; Saaty, 1994; Saaty, 2008) to rank water harvesting schemes. AHP
involves creating a matrix to evaluate the relative importan@ach component against all others.

The process consists of two main stages: first, calculating the component 'weights'; second, checking
the consistencyatio (CR)of the matrix. If the consistency is insufficient, the pairwise comparison
matrix is adjustd, and the weights are recalculated. This process is repeated until an acceptable
consistency is achieved. The practical interpretation and implementation of Saaty's computing

priorities and AHP processes were guided by Mathew (2018).

Computation of weights

Each paired component in the matrix represents either a criterigrbérrier volume) or a sub
criterion. A criterion weight indicates the importance of that criterion relative to others. For example,
the criterion weight for water storage volume (SV) shows its importance compared to other criteria

(i.,e.BH, BV, Al, and SBVR). The sum of all criteria weights equals 1.000.

For each criterion, there are five scititerion weights. For instance, the barrier volume (BV) criterion,

is subdivided into five classes, with each class assigned its own specific weight. This allows
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favourable barrier volumes to be given a higher weight than schemes with less favourable barrier

volumes.

In total, six pairwise comparison matrices were produced: one for each of the five main criteria (BH,
BV, Al, SV, and SBVR) and one for each set of ®uiterion weights. Like the criterion weights, the
sum of all sukcriterion weights for a specific pareariterion equals 1.000A worked example
illustrating the implementation of the AHP in this study to obtain weights for criteria ancrisena

is provided inFigure D1 (Appendix D).

Table 6.3. The fundamental scale (Saaty, 1987).

intensity of importance
on an absolute scale

1 equal importance

definition

3 moderate importance of one over another
5 essential or strong importance
7 very strong importance
9 extreme importance
2,4,6,8 intermediate values between the adjacent judgem:

Consistency check

A consistency ratio below 0.10 was used as an indication that the pairwise comparison matrix had been
completed satisfactorily since a CR of 0.10 or less is considpesitive evidence for informed
judgmend (Saaty, 1994, p. 10470 obtain the CR value, the principal eigenvakg,§ must first be

known and can be computed after the weights have been calculated. The procedure #afdain

each pairwise matrix is outlined Appendix D (Figure D1). With amaxknown, the consistency index

(CI) can be found using:

80 tjit p (6.1)
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wheren is the number of pairs in the pairwise tablée number of pairs is equal to the number of
components being evaluated in the pairwise comparison matrix. The size of pairwise matrix may vary,
howeverthroughout this studyall pairwise comparison matrices contained five paired components,
hencen = 5. With n known, therandomconsistencyndex (RI) was obtained from a table provided by
Saaty (1994), which lists Rl values foranging from 1 to 10//henn equasé 5 the andomconsistency
indexis 1.11. Theconsistencyatio (CR), the ratio of Cl to Rwas subsequently computed, and if
found to be lesthan 0.1, adjustments were made to the pairwise comparison matrix, and the CR re

calculated.

Final pairwise comparison matrices and weights

The final pairwise comparison matrix used to compugghts for each of the five main criteria is
provided inTable 6.4, while equivalent matrices used to find striterion weights are provided

Appendix D (Table D2 to Table D6).

Table 6.4. Final pairwise comparison matrix used to compute weights for five main criteria [BH, barrier height (m); BV, barrier
volume (m?); Al, area of influence (n?); SV, storage volume (M); SBVR, storage volume to barrier volume ratio §)].

BH BV Al SV SBVR

BH 1.00 0.5 3.00 0.14 0.33

BV 2.00 1.00 2.00 1.00 1.00

Al 0.33 0.50 1.00 0.11 0.20

SV 7.00 1.00 9.00 1.00 3.00

SBVR  3.00 1.00 5.00 0.33 1.00
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LTC score

A Ot ot aviiforwach ppthntiad dam site was calculatethg:

0 Vp Uy E 0O 0 f (6.2)

wherew.; andwsc; arethe criteronweightandthe subcriterionweight of thei' criterion respectively,

andn = 5is the number ofomponents of the pairwise comparison matrix.

The total weigh{w) is used as a quantitative measure to rank schemes based on their local topographic
characteristics score (LEésrd. For this site selection study, we have defined the total weight to be
equal to the score, thus LI&e=wt. This notation makes the relationship between the score and the

ranking criterion more descriptive and clearer.

Weights for all five main criteria, along witheir respective subriterion weights, are summarised in
Table 6.5. This table also includes a column named -suterion rangé . For each pot

harvesting scheme, this randetermineghe subcriterion weight assigned to its respective criterion.

An illustration of how arLTCscorels determineds now provided. Starting with Ed6.@), then setting
the total weight equal to the score(LTCscore= Wt), and using the criteria weights and the maximum
sub-criterion weight for each criteriofT able 6.5), a scheme with tneoreticalmaximum LT Gcore(=

0.4363 is obtained as follows:

, 4 # TMIWoT® Pp¢ TR POTMNO TWULETE pQ T Op T P @ (6_3)

™ X T8 P
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Thus, by using the SiteFinder reswdtengwith the weightgrom Table 6.5 andEq. (6.2), an LT Gcore
was calculatedfor each potential water harvesting schermehigher LTCscore indicatesa more

favourable scheme.

Table 6.5. Criterion weightsandsubc r i t eri on wei ghts used to calculate | ocal t o
sub-script refers to the maximum corresponding criterion value outputted from all SiteFinder runs].
criteri a crite_ri on sub-criteri on range subcr_iteri on consis_tency

weight weight ratio
barrier height (BH), m 0.093 >10m 0.074
>8miO 10 m 0.412
>6miO 8 m 0.311
>4miO 6 m 0.154
O 4 m 0.049

x 1.000 0.039
barrier volume (BV), i 0.213 > 0.8BVmax 0.035
>0.6BVinaxi O 0 .m&BV 0.068
>0.4BVinaxi O 0 .m& BV 0.134
>0.2BVinaxi O 0 .mé BV 0.260
O 0.m&BV 0.503

x 1.000 0.054
area of influence (Al), F 0.056 > 0.8Almax 0.416
> 0.6Almaxi O 0 mal A | 0.262
> 0.4Almaxi O 0 mab A | 0.161
> 0.2AInaxi O 0 madt Al 0.099
O O mR Al 0.062

X 1.000 0.015
storage volume (SV), n 0.431 > 0.8SVnax 0.416
>0.6SVhaxi O 0 .m& SV 0.262
>0.4SVhaxi O 0 .m& SV 0.161
>0.2SVnaxi O 0 .m&k SV 0.099
O 0.m&SV 0.062

X 1.000 0.015
storage volume to barrier  0.207 > 0.8SBVRmax 0.416
volumeratio (SBVR), (-) > 0.65BVRmaxi O GBV&max 0.262
> 0.4SBVRnaxi O GBV&max 0.161
> 0.25BVRmaxi O GBVRmax 0.099
O 0 SBVRiax 0.062

x 1.000 0.015

X 1.000
consistency ratio 0.083
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6.3.4Step 3: Filtering of schemes based on ratio of annualflow to potential
storage capacity

The potential storage capacity (SV) of each scheme has already been calculated as one of the five
criteria in the previous sectiomo quantifythe other element of this ratio, the annual inflow predicted
runoff reacing each potential dam site was calculatdBRTLE (Delaney et al., 2024 a high
resolution runoff and transmission loss estimator tool for mapping connectivity of runoff in ephemeral
stream networks and was developed to aid the siting of water harvesting strudtoeesdatasets

were usedo create the HRRTLE models, namely, precipitatrom 1982 2020(Ziese et al., 2022),

acurve number dataset aspatial resolution of 250 m x 250 m (Jaafar et al., 2019lE&RTM
void-filled DEM (Table 6.1) resampledrom a spatial resolution 3 aseconds to 250 m x 250 m.
Stream widths were manually extracted from Google Earth satellite imagery at 100 locations spread
throughout the AOI to produce regression relationships between stream width and flow accumulation,
a procedure required by the HRRTLE mauigj processDue to the absence of observed runoff data,
adjustments were made to the HRRTLE calibration parameters to achieve a runoff coefficient close to
0.1, consistent with two previously developed hydrological models located with©th@Cattarossi

et al., 2018). Wenty HRRTLE models, located throughout #®I, were then created using the
calibration parameters and stream width equation constants. A regression relationship was establishec
between the catchment area and annual runoff volumes based on the outputs of these 2Bivardels.

the known pixel size, the catchment area for each pixel was calculated using a flow accumulation
rasterThi s approach enabled the prediction of an
sites acros89 yearsof precipitaion data. These predictions were then used to estimateybar2

return period volumes for each site, which were subsequently employed in assesanmg #ieflow

to storage capacity ratio. Due to the high variability in annual discharge, with the HRRTLE models

164



Utilising remote sensing products to scope dam locations factoring topographical characteristics, annual runoff, and storage

loss due to sedimentatién Port Sudan case study

often predicting zero annual runoff, gy8ar return period was chosen as a reasonable level of service
for this context. Using return periods shorter than 2 years can result in very low runoff volumes, and a

1-year return period can produce unrealistedocted discharge volumes, including negative values.

In order to estimate theyear return period annual runoff volumeturn periods were calculatédm
the 39 years of annual runoff volume datang a methodologgriginally developedor predicting
flood flowsby Gumbel(1941). Thisassumes that the annual runoff volume that has a given probability

of occurrence of return periagn be expressed as:
® o ¢ (6.4)

wherex is theannual runoff volumey is a variablerelated to the probability of occurrence and
therefore the return peripdndbothu andUare constant® be determined using the available data

Thevariabley is related to thgrobability of occurrencds(y) by:
6w Q (6.5)

The constantsu and U are calculated by first determining the mean and mean square annual runoff

volumes using

(6.6)

™| O

and (6.7)

™| O
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wheren is the number of years alailableannualrunoff volume data (39 in this cas@he standard
deviations of the annual runoff volumeas thenfound by assuming they are samples from a normal

distribution, usinghe Gaussian formula:

l S 0 .. (6.8)
e P
Then, following Gumbel (1941) thimverse of the constatitis found using:
F X X Wewo Y (69
and theremaining constant found using:
™ X XGCPUX (6.10)

6 o |

To obtain the catchment runoff that could be expected to edtub60 % probability .e. B(y) = 0.5)
in any given yeaii.e. a runoff value with aeturn period of 2 yearthevalue ofy was found that gave
B(y) = 0.5 viaEg. 6.5). In this case,iirough a process of iteratignwas found to be 0.366Benoting
the annual runoff volume &3 rather tharx in Eq. (6.4) then enablethe annual runoff volume with a

2-year return periodQr=2, to beexpressdas:
5 6 T® QU (6.11)

Since runoff models were created for 20 catchment outlets, a method was needed to determine annua
runoff for the thousands of pixels ansdg using SiteFinder. This waghieved through regression

analysis, plotting catchment area against HRRTLE annual runoff rgssiidting in the equation:
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0 Mindp pXtYu (6.12)
whereA is the catchment area finfor whichr? = 0.997

The ratio of the annual runoff volum@+z2) to the calculated available storage volume (SV) was then
determined and used to filter out schemes based on the degnemdxtion. This filter serves two
purposes. First, it eliminates schemes that would fill infrequently due to insufficient runoff, making
dam construction economically unfeasible and providing inadequate environmental flows. Second, it
removes schemes thate frequently inundated to a high extent, indicating potential difficulties in

managing excess water, which could necessitate costly spillway construction.

Similarly to Eq. 6.12), another expression was creatsdlinear regression of theverage runoff
volume (Qave, m® y1) against the catchment are&,(n?), which is necessary for sedimentation loss

modéling:
0 MIMOT ot Y (6.13

for which P = 0.996.

6.3.5Step 4: Filtering of schemes whereeslimentationwould be excessive
In order to estimate the amount of sedimentation that might be expected imadia@servoir in the

Port Sudan area, we first need to estimate the sediment yield of its catchment.

This was done by assuming (followiftandey et al., 20)6 power law relationship between the

catchment sediment yiel} (m® yY), and the annual runoff of water into the reser@{m?y1):

167



Utilising remote sensing products to scope dam locations factoring topographical characteristics, annual runoff, and storage

loss due to sedimentatién Port Sudan case study

oW (6.14)

where a and b are constants. Q can be calculated for the catchment of any proposed dam site using
HRRTLE, as above. To calculate appropriate values afidb, the only available information on
reservoir sedimentation from the Port Sudan area was used. This came from a report that found that
the Khor Arbaatnain danreservoir had lost 6% of its storage capacity due to sedimentation between
2003 and May 2018 (Cattarossi et al., 2018). The process of obtaining valaeanibb used the

following steps.

Firstly, we assumed a relationship between sediment yield of the catchment and the volume of

sediment retained in the reserv@r, of the form:

v Yo (615
pTT

whereTeis the trap efficiency (%). The trap efficiency was calculated using the formula:
Y pmm op@TO® pc (6.16)

wherek is a dimensionless sedimentation index found by multiplgirmyitational acceleratiorg=

9.81 ms?) by the Sedimentation IndexsI (s> m) (Morris et al, 2008) which is defined as:
"YO'YQ® (6.17)

whereRPis theresidence timerétention perioflof the reservoi(s), andV, is mean flow speed in the

reservoir(m st). Theresidence time of the reservoir is calculated as:
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YO 360 (6.18)

where SV isthe reservairt o r a g e oapacity(asldefined aboveandl is therate ofinflow into

the reservoi{m?s?), which is calculated using:

0 (6.19
Y ¢T o@mT

O

whereQ is the annual runoffolumeinto the reservoir (fy '), andTg is themeannumber of days
inflow occursper year Both Q and Tq are estimatedby running the HRRTLE modédor the Khor

Arbaat main dam reservatatchment.

The mean flow speed in the reservoir was calculated using:

o Pd (6.20)

whereAgsis the crossectional area of the reservoirjm

Given that the storage volume of the potential reservoir basin (SV) has already been calculated, to

obtain the mean crosectional areds, its lengthL (m) needs to be known. Then

& 360 (6.21)

The length of the reservoir was determined by obtaining the elevations of a set of points covering the
reservoir and its surroundings, using Google Earthtae&chneide(2019)web-based portal. In a
GIS environment, through a kriging surface interpolatioes¢blevation data ereutilised to generate
an elevation raster with a spatial resolution of 15 m. This was converted into elevation contours, and
the contour corresponding to the maximum level of 23&si(the height of the top of the dam,

169



Utilising remote sensing products to scope dam locations factoring topographical characteristics, annual runoff, and storage

loss due to sedimentatién Port Sudan case study

according toCattarossi et al., 2018) was selected. The reservoir length was then measured from the

middle of the dam to the furthest point on this contour.

Having obtained all the necessary parameter values and relationships, the appropriate \zadunes for
b in the power law relationship in Ec.14), were calculated bgpplyingthe above equations. The
objective was to determine valuesaondb that give a value 0%, calculated using Eq6(14) that
matches that calculated using E§16) and the known extent of sedimentation in the reservoi#q{60
from 2003 2018). To achieve the latter, the volume of run@f (nto the reservoir and the number
days inflows occurredTg) was simulated for each year 20@818 using the HRRTLE model, and
the values o& andb adjusted until the retained sedim&nmatched the reported 80 of the effective

storage volumeeported by Cattarossi et al. (2018). Jable D7 (Appendix D).

Thus, the simple model i&q. 6.15) was calibrated for the conditions in the Port Sudan area and was
used to estimate volumetric losses of reservoir capacity due to sedimentation for the gotesrhalks
remaining after the filtering process described in the sections aboachieve this, the runoff))

was calculated for all potential sites using the regression equatiof.E2).developed for catchment
area against runoff. The inflow periofig) was found not to be sensitive to catchments area and was

hence approximated as 0.8 dfpr all sites.

With the annual runoff@), inflow period {Tg) and dam and reservoir dimensions obtained for each
potential dam scheme, the trap efficienty) (vas computed using Ec6.16) based on mean annual
runoff over the 39 years for which precipitation data was available {298D). The sediment yield
(S) was calculated using Ed.14) and the retained sedimef)(calculated using Eq6(15) allowing

the reduction in storage volume due to sedimentation,(%Y, to be calculated as:
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Y (6.22)

36 36 pTT

This information was then used to carry out a final filter of potential schemes, removing those that had

an unacceptably high predicted level of sedimentation losses.

64Resul t s

6.4.1Local topographic characteristics

Five SiteFinder runs were performed, each corresponding to a stream order from fifth to ninth. The
number of cells analysed as potential siting points for dams in each of the five runs were 13,309, 6,212,
2,588, 1,505, and 1,441, respectivély25,025 poitts in total(Table 6.2). SiteFinder sought to place
damschemeswith three differentarrier heightdor each siting point. However, in some locations,

that was not possible due to the nature of the topography. Therefore, the numbesoheamasor

each siting point varies from zero to three. Across the entire set of 25,025 analysed siting points, 14,755
were found theoretically suitable for a water harvesting structure and thus passed to the next step of
the selection process. As some sitespss the potential for multiple barrier heigkhe overall count

of potential water harvesting schemes 18562.

A summary of the SiteFinder results is presentedTable 6.6. The largest barrier volume
(151000md), storage volume (37,84K)0m?3), andthe maximumLTCscorewere all found at stream

order 7 sites. A stream order 6 site produced the maximum storage volume to barrier volume ratio
(13,793, and a stream order 8 site produced the greatest area of influese®d¢ir boundaiyof the

entire set of results, 6,6@D0MA.
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SiteFinder produced 19,562 schemes, with onlyfalfiag into the highest. TCscorerangebin of 0.36
0.40(Table 6.10), receiving a score of 0.3609, thus making it the most favourable based solely on
LTCscore Conversely, the lowedtTCscore identified was 0.0574, shared among four schemes. The
scheme with the highekT Cscoreis associated with stream order 8ite, whereas the lowest scoring
schemes arat stream order 5, 7, andsttes Figure 6.4 illustrates the barriers and their respective
area of influence (reservoir boundary) generated by SiteFindeth®highestLTCscore SChemeand

one of the lowedt TCscoreSChEMES

Table 6.6. Summary of SiteFinder results. [BV, barrier volume; Al, area of influence; SV, storage volume; SBVR, storage volume
to barrier volume ratio; LTC, local topographic characteristic].

stream sites sites potential max. BV max. max. max. max.
order analysed schemes Al SV SBVR LTC score
# # # (m3) (m?) (m3) () ©)

5 13,309 8,083 8,746 124,000 2,208,000 12,500,000 5,310 0.1971
6 6,212 3,668 4,278 82,000 1,860,000 7,338,000 13,793 0.2280
7 2,588 1,151 2,394 151,000 5,532,000 37,846,000 10,656 0.3609
8 1,505 952 2,099 146,000 6,601,000 28,142,000 3,300 0.2859
9 1,441 901 2,045 130,000 2,681,000 10,296,000 4,124 0.1906
519 x25,0 x14,7 x19,5 151,000 6,601,000 37,846,000 13798 0.3609

Table 6.7. SiteFinder results showing the scheme with the maximum LTCscore and the four schemes with the minimum
LTCscore, together with respective metrics [SBVR, storage volume to barrier volume ratio; LTC, local topographic
characteristic].

UTCuw \Gngth vome beght _ voume _infleence  SBVR
() (m) (m°) (m) (m°) (m?) Q)
0.3609* 203 21,968 9.2 37,846000 5,532,000 1,70
0.0574* 537 123,772 13.4 4,906,000 1,180,000 40
0.0574 832 147,085 11.8  1,858,@0 425,000 13
0.0574 856 151,286 11.8 2,608,000 683,000 17
0.0574 612 129,569 12.9  5,019000 990,000 39

* presented irFigure 6.4
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barrier

area of influence
- boundary

Figure 6.4. SiteFinder results: (a) scheme with the highest LTCscore (0.3609) and one of four schemes with the lowest LTCscore
(0.0574), (b) higher resolution details of low LTCscore scheme, (c) higher resolution details of highest LTCscore scheme [LTC
local topographic characteristic].

Table 6.7 providesa summaryf metrics for both the highest ranked Lst&scheme and the four
lowest ranked schemes. This summary underscores how SiteFinder, in conjunction with its weighting
methodology, identifies schemes based on various meatecsarrier volume, barrier height, storage

volume, area of influence, and storage volume to barrier votatiee(SBVR). Notably, the highest
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ranked scheme based on Lst&e not only exhibits a relatively large storage volume but also
demonstrates a significantly higher BB compared to the other four schemes. This suggests
potentially better value for money, as for every unit of barrier volume 1,723 units of storage capacity
are provided, whereas for the other schemed/R3Rare significantly lower at 40, 13, 17, and 39

respectively.

Table 6.8. All schemes outputted by SiteFinder with a storage volume greater than the Khor Arbaat main dam immediately after
construction and before storage loss to sedimentation.€. 16 million cubic metres), along with their corresponding local
topographic characteristics score (LTCscore) and stream order.

storage stream
volume LTC score order
(x 10 m?) ©)

37.8 0.3609 7
32.6 0.3005 7
27.2 0.1548 7
23.4 0.2841 7
19.5 0.2273 7
28.1 0.2427 8
26.7 0.1704 8
23.8 0.2859 8
21.2 0.1409 8
204 0.1992 8
17.4 0.2367 8
16.8 0.2367 8
16.6 0.1323 8

Of all thesitesanalysed, only 13chemes were identified as having a reservoir storage volume greater
than the storage capacity of the Khor Arbaat main dam at the time of construetib® ifillion cubic
metres) before storage loss to sedimentatidable 6.8 gives the storage volume afl thesel3

schemes alongsi de t heeasdstreaenome sumbee specti ve LTC

6.4.2Runoff volume to reservoir capacity ratio

In this stage, the 19,562 schemes identified in the previous section were assessed to filter out those
predicted to be underfilled (insufficient runoff to justify creating an impoundment of the predicted
size) or overfilled (runoff volume far exceeds resar capacity). Schemes with an annual runoff

volume (2year return periodQr=2, probability of occurrence) to storage volume ratio below one were
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classified as 'underfilling' andereexcluded. These schemes are considered economically poor value
dueto underutilised storage volume and insufficient regular excess flows, which limit environmental
flows (ecodefici). Conversely, schemes where the ratio exceeded ten were classified as 'overfilling’
and also excluded. While some degree of overfilling is desirable, as uncontrolled spills provide water
for downstream users aratologicalflows (ecosurplus)excessive overfilling indicates significant
challenges in safely managing uncontrolled spills (excess flows). Thereforepfd @ito is used to
exclude these scheme$his approach is consistent with the study by Vogel et al. (2007), who
introduced the concept of ecodeficit/ecosurplus and the ratio of reservoir storage to annual inflow to

evaluate reservoir performance.

A breakdown of schemes identified as unfiléng, over-filling, and those passing the filter for further
consideration is present€fable 6.9). Of the 19,562 schemes assigned an LTC score, a total of 6,733
schemes were removed as predicted to be tiniliieg, and 3,820 schemes were removed as predicted
to be oveffilling, leaving 9,009 schemes for further consideration. Of the original 19,362 s,

only 29 scheme8 stream orders 6, 7, and 8, with 1, 12, and 16 schemes respe(iafely 6.9) 6

were assigned an LTEtre greater than 0.2. All these 29 schemes were removed from further
consideration by the undétling element of the annual runoff to storage capacity ratio fikegure

6.5a shows all 1962 schemes assigned an LTC sashdst Figure 6.5b shows the9,009 schemes

remaining after applying the filtering process.
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Table 6.9. Results showing breakdown of schemes based on annual runoffy2return period) to storage volume ratio. Schemes
removedduetoundesf i | | i ng ratio (col umn fA<3Ha)l,l isncgh ernaetsi or e ncoovli eudmnd ufie> 1t Oo
thefiter(col umnil@8 &) . Schemes grouped by |l ocal sthpopographic characte

number of potential schemes

stream order 5 6 7 8 9 519

LTCscore <1 >10 1710 | <1 >10 1i10 | <1 >10 1710 | <1 >10 110

A
[y

>10 1i10 | <1 >10 1i 10

>0.040.08 11 0 0 7 0 0 7 0 1 6 0 0 0 1 4 31 1 5
>0.080.12 17 0 0 16 0 2 | 183 0 27 88 1 108 0 9 149 304 10 286
>0.120.16 | 3283 877 3621 925 516 2093 | 396 302 806 | 108 629 499 1 897 258 | 4713 3221 7277
>0.160.20 775 1 161 531 16 171 | 272 10 378 78 103 463 0 458 268 | 1656 588 1441
>0.200.24 0 0 0 1 0 0 9 0 0 14 0 0 0 0 0 24 0 0
>0.240.28 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0
>0.280.32 0 0 0 0 0 0 2 0 0 1 0 0 0 0 0 3 0 0
>0.320.36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>0.360.40 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0
1

x | 4086 878 3782 | 1480 532 2266 | 870 312 1212 | 296 733 1070 1365 679 | 6733 3820 9009

6.4.3Sedimentation

The storage capacity loss in reservoirs due to sedimentation was calculated for 19,562 schemes
identified through SiteFinder runs, following the methodology described above. A cAppiendix

D (Figure D2) depicts the reservoir storage capacity loss due to sedimentation based on an average
annual runoff) for all schemes. Only those schemes with sedimentation loss b¥on vere
retained, a total of 371 schemes. The locations of these 371 potential dam schemes are presented i
Figure 6.5c. Among these schemes, a variety of LTC scores exist, with the highest score being 0.1885,
shared by 55 schemes. These 55 schemes, categorised by storage volume, areFsgovencibd.

Among these, the scheme with the greatest volume (2.6 million cubiesinisthighlighted irFigure

6.6, along with its respective runoff connectivity map created using the HRRTLHEImgdaocess.

The runoff depths indicated in the figure represent the mean annual runoff depth for pixels relative to
the catchment outlet, which is the location of the scheme. This highlights the parts of the catchment

that are most significant in termgroinoff reaching the potential location of the scheme.
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Table 6.10. Number of potenti al schemes grouped by | ocal topograph
al | schemes found using SiteFinder while col ummisprofabilty)te xc |l ude
storage volume ratio below parity and greater than 10. Colum
to 2%. Results segregated by stream order.
number of potential schemes
stream order 5 6 7 8 9 519
LTCscore a b c a b c a b c a b c a b c a b c
>0.040.08 11 0 o0 7 0 o0 8 10 6 0 o0 5 4 0 37 5 0
>0.080.12 17 0 o0 18 2 1| 210 27 0| 197 108 2| 158 149 56 600 286 59
>0.120.16 | 7,781 3,621 0 | 3,534 2,093 1 | 1,504 806 6 | 1,236 499 26 | 1,156 258 112 | 15211 7,277 145
>0.160.20 | 937 161 1| 718 171 1| 660 378 O | 644 463 38| 726 268 127 | 3,685 1,441 167
>0.200.24 0 0 o0 1 0 o0 9 0 0 14 0 o0 0 0 0 24 0 0
>0.240.28 0 0 o0 0 0 o0 0 0 0 1 0 0 0 0 0 1 0 0
>0.280.32 0 0 o0 0 0 o0 2 0 0 1 0 o0 0 0 0 3 0 0
>0.320.36 0 0 o0 0 0 o0 0 0 0 0 0 0 0 0 0 0 0 0
>0.36 0.40 0 0 o0 0 0 o0 1 0 0 0 0 o0 0 0 0 1 0 0
x | 8746 3,782 1| 4278 2266 3| 2394 1212 6 | 209 1070 66 | 2,045 679 295 | 19,562 9,009 371

178



Utilising remote sensing products to scope dam locations factoring topographical characteristics, annual runoff, and storage

loss due to sedimentatién Port Sudan case study

mean annual
runoff depth
(mm y'l)

P 5.1
R

[ scheme catchment boundary

=
—_
2
wn

25 km

vikO colour map
(Crameri. 2021)

Figure 6.6. (a) Location of the scheme with the largest storage volume among the 55 favoured schemes found within the area of
interest (AOI), and (b) HRRTLE model connectivity map showing the mean annual runoff reaching the scheme.
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6.5Di scussi on

6.5.1Selection via filtering by stream order and LTCs

The process described above, of assigning a stream order to each cell within the AOI, and filtering out
all those with stream order <5 greatly reduced the number of cells of potential interest, by
approximately 984 in a single step. This begs the question of whether the retained range of stream
orders (59) captures all the optimal locations for potential dam sites, or if there are any desirable sites
at cells with lower stream orders. Considering the d:6bf potentialschemesthere were no stream

order 5 cell s with a scor Eablgal®avhezeas thishtraeshold wag ( ¢
exceeded by cells of stream orders 6, 7 and 8. This suggests that lower stream order sites will tend not
to be associated with schemes withhigher LTGeora and that the greatly increased amount of
processing time required for SiteFinder to analyse the much larger number of lower stream order cells

is not justified.

The study demonstrated the capability of SiteFinder to carry out analysis of a large number of potential
dam sites without requiring excessive time or computational resource: in total, 25,005 cells were
analysed over five separate runs, with the largegtesrun analysing 13,309 cells. To our knowledge,
SiteFinder is the only GH8ased tool that is capable of analysgugh a large numbef potential

water harvesting sites in a single autonomous process to calculate barrier and reservoir metrics.
Moreova, it provides site specific information on potential water harvesting locations including
storage capacity angharrier volume. Commonly such information is not available to planners at the
scoping stage of a project cycle. Of the 48 papers reviewed by Adham et ad) (2016 used barrier
dimensions or reservoir metrics as a selection criterion, whereas slope was the most widely used

biophysical criterion, with 40 out of the 48 studies adopting it as a site selection criterion. Slope has
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often been considered alongside various factors when determining suitable sitesdonsguattion.

For example, Tsiko and Haile (2011) used six criteria to identify suitable reservoir locations, including
slope. Sites with a slope of O12A were given |
al. (2023) applied eight criti& to find appropriate dam locations, also considering slagheir study,

sites with a slope of <2° received the highest ranking for the sldpeon.

The application of the AHP procedure for scoring potential sites identified by the stream order filter
and SiteFinder demonstrates a method for assessing sites on the basis of a combination of multiple

criteria, which can be compared to a large volumete$.s

In this study five criteria, all associated with the immediate topography of a potential dam site, were
used in the AHP pairwise weighting methodology. However, the number of criteria applied to the AHP
methodology varies amongst water harvesting studieme use four criterige(g. Munyao, 2010)

some five €.g.Jabr and EAwar, 2004;Hameed, 2013; Mahmoud, 2014; Mahmoud and Alazba,
2015)and someseven(e.g. Ramakrishnan et al., 20p9T'siko and Haile (2011) ranked 14 criteria
grouped under the headinge nvi r onment al 6, Oohydr ol ogical 6, o0
selection of suitable sites for water harvesting structures requires many different types of factors to be
taken into account, there is also a limit to the number of criteriadndie considered within a pairwise
matrix before the process becomes cumbersome to complete in a meaningful way, especialy for non
expert stakeholders who may be the key decision makers regarding site selection. Furthermore,
judgement needs to be appliedimit the number of factors included, as some might be better suited
for exclusion rather than being included with a low ranking, as this could lead to unfeasible schemes

being retained as potential options.
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Water harvesting site selection studies using multicriteria decision analysis have been criticized for
being subjective (Sayl al et., 2020bYhile the methodology used to create the kchiehere is
mathematical and repeatable, this is a valid criticism. The use of the fundamentél sbides.3)

requires judgements to be made on the relative importance of criteria to create the numeric values in
the pairwise matrixg.g.Table 6.4). At present, this is necessarily the case, as no objective method for
weighting the criteria is available. To optimise its validity, it has been based on the expert judgement
of stakeholders with extensive experience of the landscape and hydrology oftti&iéan region

(two of the authors). Nevertheless, this criticism points to a possible avenue of further work that would
consult within the water harvesting sector more widely to establish a set of common criteria and AHP

weightings for a range of envimments.

6.5.2Filtering by runoff inflow to reservoir capacity ratio

After applying LTC score to 19,562 potential schemes, located at 14,755 separate thiges,
assessment processntinued by evaluating the ratio of inflow volume to storage capdctitg.
pertinent tadiscuss whether the cutoff ratios used in this filtering process (<1 for underaltidg;10
for overfilling) are appropriate. Of these 19,562 schemes, 9,009 schemés)(pd6sed through the
filter into the next stage of analysis, while 6,733 schemes ¥o)3@ere eliminated due to the
underfilling compoent of the filter, and 3,820 schemes (92Pwere eliminated due to the overfilling

component.

However, as detailed in thesults(Section 6.4), the underfilling component of this filtering process
removed every scheme with an LTC score greater thari29.8chemesn total). The AHP was
designed to assign modesirablepotential schemes with higher LTC scores. Hence, the implication

is that in further work, the underfilling ratio thresholide(<1) could be adjusted (lowered) to
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potentially allow schemes with an LTC score greater than 0.2 into the next stage of the site selection
process. However, lowering the underfilling ratio will reduce the water available for downstream users
and amplify the ecodeficit. There may be circumsé&s where planners would be willing to accept
such a compromise, especially if a water harvesting scheme's principal purpose was to offer flood

recession farming and/or the creation of a wetland.

This methodologyresented in this studjoes not negate the requirement to consider a désigh
hydrograph for watecontrol and conveyance structures Qf§ 1987). However, it would be
impracticable to carry out such design work and associated costings for thousands of potential dam
sites, and the methodology presented in this study offers a way to disregard more problematic schemes
leaving a reduced numbes be costed using a desijood hydrograph. This approach may also
reduce scenarios where and site is selected but the excess water conveyance stractuspi{lway)

is downsized due to high predicted capital costs, resulting in the increased risk of catastrophic dam

failure.

The assessment of the risk of underfilling or overfillsuipemedeing selected for dam construction

is complicated by the nature of precipitation in arid environments, whicharacterised by low

rainfall with high temporal and spatial variability (Nicholson, 2011). According to the taxonomy of
Jorgensen and Fath (2008), the average precipitation in the dataset used for the AOI of this study
(45mmyY) categorizes it as an O6extreme armmy dese
land73mmy?) used in a previous hydrologic study of the region (Cattarossi et al., 2018) place it in
the d6darid desertd category. The runoff model
catchments outlets utilises a precipitation dataset (Ziese 0aR) with a relatively course spatial

resolution of 1 degree (~110 km at the equator) relative to the size of the study area. Hence, a single
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precipitation grid cell covers an area greater thanetige AOI (Figure 6.1), thus therels no
information in this dataset regarding spatial vatigbof rainfall within the AOI. In terms of temporal
variability, the runoff modelling work undertaken using HRRTLE predicted that it was not uncommon
despite periods of rainfalipr there to be no catchment discharge for entire years at a time. This may
accurately reflect actual runoff patterns, or it may be a result of the simplistic nature of the- rainfall

runoff model or the low spatial resolution of the precipitation dataset.

In general, annual rainfall data in arid zones displays a positive skew, in contrast to temperate zone
data that typically conforms to a normal distribution, and is thus characterized by a greater frequency
of annual values falling below the mean than a&ibones, 1981). Consequently, for arid catchments

it is preferrable to use frequency of occurrence, for example-yl@areturn period values employed

in this study, rather than employing mean precipitation data to forecast runoff. Neverthelesseher
significant limitations with regards to both the spatial and temporal resolution of the datasets used to
underpin the analyses reported here, and this remains an area in which both further studies are likely

to be fruitful and more highly resolvedtdas urgently required.

6.5.3Sedimentation

Vanmaercke et al. (2014) reviewed reports of sediment yield in 36 African countries and found that
the maximum reported sediment yield in Sudan was 3,422 yKimimplying that Sudanese sediment

yields are high compared to those in other countries in Africa. It is therefore not surprising that
reservoir sedimentation is a significant issue for dams constructed in the AOI, as evidenced by
consultancy report®(g.Cattarossi et al., 2018) and field trips undertaken by the aytgr&igure

6.2). Theretaineds e di ment model |l i ng procedure carried i

sediment management schemes undertaken and that the degree of retained sediment is therefore sole
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a consequence of the shape and size of the reservoir, combined with the nature of the water and
sediment flowing into the reservoir. Strategies for active sedimentation management do exist and could
be considered by planners. For example, Emamgholizadeth ¢2018) investigated watershed
management, sluicing, flushing, density current venting, and bypass as ways of managing

sedimentation for the Dez Reservoir in Iran, a similarly arid context.

The methodology for dam site selection in this study excluded projects with an annual storage loss due
to sedimentation equal to or greater th& 2. Records from the Cattarossi et al. (2018) report show

that the Khor Arbaat main dam has an average sedimentation rate of approximaely*7 which

is significantly higher than the average rates of @84 and 1.026 y for reservoirs in Africa and

the Middle East, respectively (Schleiss et al., 2016). Therefore, ¥#hg 2sedimentation loss rate
threshold used in this study is relatively high compared to global norms but is still well below the
historic loss rates of documented reservoirs within the AOI. The significant storage loss due to
sedimentation observed at the dam projects within thdyst AOI underscores the critical need for

an effective sedimentation management strategy. Without such a strategy, sedimentation rates similar
to those at the Khor Arbaat main dam reservoir could drastically reduce the storage capacities of new

dams witlin a few years.

Despite the potential impact on the operational longevity of a water harvesting scheme site, suitability
studies tend not to include sedimentation as a selection criterion. Of the 48 site suitability studies
reviewed by Adhametal. (206 6sedi mentationd is not | isted i
one study (Salihand Arar i f , 2012) does consider sediment
based on basin length but this method relates to basin geomorphology (rivetsoapd erosiorgnd

not specifically to reservoir sedimentatiofio our knowledge, therefore, this is the first study to

185



Utilising remote sensing products to scope dam locations factoring topographical characteristics, annual runoff, and storage

loss due to sedimentatién Port Sudan case study

compute reservoir sedimentation for numerous potential dam schemes using automated processes. Th
processes presented could allow planners to consider reservoir sedimentation at the scoping stage of
planning process when numerous potential locations teeeeé analysed. It also demonstrates the
value of SiteFinder outputs for not only indicating the dimensions of potential water harvesting

schemes, but also for helping to predict the loss of storage capacity due to sedimentation.

6.5.4Favoured schemes

The 55 schemes identified and described as the most favo(fable D8, Appendix D) using the
methodology outlined in this study vary in terms of location and storage volume capacity. The scheme
with the largest storage capacity has a predicted storage capacity of 2.6 million cules, met
significantly less than the storage capacity of the Khor Arbaat main dam at the time of construction
(i.e. 16 million cubic metes). A significant proportion of the 55 most favourable scheffRggire

6.5d) are located upstream of the existing Khor Arbaat main dam and its well field. Hence, construction
of a dam will affect the yield of any built dam located downstream. Additionally, many are in less
desirable locations, being further away from Port Sudalo@ong the route dictated by valley
bott oms) . It may be concluded, therefore, t ha
study compare positively with the existing Khor Arbaat main dam in terms of storage capacity and

location.

Of the 55schemes identified?0 are located relatively close to each other in the same ravinbésee
clusterlabelled inFigure 6.5d). In reality, it would not be possible to construct all 20 schemes due to
interference between schemes given their proximity. Additionally, the storage volumes of these
schemes are all less than 1 millionbic metes. Despite these issues, the ravine where these 20

schemes are located is potentially interesting, as it might be possible (subject to further studies) to
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construct a series of dams together with sields all within this ravine. Another aspect is that there
appeas to be noexisting downstreardam, and thelistance fronthe ravineto Port Sudarf~47 km)

is not dissimilar to that adhe Khor Arbaat main dam to Port Sud@4 km)

6.5.5Future work

The reservoir storage loss modelling in this study utilised data from a consultancy report (Cattarossi
et al., 2018) to calibrate the HRRTLE model for runoff prediction and to establish the relationship
between runoff and sediment yield. While the Cattgiresal. (2018) report focuses on dams within

the AOI and is therefore relevant to this study, its relevance would diminish if the methodology were
applied elsewhere in Sudan or beyond. The methodology presented in this study utilises global datasets
(DEM, precipitation, and curve number) and could theoretically be applied to a study in any arid
region. However, this study has demonstrated the importance of local expertise to contextualise the
problem statement, contribute to the AHP, and access dat&ordsrnot readily available through

traditional academic sources. Therefore, any future work would also require similar local expertise.

This study utilsed five features, extracted from a DEM through an automated process, to establish
LTC scores for potential water harvesting scherResioff wasmodelledto forecast the extent of

filling for each potential schem&imilarly, storagdossdue toretainedsedimentwas predicted for

each scheme. While these criteria (lsdka filling, sedimentation) are relevant for use in a water
harvesting site selection study adopting a ruriteria decisiormaking process they cannot be
considered as @&austive Hence the shotisted schemesin the Results (Section 6.4) are not
recommendations for water harvesting structures but rather should be considered as locations that may
merit furtherinvestigation.Futurework could involve generating additional thematic layers within a

GIS environment, with each layer representing a site selection criterion not addressed in the scope of
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this study. This woulgootentiallyenhance the comprehensiveness of the site selection methodology.
Examples of criteria not covered in this study but have been used in similar studies include geological
(Yousif andSracek 2016), land coverSajikumarandRemya,2015), soil typeRatelandChaudhari,

2023), anchormalsed difference vegetation indéRisratand Berhanu2018).Subsequent research
could concentrate on integrating additional criteria into a reuléria decisioamaking process,
potentiallyutilising established methodologies like the AHP pairwise magrip. Adem et al., 2023;
Vazquez et al., 2023), Booleae.q. Gavhane et al., 2023; Odeh et al., 2023), or fuzzy lamg. (
Aghaloo and Sharifi, 2023; Debebe et al., 2023), or alternatively exploringedéessished

methodologies.

6.6Conclsasion

Globally, the sustainability of water supply reservoirgfiected bysedimentation, whiclheduces

yield andshortens the lifespan of investmerRsservoirs in drylands tend to be more severely affected
due to higher levels of sediment yield. This study offers a methodology to evaluate numerous potential
dam sites based owrucial selection criteria, including storage loss due to sedimentation,
appropriateness of local topography, and the ratio of reservoir inflows to storage cayaaiting

this methalology to a Port Sudan case study we conclude:

1 By categonrsing pixels according to stream order and executing SiteFinder (Delaney et al.,
2022), we analysed over 25,000 potential locations, obtaining five topogtzsed
characteristics for 19,562 potential dam schemes. Utilising tieeuntry water harvesting
experience of several authors of this study, along with an estabkstadgtical Hierarchy
Processveighting method, we were able to score schemes based on their local topographic
suitability.

9 Utilising almost four decades of precipitation data from a global climate dataset, the probability

of occurrence for annual runoff was modelled, allowing a relationship to be established
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between catchment area and annual runoféfigpotential locations. Of the 19,562 schemes,
6,733 were eliminated due to insufficient annual inflows, while 3,820 were eliminated due to
excessive annual inflows, leaving 9,009 schemes for further consideration.

1 Using a combination of SiteFinder and runoff modelling outputs, the degree of sedimentation
was computed for all potential schemes. Applying a filter, retaining only schemes with a
predicted storage loss to sedimentation of less tRay2, resulted in 371 schemes of interest.

Of these schemes, a total of 55 schemes all have been assigned the same local topographic

Score.

The methodology presented in this study has the potential to be valuahblg thefirst stage of water
harvesting site selection, enabling more detailed studies to be carried out at a relatively small number

of locations with confidence that they represent the best options available within the area of interest.
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/Synopsi s and recomme

7.1Synopsi s

The overarchingaim of this thesis, as outlined @hapter 1, was to develop, test, and assess novel
methods for extracting hydnmorphological information from remote sensing products to support
more effective site selection in the water harvesting settiachieve this overarching ainmguir
objectiveswvere identifiedThis chapter reviews all four objectives and identifies the stages in the thesis

where each was successfully addressed.

Chapter 2 provided an overview of water harvesting, including clear definitions and illustrative
examples of various water harvesting technologies. It explored the classification of these technologies,
along with their applications and benefits. The chapter alamigmed the role of water harvesting in

the context of global development goals, highlighting how different water harvesting technologies
could contribute to achieving specific Sustainable Development Goals. Additionally, this chapter
identified the rangefdiophysical criteria used to determine if a site is suitable for a particular type of
water harvesting technologi.wide range of techniquegereidentified, each appropriate to different
hydro-meteorological, morphological, and social conteAtsummaty of the different methodological
approaches used to identify optimal locations for potential water harvesting projects was also included.
Chapter 2 also presentedrange of biophysical criterizgsed by researchers to determine the suitability

of sites for water harvesting technologi#ae most common biophysical criterion for site selection
was found to be slope. Problems with this choice of criterion are addressed in subsequent chapters,

particularlyChapter 4.
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As water harvesting projects are often implememtedgions where grourdased dataresparse and
difficult to collect, remote sensingrovides a solution for gathering valuable data. However,
Chapter 2 risks giving the impression that water harvesting relates primarily to issues centred on
biophysical factorsThis is not the case. #ide rangeof nonbiophysical factors must be considered

during the planning stage for a water harvesting project to be successful

Although these additional considerations are not covered in significant detail within this thesis, they
remain important. Key factors include land tenure, environmental impact, administrative procedures,
risk assessments, and financial viabili§ince the focus of this thesis is on extracting hydro
morphological site selection characteristics from remote sensing products, it intentionally avoids
exploring some less technical, yet nonetheless crucial, fattovgever, relevant literature exists on

these tpi c s . For exampl e, Bot et al . (2000) hi g

particular emphasis on social factors in development planning, particularly in rural settings

Chapter 3 presented a systematic literature review investigating the role of remote sensing in water
harvesting research. While peewviewed articles on water harvesting existed, none had previously
focused specifically on remote sensing applications within tkid.fiusing targeted search terms,
research literature was gathered from two bibliographic search engines, which, after filtering, yielded
a pool of 290 peereviewed articles. This collection of articles was subsequently studied and analysed.
Themost frequently used remote sensing products were identified and classified, and their applications
were assessed, with notable trends reported and evideased recommendations offered. The
evaluation of these articles demonstrated that remote sensaagicps, alongside hydrological
modelling and GIS tools, played a significant role in many water harvesting studies. For example,

freely available global Digital Elevation Model (DEM) products were widely used to compute slope
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at potential water harvesting sitdsowever, tools enabling a more comprehensive morphological

analysis of potential sites wegenerallyfound to be lackingr operating outside a GIS environment

While Chapter 3 providesclearevidence that remote sensing products are now extensively used in
water harvesting site selection studies, it largely fails to establish an objective relationship between
remote sensing product specifications and the type of water harvesting systermbestigated

Chapter 2 makes it clear that water harvesting systems vary significantly in scale, both in terms of the
water harvesting structure and the catchment area, Whisgter 3 identifies the remote sensing
products commonly used by researchers for site selection studies. However, the resolution of remote

sensing productd whether spatial, temporal, or specthalvaries considerably.

The implication fromChapter 3 is that researchers are selecting remote sensing products for a
particular water harvesting study based on ease of accessibility rather than the product's suitability for
the task at hand more reasoned approach would be to first consider the scale of thehamatesting

system being studied and then use this information to determine the minimum specifications required
for remote sensing products to achieve the objectives of a parstudigrwithin an acceptable degree

of uncertainty

In Chapter 4, a novel GlShasedtoo{ i Si t e Wds presented. This tool was designed to support

the process of water harvesting site selection, addressing a researelcagapsedn Chapters 2

and3. While researchers regularly utilise remote sensing products, the predominant use of slope as a
criterion indicated a demand for a GIS tool capable of providing more comprehensive information on
potential sites. Starting with a DEM, the tool producedwa flirection raster and subsequently created
virtual barriers perpendicular to the direction of the modelled stream flow. The tool accounted for the

surrounding topography by intersecting each barrier with a contour layer, also derived from the DEM,
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and, through an automated procedure, provided details of potential water harvesting schemes. These
details included the barrier size and the dimensions of the flooded zone upstream of thelbarrier.
verify the accuracy of the tool ds outputs (in
were crosshecked against equivalent outputs derived from LIDAR data. The analysis showed
Spearmands rho correl ati o724 doelength, @reae and solurae, O .
respectively, indicatig a stronger correlation for volume compared to area and lefbih.
comparison also revealed that using a global DEM produced less accurate outputs relative to those
based on LIDAR data, a difference attributed to the global DEM's lower horizontal and vertical
resolutions compared to the LiDAfRrived DEM. This obsertian led to the conclusion that
SiteFinder results obtained using a global DEM are likely to yield greater inaccuracies when assessing
smaller water harvesting structures. Consequenthastdetermined that a global DEM is not suitable

for assessing certain water harvesting structures, and DEMs with bgatelresolutions should be
preferred Despite this recognition, a key critique ©hapter 4 is that it did not sufficiently explore

the broader implications of using global DEMs for water harvesting site seledfeter harvesting
technologies range from smaitale microcatchments to largeale macrocatchments, each with
distinct site selection requiremenitgence the work inChapter 4 couldbe extendetdy expanding on

the relationship between freely available datasets and their suitability for evaluatingnaratsting
systems, relative to system scale. Crucially, researchers must assess whether a given DEM dataset he
sufficient resolution and accunato captured within an acceptable degree of uncertaiétythe

topographic characteristics of potential watarvesting sites and their associated catchments

For instance, while global DEMs may suffice for the preliminary identification of iscgée water
harvesting systems, they are likely to prove unreliable for selecting microcatchment systems, where

finer topographic detail is essenti&thapter 4 acknowledged that loweaesolution global DEMs
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introduced inaccuracies in estimating length, area, and volume. However, it did not explore in detail
how these inaccuracies might inform decismaking for watetarvesting technologies across

different scales

While acknowledging shortcomings related to the lack of guidance on the limitations of commonly
used DEM datasets (e.g. SRTM DEM, ASTER GDHM#?) site selectionthe development of &
SiteFindertool was significantlt represented an automated process operating entirely within the GIS
environment and offered more relevant site selection charactecstigszared tslope, which was the
mostcommonly established biophysical criterion used by researdferSiteFinder tool meheé first
objectiveof this thesis, whictwas to develop and evaluate an automated tool designed to provide more
comprehensive and practical information on potential water harvesting sites, extending beyond the
biophysical criterion o$lope.Researchers working in the water harvesting sector have shown interest
in this approach and in the methodology employed by the SiteFinder tool. Masi et al. (2024) recreated
the Delaney et al. (2022) SiteFinder tool for a study on the optimal sitingifadiartreservoirs,
modifying the barrier ventation to allow for more possibilities rather than restricting it to being

perpendicular to the flow direction.

Chapter 5 presented a modellingol ((HRRTLEO) inspired by runoff mapérequently usedn the

water harvesting secfprto predict runoff in drylarsl The methodology combined an established
method for computing runoff at each pixel with an innovative procedure for calculating transmission
losses, producing a high spatial resolution (250 m x 250 m) connectivityThegonnectivity map
allowed therunoff volume reaching the catchment outliet be predicted. The outlet could bee

location of gpotentialwater harvestingite Thecomputational processvolved using the global curve
number twice: first, as part of an established process to compute runoff, and secondly, in a novel
approach to estimate the surface roughness coefficient, which helped establish surface and channe
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flow behavioursThis parsimoniousnethodology which did not require the creation of sbasins,

relied solely on three global datasets: DEM, curve numberpeetdpitation.The use of only three
datasets formed part of a deliberate simplification strategy. The rationale behind this decision was to
minimise potential sources of input uncertainty that megpagate through the model, while still
capturing the principal uncertainties associated with hydrological runoff processes in dryland regions
Predicted runoff volumes were compared to observed runoff data obtained from a global runoff
database, covering a total of 28 catchments. Theil$agtliffe efficiency (NSE) coefficient to be

used to evaluate the predictive performance of the model. For the validated model results, there was a
marked range in NSE values, freft0.082 to 0.672, wih NSE= 0 indicatng that the model had no
predictive power beyond assuming constant flow equal to the observed mean, and M8ating

a perfect model. Similarly, percentage bias (Pbias) was used to measure the tendency of the calculatec
runoff volumes to be larger or smaller than observed runoff volumes. Again, for the validated model
results, the range of absolute Pbiasadifrom 101.R6 to 3.2%. Satisfactory model results were
obtained for nine of the 28 catchments, which had an NSE > 0 and an absolute PBi@srdsating

that the developed rainfailinoff model did not perform well for all catchments tested and highlighted

limitations with the model.

The secondbjective of this thesisvas to explore ways to improve traditional runoff mapping by
accounting for transmission losses, thereby providing more accurate estimates of runoff at catchment
outlets, and to quantitatively evaluate model performartee HRRTLE too)presented iChapter 5,

serves as evidence that this objective has been successfully aciNetadaly, Table 5.2 presents

results demonstrating that the HRRTLE model offers substantially superior performance compared to

results obtained without accounting for transmission losses
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A critical evaluation of the HRRTLEool suggests that the choice of equation used to estimate
transmission losses may have been unnecessarily complex. The concept employed by the HRRTLE
tool 0 specifically, the use of curve number values as a proxy for surface roughnisseovel;
therefore, very little literature was available to express losses as a function of the curve number. Given
this, it may have been beneficial to begin testing the HRRIddt methodology with simpler
equations and fewer parameters. This approach could have made tnadotogly easier to
communicate and the sensitivity analysis more straightforward due to the reduced number of
parameters. Once the HRRTIt&0l had been demonstrated to be sound, there would then have been

an opportunity to develop more sophisticated equations to expaasmission losses.

The model performance results were preseme@hapter 5, as outlined aboveNhile this chapter

offers valuable insight& g. Table 5.2) into the performance of both the runefily model (excluding
transmission losses) and the full HRRTLE tool (including transmission losses), the analysis could be
further strengthened with a more structured and detailed comparison to other widely us#d rain
runoff models, particularly those commonly applied in the water harvesting sector. Expanding on the
advantages of the HRRTLE tool in relation to these models would enhance the understanding of its
relative benefits and potential applicatiorf®r example, acomparative analysis of HRRTLE
alongsideother established approaches (e.g. runoff potential maps;HMNEE, SWAT)could enhance

the evaluation of t h.eSudhaommparsonbul beceSpecially vatuabte inr e | ¢

the context of idetifying multiple potential water harvesting sites within ungauged catchments

Biophysical parameters were analysed to identify commonalities between catchment characteristics
and satisfactory model results, indicating that niiedel performed best for catchments that were
relatively small, approximately equal in length in all directions, with low topography, high
transmission losses, and predominantly -gnewing vegetation. Poor model performance was
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attributed to humainduced hydrological disturbangesich asrrigation, dams, and urbanisatio®).
key limitation was quantifying catchment characteristics without assessing hydrologic connectivity.
Evaluating this could have revealed objective hydrological disturbance indicators, providing stronger

evidence for understanding HRRTLE model performance

Chapter 6 demonstrated the value of tisteFindertool as part of water harvesting site selection
study.The development and testing of the tool (€&apter 4) covered a relatively small number of

sites whereas the use of SiteFinder in this chapter demonstrated that the tool can be used to analys
thousands of potential water harvesting sites. This was achgwigaggregating the study area into

pixels based on stream ord&he rainfallrunoff model developed and tested (§#epter 5) was

utilised topredict the probability of occurrence of annual runoff volumes at sites throughout the study
area. By combining sitepecific data produced by the SiteFinder tool with catchment runoff data
produced by the rainfatlunoff model the ratio of annual inflovis storage capacity was obtained for
thousands of potential water harvesting schertesas the first time such an analysis had been
performed on such a sizeable number of schemes and represented a step forward in improving the

operational safety of watdarvesting structures as it provilaformation on the extent of inundation.

Similarly, outputs from the SiteFind&old somputational runsncluding polygons representing the
flooded area of water harvesting schepvesre combined with runoff data produced by the rainfall

runoff model to predict the severity of reservoir sedimentafibe. third objective of this thesis was

to address the issue of reservoir sedimentation by developing and assessing an automated method fc
evaluating the susceptibility of potential reservoirs to future storageTbsssection ofChapter 6

demamstrates how the third thesis objective was successfully met

197



Synopsis and recommendations

Water harvesting experts based in Sudane requestetb contribute to the process by quantifying

the relative importance of selection criteffdis tested the appropriatenesstied decisioamaking
element of the study for use in actual site selectioies.One limitationof Chapter 6 relates to
difficulties in carrying out irperson field validations of identified potential water harvesting sites.
While ontthe-ground assessments were constraidegrimarily due to site accessibility issues and
securiy concernsd a preliminary review of several sites was still carried out. Thesemaéd
challenges highlight the practical complexities of fieldwork in some dryland regions and underscore
the value of remote assessment tools such as SiteFinder and HRRTLE, whiehvidfde approach

to evaluating water harvesting sites in logistically challenging environments

Chapter 6 presented metrics for potential water harvesting schemes, including barrier volume, storage
volume, annual inflow volume, and reservoir sedimentafidre fourth and final objectivef this
thesiswas to devise a site selection methodology that incorporates tools developed in the previously
stated objectives, anm test its usability through a case study in a dryland regdarthe metrics
presented and methodology outlineddhapter 6 incorporated novel tools (namely SiteFinder and
HRRTLE)for assessing dam sites in Sudan, this demonstrates successful fulfilment of the fourth thesis

objective.

However, sce these computed metrics are presented without a specified level of confidence, there is
a risk that the chapter conveys an unwarranted sense of accuracy. This could lead to confusion if sites
identified as having greater potential are later evaluatgdyumore precise methodologies, revealing
discrepancies between these results and the metrics preseGteapier 6. Presenting the metrics of

water harvesting schemes in a manner that explicitly highlights the inherent uncertainties of the

appoach used would have added value to this chapter
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This issue raises a broader debate about water harvesting scoping tools and methodologies. Allocating
human, financial, and technical resources to a smaller number of potential water harvesting schemes
would allow for more accurate sigpecific assessmemtrather than distributing the same resources
across multiple sites. Scoping studies for water harvesting sites, therefore, involveddf toetieeen

resource availability, the accuracy and breadth of data obtained, and the number of sites assessed

It is reasonable to conclude that, by their very nature, scoping séudiesigned to assess a relatively

large number of potential sités will inevitably provide less detailed and less certain information
compared to assessments focused on a smaller number of selected sites. This is a crucial message fi
planners and stakeholders involved in water harvesting site selection studies. Hawewveajns

unclear what level of accuracy is acceptable for scoping studies, or whether it is preferableise priorit
identifying the most promising sites within a study area while accepting a higher degree of inaccuracy

in the site selection metrics.

72Future reseamehdati ons

The development of the SiteFinder tqeke Chapter 4) and its application in a case stufbee
Chapter 6) demonstrate how a remote sensing produdte( DEM) can be utilised to extract
biophysical informationd.g.storage capacity) for potential water harvesting structdiesting and
assessing the performance of the SiteFinder tool showed that there are limitations to what can be
accurately achieved using global DEM$erefore, an interesting direction for further research would

be to obtain or commission a higésolution DEM of an entire watershed in an arid or samol

region. Such a DEM could serve as the basis for determining the specifications needed fohatDEM t

accurately identifies water harvegistructures of a particular size. For example, researchers may
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benefit from guidelines specifying the attributes required of a DEM to reliably extract relevant

information on potential water harvesting structures to a reasonable degree of accuracy.

While some countrie¢e.g. Australia)with extensive arid and serarid regions provide LIiDAR
derived DEM datasets covering their entire territ@ystralian Government, 20},5%he same cannot

be said for many lovincome countries, where water harvesting has significant potential to improve
livelihoods. LiDAR-derived DEMsnot only offerhigher spatial resolution and accuracy compared to
existing free global DEMs but also tlemable the creation of terrain elevation models rather than

surface elevation mote

Until LiDAR-derived DEMs become more widely available to a greater number of countries,
researchers will need to rely on global DEMs or alternative methods. One such alternative is generating
DEMs from remote sensing datasets, such as interferometricetigraperture radar (INSAR). While
producing highgquality DEMs using INSAR is particularly challenging in mountainous regions (Yan

et al., 2025), itemains an area of active research

Notably, drylands have less vegetation cover compared to humid regions, meaning that elevation
models created using INSAR may provide a more accurate representationediiaterrain. This is
because radar signals often struggle to penetrate dendatigand tree cover, making INSAR less
effective in heavily forested region&iven the strong association between water harvesting and
drylands InSAR-derived DEMs remain a promising avenue for future research, with potential benefits

for the water hamsting sector

While the SiteFinder tool meets the requirements of thedbpgctiveof the thesigseeThesis aim
and objectives Section 1.1), it is specifically designed to identify technologies within the

Omacrocatchmenté <classification group of wat
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technologies typically involve structuresilt across the path of a stream or river, with rurdtén
reaching the structure fromaansiderablalistance.Future research could focus on improving site
selection methodologies using remote sensing and GIS tools to identify suitable locations for
microcatchment and floodwater harvesting technolod@esh groups present challenges in terms of

site selection using remote sensing products. Microcatchment areas, by definition, are small, so global
DEMs with spé#al resolutions around 30 m are unlikely to capture the topography of potential sites in
sufficient detail. Technologies in the floodwater harvesting group often have cultivation zones located

away from the channel network, adding complexity to identifyintable sites.

There is potential to expand the role of the SiteFinder tool in further research, particularly regarding
the tool s area of influence output. This ar es
if a water harvesting structure were consted.Consequently, an exciting avenue for further research
would be to explore how the area of influence polygon could be used to extract data from other datasets
(e.g.soil moisture, contours) and examine the interconnections between these data elathéms

suitability of the locality for siting water harvesting structures.

The case study undertaké&eeChapter 6) demonstrated that it is possibledcorepotential water
harvesting schemes basedsmveralcharacteristicswhich could be of interest to planning agencies
seeking objective methods for allocating resources across multiple projects. Further research into
developing standardised scoring systems could therefore be beneficial and support the water harvesting

secor.

Currently, anyone wishing to use the SiteFinder tool faces two obstacles. Firstly, the code for the
SiteFinder tool is not open, and secondly, it operatdsly within a proprietary GIS environment

(ArcGIS Pro), which excludes a considerable proportion of researchers in the water harvesting sector.
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The issue oproprietarysoftware also affesthose wishindo usetherainfall-runoff model developed

and tested (se@hapter 5). Future research could investigate demamdl if thisproves significantit

could inform the preferred method of access. Options might include continuing with proprietary GIS
software, creating a plugin for opsource GIS softwaree(g.QGIS), developing a webased portal,
offering a consultancy service, or a combination of these approdiese publicly releasing the

tools developed and presented in this thesis, it would be beneficial to optimise the coding. This would
enable the SiteFinder tool, for example, to analyse a greater number of siting points within a given

time frame for a specified computational processirgacay.

The rainfall-runoff model in Chapter 5, and its use in conjunction with a water harvesting site
selection studyn Chapter 6, fulfils the second thesisbjective As emphasised previously in this
chapter, model outputs were cradeecked against actual runoff; however, access to a broader range
of observed runoff data would be advantageBusoff gauging stations in drylands are often situated

on rivers with a significant baseflow, whereas much of the water harvesting occurs on or near short
lived (ephemeral) streams and rivers. Therefore, there is a need for improved access to runoff data
specific to these shotived streams and rivers with negligible baseflow. This could be achieved
through enhanced access to existing runoff data or by conducting novel research to collect new,
original data. Greater access to sHimed flow data in dryands would complement further research
using remote sensing imagery to estimate such flow regimestu measurements are crucial for
verifying runoff models, yet there is a paucity of suitable data from drylands, as highlig6teaiiter

5. While remote sensing products are improving in terms of temporal resolution, spectral resolution,
and spatial resolution, the same cannot be said for the gathering of field measurements in drylands.

This issue needs to be addressed to fully capitalise on the advancements in remote sensing.
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Although the case study presentedGhapter 6 benefited from ircountry expertise, it could be
criticised as somewhat of an academic exercise in that it lacked input from key planning agencies.
Water harvesting projects typically involve multiple stakeholders at local, regional, national, and
interndional levels. These stakeholders may represent government departmergsye@aommental
organgations, and community groupblence, further research could involve conducting a water
harvesting site selection study that includes a broader range of stakeholders and has the potential for
actual implementation of identified water harvesting scheBwesh a study would therefore combine
biophysical criteria, aided by the analysis of remote sensing datasets, withesmoegmic
considerations and constraings outlined in ChapteR, water harvesting technologies offer a range

of benefits and serve multiple purposes, presenting numenmpartunitiesfor building on the

approaches discussedG@mapterdt, 5, ande6.

In 2016, the first conference on the Great Green Wall for the Sahara and the Sahel Initiative was held
in Senegal (M2 Presswire, 2016), almost a decade after the initiative was originally launched. The
objective of this sustainable land management progeéthe largest of its kind in Africa is to

grow a continuous belt of trees and vegetation spanning over 8,000 km across the Sahel, from the coas
of Senegal in the west to the coast of Djibouti in the east. This ambitious pegksto combat
desertiication and establish a vast green corridor across the African continent (United Nations Climate
Change, 2015). Concerns have been raised in recent years over the slowppagees$ towardthe

Great Green Wall 6s 2030 goals (Bizcommunity. c

While satellite remote sensing has been employed to monitor and assess progi@sding data on
factorssuch adand cover type, vegetation index, precipitation rates, land surface temperature, and
surface soil moisture (Deng et al., 2084 here could be value in expanding the use of remote sensing
to assist in establishing water harvesting systems to support the growth of trees along-tAfsi¢eans
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fihighwayo. A similar approach could be taken to the traditidiesisouwater harvesting system used

in Tunisia(seeTable 2.5), where trees are planted in the upstream zone of the water harvesting
structure. Using remote sensing produats combination with methodologies, or modified
methodologies, presented in this théparticularly inChapters, 5, and6) could aid the identification

of suitable locations for constructidgssours

While the overarching focus of this study was the evaluation of scoping tools to aid water harvesting
site selection in drylands, there may be potential to adapt the tools developed in this thesis for
applications in humid regions. Nicholson et al. (2Gk8)e that modern land use practices in the United
Kingdom increase runoff volumes, leading to flooding in towns and villages downstream. They further
propose that so#ngineeredunoff attenuatiorfeatures (RAFs) such as storage ponds, barriers, and
bundsd strategically located within a catchment, can be used to attenuate runoff and reduce the
severity of flooding. Hence, a GIS tool like SiteFintkre Chaptet and6) may potentially be helpful

in identifying appropriate locationgarticularly if it demonstrates effectiveness when used with DEMs

of higher spatial resolution than those applied in this thesis.

The research presented in this thesis demonstrated the potential to shift from traditiodzdgzxel
selection criteria to an approach that considers entire water harvesting schei@bajiseet). Future
research should continue in this directiontresapproactprovides anore accurate represatibnof

actual water harvesting schemes compared poxel-based approachThe rainfaltrunoff model
developed and tested (s€bapter 5) introduced novel elements, including the use of curve number
data as a proxy for Manningds roughness coef fi
curve numbers and surface roughness would therefore be valGhblgter 6 showed that it was
possible to compute, for multiple potential water harvesting schemes, the volume of annual runoff in
relation to storage volume, which was useful in identifying the most viable schemes. Future research
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could build on this work by focusing on hydneeteorological data from remote sensing products to
compute maximum probable flood events and assess the morphological limitations of potential water

harvesting schemes in safely managing such events.

This thesis established a foundation for scoping water harvesting sites using remote sensing products
and geospatial tools by presenting novel methbldgably, there is evidence that researchers have
already begun to adopt at least one of these approaches in their work. This suggests that the technique
introduced in this thesis could serve as a valuable resource for future research or to suppadkt the wor
of plannersFuture work should build on this by focusing on defining the minimum remote sensing
prodct specifications required for the scale of water harvesting systems being selected. Tools should
ideally be made accessible and ogenrce Groundtruthing should be expandead scope to improve

the validation of tools. Ne tools should be developed to evaluate sites for a broader range and scale
of water harvesting technologies. Additionally, decismaking methodologies should integrate

socioeconomic criteria alongside technical considerations
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Figure B2. Adjustment of differential Global Positioning System (GPS) survey data to reduce the vertical offset compared the
Shuttle Radar Topography Mission (SRTM) data, (a) contours of unadjustedlGPS data and unadjusted SRTM data, (b)
contours of adjusteddGPS.
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LIDAR length against SRTM length
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Figure B3. Barrier length comparison of LIDAR and SRTM results for all case study scenarios.
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LIDAR area against SRTM area
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Figure B4. Polygon area comparison of LIDAR and SRTM results for all case study scenarios.
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AppendixC.Suppl ement ary
Chapter

Table C1. Classification of catchments based on catchment size, form factor, and Height Above Nearest Drainage (HAND).

5

Class 1 Class 2 Class 3

catchment area (kin <=970 > 970 <= 6000 > 6000

form factor ¢) <=0.105 > 0.105<=0.150 >0.150

HAND (m) <=35 > 35/<=80 > 80
Table C2. Summary of catchments with classifications.
cou monthly mean ﬁergg form HAN
catchment extent ntry GRDC record record missing Aridity nt facto D
code code code number start(y) end (y) values Index area r class
(%) class class

AUMS AUS-3 AU 5109175 1968 2019 0.0 0.37 1 1 1
ZAO SA-3 ZA 1160660 1972 2021 0.0 0.48 1 1 2
ZAUL SA-3 ZA 1160704 1981 2022 2.7 0.58 1 1 3
ZAKK SA-1 ZA 1160120 1964 2022 2.6 0.31 1 2 1
ZAMK SA-2 ZA 1196570 1955 2022 2.3 0.33 1 2 2
ZABT SA-3 ZA 1160530 1980 2022 2.0 0.30 1 2 3
AULT AUS-1 AU 5606097 1978 2019 0.0 0.18 1 3 1
ZAMB SA-1 ZA 1160250 1965 2022 0.9 0.28 1 3 2
ZAOS SA-2 ZA 1196561 1966 2021 1.7 0.33 1 3 3
AUMF AUS-1 AU 5606042 1952 2019 0.0 0.34 2 1 1
BRPR AS-1 BR 3650620 1973 2020 2.8 0.52 2 1 2
ZADK SA-3 ZA 1160527 1980 2022 0.6 0.25 2 1 3
AUSJ AUS-1 AU 5606040 1956 2019 0.0 0.47 2 2 1
ZAHH SA-1 ZA 1159110 1927 2022 1.2 0.11 2 2 2
ZAW SA-2 ZA 1197505 1968 2021 0.0 0.49 2 2 3
AUFR AUS-2 AU 5607080 1967 2021 11.1 0.14 2 3 1
ZAHE SA-2 ZA 1196300 1962 2022 2.4 0.28 2 3 2
ILOB ME-1 IL 6594050 1970 2019 0.0 0.39 2 3 3
ZAT SA-2 ZA 1159400 1923 2022 3.8 0.26 3 1 1
USMH AN-1 CA 4213250 1911 2021 2.6 0.46 3 1 2
ZAAN SA-3 ZA 1159650 1914 2022 1.4 0.46 3 1 3
AUNP AUS-2 AU 5607520 1967 2019 0.0 0.11 3 2 1
ZADE SA-4 ZA 1159305 1980 2022 1.6 0.18 3 2 1
USNP AN-2 US 4151514 1938 2022 0.0 0.22 3 2 2
ZASD SA-1 ZA 1160305 1966 2022 25 0.28 3 2 3
AUGD AUS-3 AU 5109110 1969 2021 0.0 0.18 3 3 1
BRMN AS-1 BR 3650634 1973 2020 2.9 0.42 3 3 2
USssC AN-1 US 4115220 1929 2021 0.0 0.35 3 3 3
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Table C3. Stream width constants.

catchment code constanta constantb

AUFR 0.0040 22.7
AUGD 0.0021 48.8
AULT 0.0017 104
AUMF 0.0001 18.6
AUMS -0.0011 15.7
AUNP 0.0051 79.6
AUSJ 0.0009 26.1
BRMN 0.0006 11.4
BRPR 0.0000 11.4
ILOB 0.0004 51
USMH 0.0003 78.6
USNP 0.0002 135
uUsscC 0.0003 135
ZAAN 0.0003 40.9
ZABT 0.0009 6.8
ZADE 0.0008 -48.5
ZADK 0.0011 7.1
ZAHE 0.0003 14.1
ZAHH 0.0001 21.0
ZAKK 0.0006 5.6
ZAMB 0.0050 10.2
ZAMK 0.0020 5.2
ZAO 0.0017 6.3
ZAOS 0.0001 7.6
ZASD 0.0003 20.2
ZAT 0.0000 22.8
ZAUL 0.0064 15
ZAW 0.0003 6.7
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Table C4. The number of years of data used for the calibration and validation stages, together with the optimutransferral
ratio parameter values used in the validation stage for each catchment.

validation validation validation validation
overland overland network network
catchment # years # years K K
code calibration validation ° Po " Pn

AUFR 20 19 -5.50 5.50 -5.50 5.50
AUGD 20 19 -4.00 2.00 -4.00 2.00
AULT 19 18 -4.00 3.50 -4.00 3.50
AUMF 19 18 -0.05 0.05 -0.05 0.05
AUMS 19 18 -3.00 3.00 -3.00 3.00
AUNP 19 18 -1.00 3.00 -2.00 3.00
AUSJ 19 17 -0.05 0.05 -0.05 0.05
BRMN 19 19 -0.20 0.20 -0.10 0.10
BRPR 19 19 -1.00 1.00 -1.00 1.00
ILOB 19 18 -0.10 0.10 -0.10 0.10
USMH 20 19 -0.05 0.05 -0.05 0.05
USNP 20 19 -0.10 0.10 -0.10 0.10
UsscC 20 19 -0.10 0.10 -0.10 0.10
ZAAN 20 19 -0.05 0.05 -0.05 0.05
ZABT 20 19 -2.00 2.00 -2.50 2.50
ZADE 20 19 -0.27 0.27 -0.27 0.27
ZADK 20 19 -2.00 2.00 -2.00 2.00
ZAHE 20 19 -0.40 2.00 -0.40 2.00
ZAHH 20 19 -0.50 0.50 -0.50 0.50
ZAKK 20 19 -0.50 0.50 -0.50 0.50
ZAMB 20 19 -0.10 0.10 -0.10 0.10
ZAMK 20 19 -0.10 0.10 -0.10 0.10
ZAO 20 19 -0.50 0.50 -1.00 1.00
ZAOS 20 19 -5.50 5.50 -5.50 5.50
ZASD 20 19 -0.10 0.10 -0.10 0.10
ZAT 20 19 -1.00 1.00 -1.00 1.00
ZAUL 20 19 -0.30 1.00 -0.50 1.00
ZAW 20 19 -0.30 1.00 -0.30 1.00
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Table C5. Baseflow of eacttatchment calculated using PART software.

catchment baseflow daily runoff data

code (%) range (years)
AUFR 3.8 19822019
ZADE 7.1 1993 2005
ZAHH 9.3 1993 2005
AUNP 9.8 1964 2018
ZABT 14.1 2003 2011
ZAT 14.1 1989 1994
AULT 14.2 19792018
BRPR 20.2 19732013
ZAO 20.3 1973 2020
AUGD 21.7 1997 2020
ZAKK 38.2 1999 2013
AUMS 39.3 1969 2018
ZASD 39.7 2009 2021
ZAMB 41.1 1984 2021
ZAAN 43.2 19831998
ZADK 47.6 19952014
ZAHE 51.0 20152021
USNP 53.3 1939 2021
AUSJ 56.0 19572018
BRMN 59.4 19852019
AUMF 63.7 19522018
ZAW 64.1 1987 2001
USMH 64.9 1936 2021
ZAOS 66.5 1999 2020
uUsscC 70.0 19302020
ZAMK 74.6 2004 2021
ZAUL 75.0 1997 2015
ILOB 87.5 199112018
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AppendixD.Suppl ement ary mat
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Procedure- computation of weights

Using the experin situ knowledge of the Port Sudan area and water system held among
authors, and with reference to the AHP fundamental scale, a pairwise comparison mai
completed by entering fundamental scales integers and computing their reciprocal value
opposite side of the main diagon&TEP A). Next the sum of each column was calculat&oEP
B) which in turn allows elements in the array to be normalised with respect to each cBILEHh
C). The weight of each component was theunid by taking the average of each r&VEP D).

Procedure- consistency check

A consistency ratio (CR) below 0.10 was used as an indication that the pairwise compariso
had been completed satisfactorily since
informed judgmento (Saaty, 1994, p. 104)
To compute the CR, first the principal eigenvalue of the magrx)(must first be determine
Finding amax involves multiplying the weight assigned to each column by the respective c
elements of the original pairwise comparison matsXgEP A), to obtain a new matribXSTEP E).
Next, ‘weighted sum' column values are found by summing the elements of ea87 EWH). For
each row, dividing the weighted sum by its respective weight produces a $atiP (F). amaxis
then calculated as the average of all these ratios (Saaty, 1990).

/

STEP A pairi pairii pairiii pairiv pairv A /STEP B pairi pairii pairiii pairiv pairv N
pair i 1.00 033 020 014 011 pair i 1.00 033 020 014 0.11
pair ii 3.00 1.00 033 0.20 0.14 pair ii 3.00 1.00 033 0.20 0.14

pair iii 500 3.00 1.00 0.33 0.20 pair iii 5.00 3.00 1.00 0.33 0.20
pair iv 7.00 5.00 3.00 1.00 033 pair iv 7.00 5.00 3.00 1.00 033

\; pairv 9.00 7.00 5.00 3.00 1.00 T, pairv 9.00 7.00 5.00 3.00 1.00

o 2 & N 2500 1633 953 468 179 /

{ air i airii  pairiii pairiv pairv /s air i airii pairiii pairiv pairv weight
((STEPC pairi pairii pairiii pairiv pairv ) (STEPD p: P P P P ght )

pair i 0.04 0.02 0.02 0.03 0.06 pair i 0.04 0.02 0.02 0.03 0.06 0.03
pair ii 0.12 0.06 0.03 0.04 0.08 pair ii 0.12 0.06 0.03 0.04 0.08 0.07
pair iii 0.20 0.18 0.10 0.07 0.11 l pair iii 0.20 0.18 0.10 0.07 0.11 0.13
pair iv 0.28 031 031 0.21 0.19 pair iv 0.28 031 031 0.21 0.19 0.26

N

pairv 0.36 043 0.52 0.64 0.56 \  pairv 0.36 043 0.52 0.64 0.56 0.50 )
\ 1.00 100 1.00 1.00 1.00 ) N A
X, /
: i & 7 weighted B
/” STEPE pairi pairii pairiii pairiv pairv \\ [ STEPF pairi pairii pairiii pairiv pairv sum  weight ratio )
pair i 003 002 003 004 006 pair i 003 002 003 004 006 0.18 0.03 5.09
pair ii 0.10 0.07 0.04 0.05 0.07 | > pair ii 0.10 0.07 0.04 0.05 0.07 0.34 0.07 5.03
pair iii 0.17 0.20 0.13 0.09 0.10 pair iii 0.17 0.20 0.13 0.09 0.10 0.70 0.13 5.20
pair iv 024 034 040 026 0.17 pair iv 024 034 040 026 017 141 026 543
pairv 031 047 067 078 050 pairv 031 047 067 078 050 274 050 546
N 0.03 007 013 026 050/ % Amax ~ 5.24 )

Figure D1. Worked example toillustrate how the AHP was implemented to compute weights and the principal eigenvalue.
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Figure D2. Annual reservoir storage capacity loss due to sedimentation for average annual runoff.

Table D1. Details of dams located within the study area.

Dam name Latitude Longitude Alternative name(s)
Khor Arbaat main dam 19°50'2.88"N  36°56'19.44"E Arbaat damDanfudo dam
Moj dam 19°28'55.01"N  36°58'38.06"E
Al Fadlabi dam 19°50'23.51"N 36°58'8.28"E
Fourth dam 19°48'9.10"N 37°3'9.36"E 4™ dam
Gebeit dam 18°57'14.51"N  36°48'58.42"E

Table D2. Pairwise table for barrier height (BH).

barrier height > 10 S8 0 1 >6i0 £ >4i0 ¢ d

range (m)
> 10 1.00 0.20 0.25 0.33 2.00
>80 10 5.00 1.00 2.00 2.00 9.00
>6i O 8 4.00 0.50 1.00 3.00 7.00
>47i 0 6 3.00 0.50 0.33 1.00 2.00
O 4 0.50 0.11 0.14 0.50 1.00
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