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Abstract

This studyaimed to assess the use of matirce remotely sensed data for monitoring the
spatial distribution and dynamics of pools in two distinct sites (Touws and Molototsi) in South
Africa. Various water extraction indices, including NDWI, Modified NDWI, and NDMere
employed, along with a random forest classifier and Sertir#®AR data, to map pools and

their dynamics in both locations. The remote sensing methods effectively detected and mapped
pools with satisfactory accuracy, except for small pools beldvsgiare meters. The study
identified flow occurrences and rainfall as significant factors influencing changes in pool sizes.
However, the interaction between pools and groundwater required further investigation and
showed no conclusive evidence in thiadst To evaluate the water fluxes affecting pool
dynamics in the Touws River, a water balance approach was utilized. The analysis revealed
that evaporation was the primary mechanism of water loss from the pools. The interaction
between the main pool (Wolkfentein 2) and groundwater depended on water levels, with the
pool losing water to the subsurface up to a specific depth before gaining water. When
Wolverfontein 2 pool was full, it could retain water for approximately 258 days without any
surface watemiflow. A water balance model was developed, demonstrating a high correlation
coefficient of 0.9 in simulating water levels. However, the model performed less accurately for
the downstream pool compared to the upstream pool. When remote saersuegl rairall

and evaporation data were incorporated into the model, the simulated water levels exhibited a
slightly lower correlation coefficient of 0.7 with the observed water levels. Overall, the
monthly flux estimates derived from remote sensing did not prothdedetailed pool
information necessary for a comprehensive water balance analysis. Errors or uncertainties
could have originated from any of the three remotely sensed parameters: surface area, rainfall,
or evaporation. Nevertheless, remote sensing affeatuable baseline data on pool dynamics
despite its limitations in providing detailed informatiomhe study also explored the
spatiotemporal dynamics of ngerennial river systems and identified major runoff
contributing areas in the Touws and Molotatgers. Sentinell and Sentinel satellite data
sources were employed. The MNDWI was applied to Ser#iirelages to extract water surface
areas along the rivers, enabling the determination of hydrological states oweoa®2period

from 2019 to 2022The rivers were classified into flowing, containing pools, or dry states
based on water presence. Sentihdhta assisted in detecting flow events that might have been
missed by Sentiné? due to cloud cover and temporal resolution limitations. Theltsesu
demonstrated that remote sensing could determine the hydrological state of the river with an
overall accuracy of approximately 90%. However, there was a 30% chance of missing a flow
event using Sentind due to clouds and temporal resolution issuesntiBell SAR data
helped mitigate some of these limitations, as observed in the Molototsi River. The upper
catchment contributed the majority of flows in the Molototsi catchment, while in the Touws
River, the souttwestern part of the catchment was idigedi as the major contributing area for
observed flows, primarily driven by rainfalln summary, this study provided valuable
hydrological information and simple approaches for monitoring hydrological states and pool
dynamics. These findings contribute @aobetter understanding and management of non
perennial rivers (NPRs) and catchments.
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Chapter 1: General Introduction

Legend
D primary catchments
River Class

- Non-Perennial
e Pereninial

Unknown

1.1 Background and Problem Statement

Knowledge dthespdial and temporal dynamics pbols andiver flows isimportant forwater
resoure managemensuch asvater allocationThespatial and temporal dynamics have been
well studied in perennialversdue to the priority placed by society they are perceived he
areliablewater sourcéRodriguezlozano et al.2020) This isnot the caséor nonperennial
rivers, which remainunderstudiedNon-perennial rivers make upore ttan 50% of the total
length of the global rivenetwork(Skoulikidis et al., 2018)and n South Africaover60% of
the rives are norperenniallSeamaret al, 2006). In the next century, the number and length
of non-perennial rivers willncrease due to climate and lacolver change andcreasingvater
demand for drinking, irrigation and other economic ug#sry et al., 2014)Non-perennial
rivers aguablyhavemorecomplex flow regimes than perennial systgatry et al., 2018;
Larned et al., 2010Although norperennial rivers argnportant water sourceand provide
essentiaécological senees they are still overlooked in terms of reseaacill managemertb

theextert that thee isanongoing debate as to whetimeamperennial riversnd streamshould



be considered as water bodies and be protected by water laws and fulessager et al.,
2021; Skoulikidis et al., 201 Acuna et al., 2014 According tothe European Unionnon
perennial rivers and streams may or may not be considered as water bddwedepending
on theclassification use@Acufia et al., 2014)

One of the haracteristics ohon-perennialrivers is that floncease for a period of timeThe
cessatiorof flow is caused by one or m® of the following processeransmissiorlosses,
evapotranspiratiora decline ofgroundwater tables, hillslope runoff recession and fregze
(Larned et al., 2010; Zimmer et al., 2020hese proceses are affectdoly physical factors
such as geologynd slope Price et al.(2021) assssa the drying regime of NPRs and
concluded thatand coveluse was more important to how the river dries than climate and
physicalcharacteristicsThe hydrological connectivitgf the flow controls metacommunity

and metaecosystem dynams¢Larned et al., 2010)here a&e alsoanthropogenic agsessuch

as theover-extractionof waterandtheconstruction of dams. Theessation of flow due to both
natural and anthropogenic activitieavehydrological and imgeochemical implications. The

hydrologicalimplicatiors includethe formation of pools.

Poolsare oneof the mos distinguishingcharacteristicef non-perennial riversvhenthe flow
hasceagd(Datry et al., 2018; Hughes, 2009hesepools arémportant water sources rural
areas. Thy often provide watdor vegetablegardeninglivestock and wildlife andtherefore
supportthet our i sm sect or a(Aedp & al.p20X; Mworih et al.ed008h o o d
Zamxaka et al., 2004Pools also act asabitat feeding, and spawning ground for vasou
aguatic specie@viakwinja et al., 2014)Taylor, (1997)states that there is significantspecies
volume relationshigor pools The species richness also depeod the physicatchemical
properties of the posIMany studies havehown that pools are souszd water duringdrought

to the surrounding communitieshile some studies show that pools attenuate fldadsand
Zhang, 2017as hey store flood watgDatry et al., 2017)Pools are also areas of groundwater
and surface water interactions (dischaagd recharge zone@ayashi and Rosenberry, 2002)
as most pools in arid andmsearid areasare groundwatedependen(Bestland et al., 2017)

Despitetheimportance of thesavers, thespatial and temporal dynamics of flows goabls
along norperenniakivers are poorly understood he occurrence and sipé poolshave been
generally studied froma channel(slope, bed materiaperspectiveby geomorphologistand
modly at reach scal@Booker et al., 2001; Buffington et al., 2002; MacWilliams et al., 2006)
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These studies also shaat the occurrence and sizefspoolsvary from one lanscape to
another.Less workhasbeendonefrom the hydrologicaperspectiveg(Bonada et al., 2020;
Shanafield et al., 2021p terms ofunderstandinghe spatial distributionthe frequencyof
occurrence and the persistenceand storageof the pools in catchmesnt Gaining good
knowledgeof the spatial and temporal distribution of the poeld be usefulfor assessing
water avaibility in a particularcatchmentwhich isrequired for water allocatioandsetting

theecological reservéSeaman et al2016)

Flow measuremeatata point donot account for thever's hydrological phasefidw, pools,
dry riverbed. The expansion and contraction in tlength of wetted reaches can cause
variatiors in water quality,the composition of aquatic and apan communities, and meta
population dynamics, hence ecological studies of spatially variable streams need to identify
and account for theshydrological phase@ urner and Richter, 2011Gallart et al(2016)state
thatknowing the distribution of hydrological phassgmportant for the dection of the correct
periods and methado determine the ecological statlisirner and Richtef2011) and Gallart
et al. (2016 usedcitizen scienceinterviews andaerial photographs @ssesshe hydrological
phases (flowing, pools, and dry riverlsgdThe assessmerdf hydrological phaseprovided
different insighs, such agxplaining the variatiogin water quality,andthe composition and
movement of aquatic communitiesvhich cannotbe obtained by conventional flow

measuremest

According toSnelder et al(2013) effective management of ngaerennialriversis hindered

by thescarcityof information about their abundance, distribution patterns, flow variability and
environmental conditions that produce these pattekmenant, (2012) and Seaman et al.
(2013)outlinedthe challengesand constraintof establishingan ecologicalreserve fomon
perennialrivers, and concluded that methods developedderennial rivers should not be
directly applied to an-perennial riveras they are more complexonme dynamic, and highly
variablecompare to perennial riversDatry et al. (2018 andLeigh et al.(2016)affirm that
conceptual models and insights from the perennial river system guide the current management
of nonperennial riversThere is a need to develogw nethods for nosperennial rivers.
However there isa needfirst to develop an understanding of thesestems.The required
information includes seasonalityffequency of occurrence, duratignpersistency and
magnitude/volume storeaf flows and poolsyhich is poorly understoa@eaman et gl2016)

Surface wateconnectivityincluding the rainfall thresholcequired for flow to occymwhich
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thenallows movemens of nutrients and organisms also poorly understogavhich affecs
the predictiorcapability of theoccurrence obrganisms underarious scenariogExtrapolation
of data fromdatarich to datapoor area isproblematidor nonperennial rives dueto thehigh
variahlity of these rivers. For instanceach poolin the same rivereachmay function
differently; as a result the extrapolation of data maype very inaccuraiehence not
recommended for neperennial river§Seaman et al., 2013Therefore,understanding is

mostlylimited toindividual sites.

Remote sensing is continuoushgproving in spatial andetmporal resolution and imow the
obtained information is processed and analysed (algorithms) to overcoraens@knesses
However, the use of remote sensing has been limitéarge (width of more thn 400 m)
wetlands and perennial rivef€hawla et al., 2020Wwetlandsarehereéby definedaccording to
the South African National Water Act (36 of 19989)here are few studies fosimg on the
spatial and temporal dynamicsmdols and flows in noperennial riversAlso, the potential
of usingremote sensintp obtain information abouhe spatial and temporal dynamics of flow
and poolshas not beenthoroughtly investigatedin nonperennial riverslf such a potential
exists, this will contribute towards understandingpatial and temporal dynamic$ non
perennialrivers and supporting # management of these riveespecially in datscarce
regions like South Africa and the rest of Afrida.this study, theotential for remote sensing
to obtainthis usefulhydrologicalinformationis testedwvhile improving knowledge about the

spatial and temporal of ngrerennial pools and flows.

1.2 Aim:

To improve knowledge abotlie spatial and temporal dynamicgiogr flows and pod along

non-perennial riversusng remote sensingndin-situ measurements

1.3 Objectives:

) To review the strengths and limitations of the methods used to mowitgperennial
riversfrom a hydrological perspectivas well agrovide anoverview of the potential

of using satellite remote sensing to monitwse rivers.

i) To examinethe nature of thespatialand temporal distributionf poolsalong nonr

perennial rivers



iii) To establishdctors and processes accountiogthewater dynamic®f selected and

representative pools.

iv) To assesthe spatial and temporal dynamicgtod hydrological (flow) statess well as

determine possible contributing areas.

1.4 Research questions

)] What is the spatiotemporal nature of the pools dne factors accounting fotheir
distributiorf?

i) At a reach scale, which water fluxaectindividual pools (filling and emptying rate)

and how are they partitioned?

iii) Whatarethe spatial and temporaydamics of hydrological states?

iv) What is the rainfall threshold for the river to start flowing and where are the major

flow-contributing areas of catchment?

V) To what extent can remote sensing be used to answer the above questions?

1.5 Study Area Description

The study was conducted in twon-perennial riversNPR9 found in two different catchments
in South Africa. The two NPRs included tfieuwsand Molototsi River systems, located in
the Western Cape and the Limpopo Provinces in South AfaspectivelyFigure 1.1)These
study catchmentwere selected based on theared properties (Landise& Landcover, Soil
types, Catchment sizand Climate). This allowed the study to explore the effect of these

properties on the hydrological dynamics of pools and flows.
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Figurel.1l: Location of the MolototgBlack) and TouwgRed)River catchmentm
respective of South Africanamap delineating provincegsver network and climatic
regions(left). Topographic map of Molototsi (top right) draiws River(bottom right) with

river network and delineation of quaternary catchments.

The TouwsRiver catchment covers an area of 6280*kmd12 quaternary catchmen{312A
—J12M). Ladismith and Montagu are some of the closest major towns to th&rhee@ouws
River is the main river in the catchment. The catchment has a low gradierdvattitude
ranging from 213 to approximately 224letarsabove sea levabtn the mountainous side
(Figure 1.1) The Touws River is one of the main tributaries of the Groot River, rising at the
western limit of the Great Karoo and draining in an -sasth easterly direction to the

confluence with the Groot RiveFhe catchment hago major dams: Bellair and Prinsrivier.

The Touws Riveis sandy gravehbovethe Adolpaspoot shaléormation The catchment is
mainly covered with natural vegetation, predominantly shrubland and fynbos, with some parts
of the riparianzone used for agriculture purpoggsgure 1.2) The catchment has a mean
annual rainfall of 244 mm/ye&Grenfell et al., 2021)The catchment received 112, 91 and 182
mm/year in 20182019 and 2020 respectively, without a seasonal pattern (Fig)reMost
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rainy days received less than 5 mm/d of rainf@lhly four event&xceeded 30 mméy during

the study period (Figured). These major rainfall events produced localised flows, with some
of the flows not reaching the flow station at the catchment outlet (Department of Water and
Sanitation Station J1H018). According Retersen et a(2017) the catchment has a mean
annual runoff (MAR) of 16.32 Mityear(19832013)
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Legend
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Figurel.2: Land cover (A), Soil types (B) and Geology (C) of the Touws catchrbeth.
Sources: 2020 St African National Land Cover; Department of Environmental Affairs,
WRC-WR2012 (Soil data), South African Council for Geoscience (Geology.data)
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Figure 13: Rainfall (A), andEvaporation (B) of the Touws catchmemhe rainfall data were
collected througlthecitizen science programme, evaporation rates were estimatedhusing

Penman method.

The Molototsi catchmeris in the Greater Letaba primary catchment, which lies within the
Mopani District, Limpopo. The Molotsi catchment is 1170 Kmrand covers quaternary
catchmerga B81G and B81H. The closest togincludeGiyani and Tzaneen. Molototsi River
hasa sandy riverbed and is approximately 120 km long and 50 m wide, and it is one of the
tributaries to the Great LetatRiver. The MolototsRiver only has onenajortributary called
Metsemola. The Modjadji dam (8.4Mmapacity)which wasbuilt in 1997 is the only major
impoundment in the rivetocatedn theupper part of theatchmen{Figurel.4). The dam has
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a catchnent area of abouf0 km?. The dam supplies drinking water for the Great Letaba

municipality area.

The geology of the Molototsi studytchmen{Figure 14C) is predominantly characterized by

the Letaba Gneiss lithostratigraphic unit, althoughupper part of the catchment includes
Duiwelskloof Leucogranite. The substrate of the river is samdyle loamy sands the
dominant soil type (Figure 1.4BJhe river is surrounded by communities (human settlements),
with agriculture taking place in th@parian zone along the rivgFigure 1.4A). The upper
catchment has a mean annual rainfall of 1219 mm/year {2098) measured close to the
Modjadji dam(Walker et al., 2018)However, the flood plain receivéetween300-400 mm

per year(Lebea et al., 2021)The catchment receives rainfall mainly during the southern
hemisphere summer season between December and March (E&jLifée climate of the area

is classifiecassemtarid. The river has no flow monitoringtation;however, locals expect river
flows duing the summer (November to February) in accordance with the rainy season (Figure
1.5A). It is estimated that thepper quaternary catchment (B81G) and lower quaternary
catchment (B81H) have a mean annual runoff3df5 and 10.7 Mm3/year (19692010)
respectively (Department of Water and Sanitatji@®11). Evaporation ratearethe highest in
Januaryand December of each year (~180 mm/month), whereas the lowest evaporation rate
occurred in June (~75 mm/mottirigure 1.6B)
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Figurel.4 Land cover (A), Soil types (B) and Geology (C) of the Molototsi catchrbetia
Sources2020 South AfricamNational Land CoverDepartment of Environmental Affairs
WRC-WR2012 (Soil data), South African Council for Geoscience (Geology data).
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Figurel.5 Rainfall (A) andEvaporation(B) for Molototsi thecatchmentsThe rainfall data
werecollected througlthecitizen science programme, evaporation rates were estimated

usingPenman method

**Each Chapter has a Specific Site Description due to the various components that they
addressed**
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1.6 Thesis Outline

Chapter 1 presents a background of the study, outlines the research praruiedescribes the
aim and objectives of the study and furnishes an outline of the Stbdychapter includea

generaldescription of the study catchments.

Chapter 2 reviews the literature on the monitoring ofonperennialrivers, this tapter
includes some of thenonitoring and managemenhallenges of noperennial riversand

lastly, the chapter outlines research ggfbjective i)

Chapter 3 presents these of multisource remotely sensed data in monitoring the spatial
distribution of pools and pool dynamics along fp@rennial rivers in serarid environments,
South Africa.(Objective ii)

Chapter 4 usesa water balance approach to understand pool dynamics alongemennial
rivers in the semarid areas of South Afréc (Objective iii)

Chapter 5 presentsanassessment of the spatiotemporal dynamics of the hydrological state of
the nonperennial river systems artte identification of flowcontributing areas in South
Africa. (Objective iv)

Chapter 6 concludes the study by providing answers to the resegestionsand furnishing
a brief description of the limitations. Recommendditor further studiesand government

implementatiorare alsanade in this chapter

Chapters 2 to 5 are standalone pubhtions, each chapter has its abstract, introduction,
methodology, discussion, and conclusion secti®ome overlap and repetition in some

sections/componentaay therefore occur
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Chapter 2:

Review on the monitoring of spatial and temporal dynamics of pools and

flows along non-perennial rivers

The chapter is basexh: Maswanganye, S.E., Dube, T., Mazvimavi, D.andJovanovic, N.,
2021. Remotely sensed applications in monitoring the spatiporal dynamics of pools and
flows along norperennial rivers: a review. South African Geogr. J. 06;191
https://doiorg/10.1080/03736245.2021.1967774
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Abstract

Nonrperennial rivers (NPRs) account for mor e
occurrence is expandin§ome ivers that were previously classified as perennial have evolved

to be norperennial rivers in response to climate change and-goolmomic uses. However,

there isnadequat®f understanding regarding the spatial and temporal dynamics of their pools
and flows due t@ lack of data, as priority of river monitoring has been plamegerennial

rivers. The current understanding and metbaised for monitoring NPRs are mostly derived
from the perennial riversperspective. This review paper outlines the strengths and limitations
of the methods used to monitor NPRs from a hydrological perspective. Furthermore, this paper
provides an overvig of the potential of using satellite remote sensing to monitor NPRs.
Remote sensing methods are popular with wetlands andrai@soring but little is known

about their capabilities of monitoring pools along a river. It has also been successfutly used
estimatethe discharge of large perennial rivers, however, this has not been fully explored for
NPRs. Remote sensing has the potential to extract more information that currently cannot be
extracted using conméonal in-situ measurement methods. Witlvadcement, remote sensing

technology could become useful for managing NPRs.

Keywords: Hydrology; Remote sensing; River discharge; Temporary rivers; Surface water

inundation; Water storage

2.1 Introduction

Non-perennial rivers (NPRs) also referred to amgerary rivers or ephemeral rivers are
streams and rivers that cease to flow for some time during the course of tii@kamadikidis

et al., 2017; Stubbington et al., 201 These rivergndstreams can either dry ocompletely

or part of their length of the channel (Stubbington et al., 2017). The hydrology of NPRs differs
from that of perennial rivers as they hdgh variable flows illustrated by high coefficient

of variance, as a result, tHews are difficult © predict(De Girolamo et al., 201#% Larned et

al., 2010) This is worsened by their spatial variability as information cannot be easily
extrapolated from one river to another. The flow of these rigezsisually rainfallevent
driven, but can bgroundwaterdependent, especially during dry periobsiring the zero flow
periods, the storage and quality dynamics of static pools play a critical ecological and social
role (Hughes, 2009)The term, definition and classification of NPRs vary from location to

location(Delso et al., 2017Which canlead toconfusion(Arthington et al., 2014; Busch et al.,
14
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2020) However, there is a global consensus about their characteristics which is the zero flow

and high spatial and temporal vaiilép.

Conventionalriver classification methods distinguish river types based on geographical,
geological, climatic, or biotic boundaries (Rossouw, 2011). However, the most common way
to classify norperennial rivers is to use seasonal flow patternstlagid flow characteristics.
Hence, norperennial rivers can be classified based on their flow permanence namely:
intermittent, ephemeral and episo@uttle et al.,2012; Datry et al., 2017; Rossouw, 2011)
There are, however, no fixed boundaries between the river classes (Datry et al., 2017).
Intermittent riverscease tdlow on a seasonal basis for weeks to months. Ephemeral rivers
flow for days to weeks inesponséo rainfall events. Episodic riveflow for a short duration
usually hours to days after heavy rainfall events (Skoulikidis et al., 2017; Datry et al., 2017).
Given that flow permanence varies from one location to another, some studies further
disaggregate flow permanence into percentages whereby intermitterdperenainent) have

no flow between 5% of the time, ephemeral rivers have no flow betweer526 of the

time and episodic rivers have no flow for more than 76% of the time (Rossouw, 2011
Arthington et al., 204; Seaman et al., 2016). This disaggregation made the classification of
rivers more applicable in any regio®@verall the three types of river classification
(intermittent, ephemeral, and episodic) are generally accepted, evgh there is an overlap

in their definition (Skoulikidis et al., 2017).

Non-perennial rivers occur worldwigdespecially in arid and serarid areas (Aridity Index of

0 and 0.5). According to the World Atlas of Desertification (WAD) (2018), aridsenttarid
regions account for at least%®f the world's terrestrial land area. At least 28 countries in
Africa are mainly classified as seiaiid and arid Cherlet et al.2018), and twenty of these
countries have 90% of their productive agricultural lanchesé areaglrurnbul, 2002) The
WAD 2018 data show that 73% of South Africa is classified as-aethand arigwhich may
have evolved fronthe 60% estimated bjNomquphu et al(2007) Despitethe fact thathat
most NPRs are found isemtarid and arid areas, Buttle et al. (20l8)icatethat NPRs/
temporary rivers can also beund in humid angdubhumid areassuch as in Canada where

precipitation significantlyexceed®vapotranspiration.
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Importance of nonperennial rivers

Despite the increase in the number of 4penennial rivers caused by climate change and
anthropogenic activities such as water abstraction andusedhange (Skoulikidis et al.,
2017), in some regions, NPRs are the only source of freshwater. Ecological research has
revealed that they are very important in terms of supporting life on é#?Rs may be more

vital than perennial rivers, as they can support both aquatic and terrestrial species by alternating
between dry and wet habitgd&nelder et al., @L3).

Pools are one of the most distinguishutaracteristicof NPRs when the flow has ceased
(Datry et al., 201;7Hughes, 200pb These pools are important water sources in rural areas as
they often provide water for vegetable gardening, livestoakwalalife, and therefore support
the tourism sect or(Anedecetalp 20blpNaeldo et all, 2020edamxaka o d s
et al., 2004)Pools also act as habitat, feeding and spawning gsdoanearious aquatic species
(Makwinja et al., 2014)There is a significant spectgslume relationship in pools, as larger
pools tend to have higher species richness and abundance (Bonada et al.S20263.
richness alsa@lepends on the physieahemical properties of the pools. Several studies have
shown that pools are sources of water dudrmughtto the surrounding communities, while
some studies show that pools attenuate floodsdhdZhang, 2017) as they store didwater

(Datry et al., 2017). Pools are also zones of groundwater and surface water interactions
(discharge and recharge zones) as most pools in arid anéhsedrareas are groundwater
dependent(Bestland et al., 2017)

Challenges oNon-Perennial Rivers

The spatial and temporal dynamics of flows and pools alongpammnial rivers are poorly
understooddue to limited studiesaimed atunderstanding their spatial distribution, the
frequency of occurrenceegrsistencand pool storage in catchments (Snelder et al., 20d13).
inadequate understanding of pools results in difficulty in the prediction of consequktinees o
scenarios for landise changes and result in difficulty in the prediction of movements of
organisms and nutrients along the NPR system (Seaman et al.,, 2016). Research and
management of NPRs have been lagging as compared to perennialLiighset al., 2019;
Skoulikidis et al., 2017)This is caused by a lack of data on the NPR system as monitoring has

been prioritised for perennial rivers, as they are reckoned toadse important for water
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supply. The general public perceives NPRs to be less valuable compared to perennial rivers
(Rodriguezlozano et al., 2020). This has resulted in a lack of political will to monitor or fund
research on NPRs (Skoulikidis et al., 2p17

Monitoring various elementf nonperennial river systems necessary to overcome
knowledge gapsdHowever, monitoring of NPRs systems is a challenging task as compared to
perennial rivers due to high variability and complex beha\ioay et al., 2019)Extrapolation

of data from dataich to datapoor areas is problematic for NPRs du¢hihigh variability of

these rivers. For instancapool alongthe sane river reach may function differentfysom a
neighbouring oneas aresult theextrapolation of data may be very inaccurate hence not
recommended for NPRs (Seaman et al., 2016). Therefore, understanding is mostly limited to
individual sites. Gaining valuable knowledge on the spatial and temporal distribution of the
pools and flows at the catchment scale will be useful forsasge water availability in a
particular catchment, which is required for water allocation and setting the ecological reserve
(Seaman et al., 2016). Understanding the factors that influence or explain these patterns will
be beneficial for the managementloése rivers. This paper mainly discusses the methods used
to monitor the spatial and temporal dynamics of flows and pools alongarennial rivers,

and further provides an overview of the potential of using satellite reseong methods to

monitor hese river systems.

2.2 Monitoring of Non-Perennial Rivers

The importance of neperennial rivers and the hydrological aspects that are important and
need to be monitored are highlighted in the previous section. This section reviews the methods
that areused to monitor the hydrological phasasdestimate the volume of pools along ron
perennial rivers. Wetland and lake research is also included as pools can be monitored in the
same way. Thereafter, monitoring of the spatial and temporal variation f fioNPRs is
reviewed. The section is concludedth general remarks on the use of remote sensing in

monitoring both flows and pools along NPRs.

Monitoring the presence of surface wat@long non-perennial rivers

Flow measurements at a point do not actdar the hydrological phase (wet and dry phases)
of the river which is important for the ngoerennial river system. TurnandRichter (2011)

statal that the expansion and contraction in the length of wet reaches can cause variations in
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water quality, he compositionof aquatic and riparian communities, and rm@baulation
dynamics, hence ecological studies of spatially variable streams need to identify and account
for these hydrological phases. Gallart et al. (2016) added that mapping wet and dry areas
provide imporant information for the selection of correct sampling periods and the method to
determine the ecological statuslapping of the spatial distribution of flows provides
information about the flow contributing areas. Such information will assist in explaanithg

predicting flows along neperennial rivers.

The mapping of hydrological phases (flowing, pools, and dry riverbeds) provides different
insights such as explaining the variations of water quality, the composition and movement of
aguatic communities wth cannot be obtained by conventional flow measurements (Turner
andRichter, 2011; Gallart et al., 2016). Mapping of the hydrological phases is important as
noted and gives firsarder identification of flowcontributing areas. There are various methods
used to determine the hydrological phases.

One of the most used methods for capturing the spatial and temporal varialilgr dows

involve establishing river flow gauging stations at several locations. There are various methods
used to determine theydrological phases (e.§efton et al., 2019). This is rather expensive if

the aim is to capture the variability along all important parts of the river. The involvement of
communities residing alongside NPRs in collecting data through citizen sciemgcarpnoes
provide an opportunity to overcome the constraints arising from reliance on data collected at
river gauging stations with limited spatial coverage.(eGgllart et al., 2016; Walker et al.,
2016). A major challenge in depending on local communitsethe variable quality data
collected (Walker et al., 2016; Weeser et al., 2018). These initiatives tend to be successful if
members of the local community collecting and providing data perceive a benefit from

improved understanding and managementaeif tiivers including NPRs (Walker et al., 2016).

The most common method is to use sensors that collect data continuously, this includes water
level, temperature, and conductivity sensors. The hydrological phases are thereafter derived
through analyses ohis data. However, this is laborious and costly to install and maintain,
hence there is a decline in the number of operating flow stations worl{@adeboko et al.,

2020) Zimmer et & (2020) also argue that the zero on these data can be misintedprettd
frozensurface water, flow reversals, instrumental errors, and naturally driven source losses or

bypass flow Furthermore, monitoring takes plaaesmall set geographic points faRequent
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time intervals require extensive interpolation to characterise catchment scale conditions, which
may also not effectively communicate the essential spatial details of the complex hydrological

system.

Assendelft and llja van Meervel@019)used lowcost multiple sensors (electrical resistance,
temperature, flow sensor,0fit switch sensorjand the combination of #sewas able to
distinguish and time hydrological phases accurately (<10% error). Howevdiolikgauges

these sensors can only be placed at points, limiting their spatial coveuatermoreexposed

to vandalism and may not be suitable for larger NPRs. Of recent/apse imagery is also

being used to monitor hydrological phases but suffers from the same limitations as sensors and
gauges, in addition, the quality of the images can be afféstehe surrounding environment

such as fog and sunligfiKaplan et al., 2019)ritz et al. (2020propose that physical and
biological indicators can be used to predict the hydrological phasemstance, the reduction

in the extent and variety of aquatic habitat available indicates contraction of surface connected

habitats to isolated pools to drgimiver beds and subsurface.

Hydrological modelling can also be used to derive hydrological phases, but often does not
includeassessinghe presence opools making no separation between dry rivers and isolated
pools For instancejJaeger et a(2019)usedthe probability of streamflow permanence model
(PROSPER)to determine wetlry parts of the river, but the model was limited by the spatial
extert of gaugesYu et al. (2018) also simulated the spatial and temporal dynamics of dry/wet
segments of a river using statistical predictive models. Models are mainlynusstilmating

the magnitude of flows and they require training data.

The hydrological phases can be derived through the use of remote sBestage sensing has

the ability to determine different land cover types including watence, it can be used to
detect the three hydrological phases. Walker et al. (20&8able to determine the presence

of flow in sandy NPRs by applying NDWI to Sentifeimages. The study concluded that
knowing the presa®@absence flow can assist teerrounding communities that rely on the
sandy aquifer for water as this can provide information about the recharge occurrence and
therefore provide information about the water availablthésand.Allen et al.(2020)also

found that there was no significant difference between flow frequency distribution from

multiple gauges and flow frequency obtained from Landsat images. Seaton et al. (2020)
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mapped pools in neperennial rives and, Gallart et al. (2016puldalso able to successfully

determine river hydrological phases using aerial photography.

The combination of these approaches indicates that the hydrological phases along a river or
reach can be determined using remotesgg with more ease as compared to other methods.
Remote sensing, like any method, does have its limitation such as narrowanckctud

cover for optical remote sensing which some are discussed in the next sections. It is noteworthy,
that remote sensy is improving to overcome these challenges. For instance, SAR data is being
used to overcome the cloud cover amdges fronmsome commercial satellites have very fine
resolution with submeter spatial resolution amd3-days revisit timesuch as Worldww 1-4,
GeoEyel and QuickbirdNiroumandJadidi and Vitti, 2Q7). Chawla et al. (2020) provides a

general overview of available remote sensing data for mapping water bodies.

Estimation of Surface Water Storage (Volume) in Pools along NPRs

Lakes, wetlands and other water bodies are important in the terrestrial water system.
Information on the inundated area and water volume is essentibéfeffective management

of competing functions and uses such as flood control, drought mitigatiooulagal
irrigation, etc(Cai et al., 2016)Estimating the volume of water in a wabedy is challenging

as it often does not hawavell-defined shape making it difficult to determine the area. Various
approaches have been developed to estimate the volume of water bodies. Generally, water
volume is expressed as a product of the watenpied area and the height of the water from

the bottom of the water body, the differences in the methods are mainly in the way the area is

derived.

In situ methods require shore topography and bathymetry, dditiah are often difficult to

acquire due tae high cosof labour and equipmeiftu et al., 2013)The alternative is to use
remote sensing techniques, since they are capable of deteyhiaidifferent land cover types
including water. Water strongly absorbs the Aafmared, thus the boundary between land
water can easily be defined. Remote sensing data is commonly used to estimate the inundation
of water bodies, thereaftédre volumeis then inferred (e.gLu et al., 2013; Cai et al., 2016).

There are limited studies done on estimating pool volume along NPRs. Seaton et al. (2020)

successfully mappethe surface area of selected pools along NPRs using remote sensing,
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however did not compute the volume. Hence, some of the studies used here are derived from

wetland and lake research as pool volume can be estimated the same way.

One of the approaches to esdite volume is to use the combination of satetldeived data

and fieldobserved measurements. For instance, Lu et al. (2013) useddsddved water
levels and satellitelerived surface area at an annual scale for 40 years. The underwater
geometry wagonstructed using a triangulated irregular network (TIN) volume model. NDVI
and MNDWI were applied to Landsat MSS/TM/ETM+ and1AYB to derive the inundated
surface area. The volume of water was calculated usindgp aalyst tool. The estimated
volume was consistent with the one derived from the fitted equation of themaikh is 366

km?in size.

The Moderate Resolution Imaging SpectroradiometdODIS) imagery was used to
determine the storage of 128 lakes and 108 reservoirs between 2000 andtB@IMangtze
River Basin, China (Cai et al., 2016). The MORI&rived surface area was validated using
Landsat 8 Operational Land Imager (30 m). Storage capacity is highly correlatedwiféce
area at a regional and global scale, thus storage wasatattas:

S=a*pP 2.1)

Where S is the storage, A is the ar@ad a and b are constants which were calculated using
maximum capacity pairs from the lakes and reservoirs. Cai et al. (2016) highlighted few
sources of error including the issue of mixed f[@xghich can either be classified as water or
nonwater,the presence of clouds reducing the number of observations, etc. Ho\Bewé,

and Pavelsky(2008)demonstrated that assuming a linear relationship between the surface area
and the water level is reasonable for many water bodies, and also concluded that the use of
both water level and surface area can yield better resuttpared to estimates from fage

area only

Radio Detection and Ranging (RADAR) has also been successfully used for flood extent

mapping. RADAR can be a solution for weatlhegetation induced errors, as it can penetrate

clouds and able to operate day and n{ghtang et al., 2018; Ritchie and Das, 2015; Smith,

1997) RADAR provides information often unavailable from the optical sensors, limitation of

cloud and vegetation. Synthetic Aperture Radar (SAR) is able to monitor water under

vegetation as long as it is not dense. Huang et al. (2018) have shown the potential of RADAR
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using Sentinel SAR data. Besides having these advantages, SAR data have not been

empoyed as much as optical sensors, due to the limited availability of the data.

Another approach is to derive a rating curve between satellite altimetry data and field observed
storage (e.@hang et al., 2006Y he use of limetry has also been limited to large water bodies
due to the narrow swath, low spatial resolution, small footprint size and complex terrain around
some of the small water bodigslsdorf et al., 2007; Gao et al., 2012; Magome et al., 2003)
Alsdorf et al.(2007) andPoliti et al.,(2016)further argued that altimetry is not very useful as

too many inland water bodies are missed. In addition, the temporal resolution of altimetry is
generally poor (10 days to 35 dayklirpa et al., 2013)As indicatedthe errors are due to i)

poor detection of surface area due to sensors and/or ii) the classification methods (water
identification). Furthermore, Smith and Pavelsky(2008) suggested thatolume can be
estimated by combining satelliteerived surface area, altimetry and in situ measured water
levels(e.g.,Gao et al., 2012; Getirana et al., 2Q1l8dwever, with this approach, Gao et al.
(2012) highlighted that errors can be emitted from altimetry data, surface area, the relationship

and the reported configuration.

Some approaches are fully remaensingbased with no required field measured inputs.
Avisse et al(2017)used Landsat imagery and DEM to obtain information about water storage.
Whereby Landsat imagery is used to estimate surface area and DEM is used to derive
underwater topography of the water bodye obtained storage was compared to observed
storage from a closky lake, there was a good agreement (R=0.84). However, thisdredm

has DEMinduced errors such as determining the elevation/geometry in reservoirs that were

significantly covered with water when tdata used to derive tfizEM was captured.

The combinationof remote sensing derived fromundated surfacarea andvater level from
satellite altrimetrycan be used in estimating water body ager For instanceBusker et al.
(2019)used water surface area obtained from the JSC global surface water dataset which is
derived from L1T Landsat 5, 7 and 8. The satetliéeived altimetry was obtained from the
Database for Hydrologid Time Series over Inland Waters (DAHITI) which combines
altimeter data from different satellites. The improved thresholdacker method achieved
better accuracy. The water levels were strongly related (R<0.8) to the surface area. However,
there was aveak relationship for the smaller lakes and those that had nearly constant area and
those that had no data on the JSC surface water dlasda et al. (2014andGetirana et al.
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(2018)used the same approach and atamtl that there was a good relationship%=rR94)
between estimated and observed voluhine use of both altimetry and surface area is excepted
to be advanced by the launch of the SWOT mission in 2021 as both surface area and water

level are obtained fromne satellite.

A major application of remote sensing on water bodies hasibesstimating the inundation

area of large water bodies such as large lakes and wetlands and it is by far the most effective
method (Hiang et al., 2018). Some studies tatikkirther by estimating volume and discharge.
However, some studies, such @isarma et al(1989)and Avisse et al. (2017) used remote
sensing for small water bodies. Avisse et al. (2017) were able to produce accurate results for
reservoirs smaller than 0.5 kmsing data from Sentin® andLandsat 8. Sharma et al. (1989)

were able to detect water bodies that are smaller than 0.9 ha using Landsat TM. Avisse et al.
(2017) suggested that combining Senti?end Landsat 8 data could yield better results for
small reservoirs as it would redube revisit time and could provide near réale monitoring.

However, like any other methods, the remsgasing derived water body storage methods have
limitations and disadvantages. The use of inaccurate satiliieed data can be carried to the
edimated storage; the inaccuracies can be sensor or algorithm related. The nearly constant
surface area can result in weak relationships used to estimate the volume or rating curves (A
V, H-V, H-A) e.g elevatiorarea relationship, surface arg@@rage elev@on (Alsdorf et al.,

2007; Magomet al, 2003). The water storage will be biased if the characteristics at capacity
are not accurate. The storage capacity might have changed, due to sedimentation over time.

However, it is rare for sedimentation to be thajor cause of errors.

The launch othe Surface Water and Ocean Topography (SWOT) satellite which will have
both altimetry and optical sensors for the surface area measurement will improve the accuracy
of remote sensing, and further advance the appitaf remote sensing in water resource
managementGetirana and Petetsdard, 2013) Fusing RADAR, in particular the Synthetic
Aperture Radar, and the optical remote sensing data can be an advancement in the application
of remote sensing. Hower, there are few SARased products at stfectare (100 m) surface

extent products. Smith (1997) amioresita et al(2018) argued thathe interpretation of
RADAR images is less straightforward than optical images; in addition, theimdnded

waves or emergent vegetation can roughen the surface of opemadies, making it difficult

to distinguish water from other land cover types. Therefore, the ideal situation will be smooth
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and open water bodies. There are also developments of using satellite gravimetry (e.g GRACE)
to estimate water levels and storaparges (e.iwang et al., 201 Wil also aid in improving

the accuracy of remote sensing.

Monitoring spatial and temporal variation of flow in NPRs

The conventional methods of measuring flows that are used for paramars are also used

in non-perennial rivers whereby discharge is a product of average velocity and the cross
sectional area. Using continuous water level measurements from instruments such as pressure
transducers, continuous discharge can be obtain@th fpredetermined stagkscharge
relationships. This relationship is described in the form of analytic formulae and/or graphs
referred to as rating curves. This relationship is verified or calibrated periodically to determine
whether the relationship hatanged which is often caused by channel geometry and/or
channel roughness. To avoid frequent changes in the geometry and channel roughness, weir or
flumes are constructed to stabilize the cresstion. However, this still requires calibration
occasional. Dobriyal et al.(2017)state that weirs are suitable thie long-term monitoring

of small hill streams. Other onaéf or experimental methods include particle image velocity,

float and dilution methods. Howeveén developing countries, the financial cost associated with

the methods (installation, maintenance) becomes a constraint, conse@uiemdgost method

is often usedErrors associated with conventional methods of measuring discharge, even when
they ae used in perennial rivers. However, the errors are often within the required accuracy
for most of the applications. These errors include gauge reading, stage sensor, water surface
to the sensor, hydraulic induced and recorders erf@'srld MeteorologicalOrganization

2010) The norcontact measurement methods, in particular, remote sensing poses the potential
for providing the required information.

Remote sensing is widely applied in hydrologmwever, it is still considered new in the
estimation of wer discharge(Kebede et al., 2020)The general principle is to use the
information that can be derived from satellite imagery (widtld depth) as a proxy to
discharge. Some methods require fisldasured variables; some methods do not, and thus
solely based on remote sensing. The garteend is to move toward estimates that are solely
based on remote sensing without any fieldasured variables. However, the biggest challenge

is that velocity can not be directly obtained through satellite remote sensing methods.
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River discharge cahe estimated using the relationship between gronedsured discharge

and satellitederived inundation area. This assumes that there is a relationship between
discharge and inundated ase&his relationship is described using rating curves. These rating
curves can thereafter be used to solely estimate discharge from remote sensing data. Like in
estimating storage/volume, this is also affected by the determination of the inundated area.
Smith (1997) states that it is difficult to extrapolate the relatign® other rivers, however, it

can be used in ungauged catchments. However, Smith and PavelsBy d@d@nstrated that
satellitederived widthdischarge rating curves and hydraulic geometry (b exponents) converge
around the stable value (b=0.48) whiadicates that the method is transferable to different
locations. This approach is only successful when-idiserved data is available for calibration

as they fail to indicate the dynamic topography of the water surfaces (Alsdorf et al., 2007; Pan
et al, 2016). Some studies show that this can be achieved by using a Digital Elevation Model
(DEM) to derive topographic information such as sl@@ean et al., 20160ther studies argue

that DEM is limited as it can be too coarse, hence problematic for small water bodies. Secondly,
DEMs can be inaccurate when the elevation was extracted when the water body hatdiwater
can therefore be addressed by either using higisolution DEM or in situ elevation

measurements.

Orbital sensors, such as passive microwave sensors do not suffer from clouds and vegetation
interference and allow the separation betweenwater and water pixels, hence they can be
used in the same wasoptical remote sensing datarakenridge et al(2007)used passive
microwave data to estimate discharge in the United States. Advanced Microwave Scanning
Radiometer (AMSRE) at 36.5 GHz was resampled to produce dasiymeates. The study
concluded that AMSHE can provide useful international measurements of daily river
discharge even if only mean discharge data is availablead and Kim(2019)used Sentinel

1 SAR data, and discharge was estimated accurately, but they were not able to estimate in
smaller rivers with a channel width of less than 20 metres. Hirpa et al. (2013) also concluded
that this method cape useful in datgcarce regions. The errors may be due to misclassifying

and rating curveelated issues.

Another common approach is to use satellite altimetry data to estimate digehguigegning
et al., 2018; Zakharova et al., 2006)ke the above approach, discharg estimated from

rating curves developed from satellite altimetry and fialeasured discharge (Equatidf).
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Q=a.(Hz)* (2.2

Where Q is the discharge, a and b are coefficients, H is the heibetedter andz is the zero

flow height.

The errors are relatively small when applied to large water bodies stiobhAgmazon River,

Ob River, Chari River, Lake Chadnd Ogooue River (Getiranand PetersLidard, 2013).

There are few studies where this approach was applied to small waterdvatiresperennial

rivers. As stated the measurements (satellite altimetry) mask many small water bodies.
Therefore, it is not ideal to use it for rperennial rivers as they are often small (<100 m).
Severalstudies have attempted to estimate discharigg tise water balance approach whereby
water body storage, evaporation and precipitation are estimated using reseotsdy data and
water inflows from models. The results vary, for examplelala et al.(2014) obtained
acceptable results in Roseires reservoirs, Sudan, although they obtained high error for lakes in
Egypt. Swenson and Wahi(2009) also used the same approach for Lake Victoria and
concluded that remote sensing data anable to estimate the outflow of the lake with
acceptable accuracy. The error may be induced by the number of inputs required for this
approach (e.g rainfall, evaporation), these inputs have their own errors which are carried into

the discharge estimates.

More recently, there have been attempts to measure discharge with nondaddred
variables. This is achieved by combining remotely sensed stage and width. The combination
of orbital/opticatisensed(e.g NIR) and altimetry data is used to improve theotaigr/and

spatial information or even accura8ichami et al.(2016)used MODIS and altimetry data to
optimize unknown parameters of the modified
Bjerklie et al.(2018) also merged stagg#ischarge and widtdischarge equations, and the
results demonstrated that the use of both altimetry and infrared data improves discharge
estimation. However, due to the spatial properties of altimetry data, both studies were done in
large perennial rivers (channel width >100 mjscharge can be also solely derived from
remotely sensed data by including the channel geometry such as width and depth. This is done
using the characteristics scaling law referred to AisMany station Hydrautk Geometry
(AMHG), which eliminates half of the parameters, required by traditional hydraulic geometry,
and is able to estimate from only repeated surface wi@lemson and Smith, 2014; Gleason

and Wang, 2015)However, the uncertainty in this method is high and still requires prior
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knowledge about the river. The methioals mostly bentested in large perennial riveasid
performed poorly in aiver with temporary flows due to the high variability of discharge
(GleasorandSmith, 2014 Sichangi et al., 2018)

Every technique and sensor has its limitations and advantages. For tHeseheage methods,

the main errors may be high when small changes of a few meters in river width are not easily
detected from remotgensing, and they produce significant changes in discharge. Due to the
high availability of optical remote sensing and advancement in ways to tiesimface area

of thewater body, which makes it uskrendly, the area/width to discharge method hamnbe
commonly used and has shown to be more accurate compared to other methods. The stage
discharge method has also shown good accuracig oot commonly used because satellite
altimetry has poor temporal and spatial resolution, hence it has been mpstyg ap large

rivers, considered as not suitable for small rivers. However, the combination of data from

different sensors can yield better estimates and further improves temporal resolution estimates.

General remarks on the use of remote sensing in ntonng NPRs

The use of remote sensing data for estimating hydrological information offers an opportunity
to obtain information in areas with inadequate coverage -sjtunmeasuremeni8jerklie et

al., 2005) It is possible to use remasensing to map wetry parts of the river system. This
implies remote sensing may provide information about the spatial and temporal distribution of
the pools. Factors and processes can be explained using the physiographic characteristics of
the catchmenRemote sensing also has the potential to estimate river flows. This implies that
the amount of contribution by each stream into the river can be estimated, thereafter identifying
the major source areas. Since NPRs have become more important in wateceresou
management issues owing ttee conversion of perennial rivers to NPRs, there is a need to
monitor these temporary river§he identification of source areas may assist in determining
the streams that need to be monitored for hydoalifications impactg¢Beck et al., 2017)
Furthermore, this will inform monitoring programs in identifying the best methods and tools
for the task. Turneand Richter (2011) state that remote sensing may even be capable of
providing information that cannot be directly feasible when using models and flow data such
as the mapping of the hydrological phase {drgt mapping) of the river system. There are
platforms that provide mapped surface water globally .,(eldtps://globalsurface
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https://global-surface-water.appspot.com/#features

water.appspot.com/#featuresttps://land.copernicus.eu/global/productsywdnd this could

provide readymade useful information about NPRs for any-esdr.

Remote sensing is continuously improving in terms of spatial and temporal resaintion,

the ways the obtained information is processed and analysed (algorithms) to overcome some
of the weaknesses. However, the use of remote sensing has been limited to large (width of more
than 400 m) wetlands and perennial rivers. There are few sfodigsing on pools and flows

spatial and temporal dynamics (occurrence and changes in storage) in NPRs. Whereas, the
potential of using remote sensing to obtain this information has not fully been investigated in
NPRs. Given such potential, this will cabuite towards understanding the spatial and temporal
dynamics of NPRs and in supporting the management of these rivers especiallyscadzta
regions like South Africa and the rest of Africa. There is a need to test the ability of remote

sensing in obtaing this useful information in NPRs.

2.3 Strengths and Limitations of Monitoring Non-Perennial Rivers

The applicability of common methods usedrtonitorNPRs are summarised in Tal2id. The
following were considered: the ability to determine the hyawial phases; the ability to
estimate flow magnitude and pool sizes; the spatial and temporal dynamic of these and the
accuracy at which this can be monitored. The experimentatfficeethods such as were
excluded as they are meant to measure flow andat be used to determine the occurrence of
flow or volume of pools. Overall, in situ monitoring through gauging stations provides good
accuracy buis constrained by financial, institutional, political, and spatial factors, remote
sensing has the poteaitio fill the gap and provides more insights. Hydrological modelling has
alsobeenshown to have advancement in tsiwh modelling beyondheindividual point(e.g,
Jaeger et al. 2019) but the drawback is that it requires input data which may notdigeavai
for many norperennial rivers (Table 2.1). However, it is worth noting that combining these

methods can improve the results and provide greater insights.
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Table 2.1: Summary of the strengths and weaknesses of commonly used methods

-Hydrological phases ca

bedetermine

Method Strengths Limitation/weaknesses | Examples
In-situ river| -Availability of continuous| -Limited spatial coveragq¢ Delso et al.
gaugng data capturing tempor: Costly to install and (2017); Tramblay
variability of flows maintain et al. (2021)
- Zimmer et al.
-Capable of producing day -Exposedd vandalism 2020
with high accuracy ( )
-Presence/size of poo
omitted
Hydrological | - Improves understanding De Girolamo et
Modelling of the main hydrological _Considerable al., (2019));
processes uncertaintyof paramete Jaeger et al
-Can be used for predictiy values (2019)
Daliakopoulos
pUrposes -Input data requires to .
and Tsanis
adequatel represent
quately - rep (2016)
spatial variability, mostly
unavailable
Unmanned | -Appropriate spatial| -Flying Conditions nee¢ Allen et al.
Aerial coverage to be met (2020); Sambokg
Vehicles -High-resolution imagery | -Costly to purchase an etal. (2020)
(UAVS)
-Hydrological phases ca operate
be determine -Laborious (operato
“Flow and pools can b need to be close to th
estimated site)
Optical -Appropriate spatial| -Observation limited by Walker et al.
remote coverage Cloud cover, nightime | (2019);Kebede et
sensing condition al. (2020) Seaton

et al. (2020);
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-Flow and pools volum¢ -Flow and pool volume
can be estimated are inferred from the

-Images wailable at no tq 'nundation of water

low cost
Orbital -Appropriate spatial| -Flow and pool volume Bioresita et al
microwave | coverage are Iinferred from the| (2018); Zhang et
remote _Hydrological phases ca inundation of water al., (2020)
Sensing be determine -Images can be difficul :Ahmad and Kim,

(2019), Mengen
et al. (2020)

-Flow and p00|S can b to Interpret as compare

estimated to optical remote sensin

(Separation betwee

-Images w®ailable at no tc
water and notwater

low cost
features)

-All -weather/alitime

capabilities

2.4 Possible future research directions and recommendations

Much of what is known about the NPRs is based on studies déwsstralig the USA, Spain,
Portugal, and France (Datef al., 2017). Inadequate work has been done in Africa which is
the continent where most NPRs occur and will further be the most impacted by the decrease in
rainfall due to climate change lidled NationsEnvironmentProgramme 2020). This uneven
distribution of knowledge can result in bias in understanding the NPRs systems. Much of the
understanding of the pools and flows dynamics are also based on ecology perspectives and not
often from hydrology and from multiple discipline perspeciv@urrenly, there is a need to
develop ways of monitoring these systems. Based on the challenges of NPRs, some are
highlighted in this review, the future research direction can be derived as follows: future
research should seek to bringuarderstandingf theseriver systems which meamnovative

ways to monitor the river system with a great understanding of the information needed to
effectively manage these rivers, for instance, the use of remote sensing techniques as
highlighted by this study. The innovativeays need to be evaluated, and their strengths and
weaknesses outlined. Beyond monitoring the changes in these rversimperativeto
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establish the factotbat affect the spatial and temporal dynamics of both flows and puals

as precipitation, eyaration, soil properties and geology

2.5 Conclusion

This study reviewed existing literature on the monitoring of flows and pools along non
perennial rivers. NPRs are becoming increasingly significant at both local and globmhscale
there are more N®s than perennial rivers in the world. The ektard magnitude of NPRs are

likely to increase at a high rate due to climate change and-scoimmic uses. There is,
therefore, a need to understand their spatial and temporal dynamics. This Srtblede
comprehension of the effects of climatic conditions, topography, land use/cover type,
underlying geology/bed material on the distribution of flows and pools which may not be well
understood. The significance of each of the factors may differ from one lotatamother as

NPRs are highly variable. The inadequate understanding of NPRs is caused by a lack of
monitoring of these systems. The conventional monitoring methods are laborious, costly, and
may not be adequate to derive some of the information timapmrtant for NPRs. Therefore,

a need for the development of tailmade methods for NPRs. Satellite remote sensing has the
potential of extracting some of the information that may not be feasible to obtain with the
current methods; hence, the need toyf@kplore the potential of remote sensing. Remote
sensing still has its shortcomings such as misclassificatispatial resolution limitations,

but these are being improved through the launching of new and advanced satellites with new

and advanced tenblogy,andtheways howthe dataareanalysedarealso advancing.
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Chapter 3: Use of multi-source remotely sensed data in monitoring the
spatial distribution of pools and pool dynamics along non-perennial rivers in

semi-arid environments, South Africa

This chapter is based pn

Maswanganye, S.E., Dube, T., Jovanovic, N., Mazvimawb., 2022. Use of muHsource
remotely sensed data in monitoring the spatial distribution of pools and pool dynamics along
nontperennial rivers in senmarid environments, South Africa. Geocarto Int. 6;2Q
https://doi.org/10.1080/10106049.2022.2043453
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Abstract

This study explored the use of medtiurce remotely sensed data in monitoring the spatial
distribution of pools and pool dynamics in two distinct sanml sites in South Africa. The
factors that control the pool dynamics were also examinedeTdaer extraction indices were
used, these included Normalised Difference Water Index (NDWI), Modified N®MMDWI)

and Normalised Difference Vegetation Index. In addition, random forest classifier and
Sentinell SAR data were used in mapping pools anol pgnamics for both sites. Overall,
theremotely sensemhethods detected and mapped pools with acceptable accuracy, except for
small pools (<400R). The results suggest that flow occurrences and rainfall are key in
controlling temporal changes in poolges, and there was no interaction between pools and
groundwater. The study showed that remote sensing methods are essential for filling ground
monitoring gaps in neperennial rivers and determining hydrological processes and water

availability from pooldn semtarid environments.

Keywords: Dryland pools, Ephemeral streams, Pool dynamics, Remote sensing, water resource

management

3.1 Introduction

Non-perennial rivers (NPRSs) are characterised by the lack of flows for varying periods during
the year. 8me of these rivers will also have permanent or temporary pools not connected by
flows. These pools are one of the most distinguishing features of NPRs (Hughes, 2005; Datry
et al, 2017), they are found worldwide and are expected to increase as NPRs (€earfelll

et al, 2021 Pumo et al., 2016)lue to climate change and increased secmnomic uses.
Zacharias and Zamparg10) defined pools as shallow water bodies that vary in depth, shape,
and size, and are usually flooded from time to time and last long enough to sustain/support life.

Pools along NPRs are important water sources as they often provide waditesiock and
domestic purposes in rural areas (Zamxala et al. 200édeet al. 201; Naidoo et al. 2020).
In addition thesaesourcegrovideecohydrological servicemnd indirectly support the tourism
sectorandlivelihoods Besides, they also act as halsitdeeding and spawning growidr
various aquatic species (Makwinja et al. 2014). There is a significant spetiese
relationship in pools as species richness increasesthdtsize of the pools(Bonada et al.
2020). Species richness also dependghermphysicalchemical properties of the pools. Pools
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attenuate floods (Liu and Zhang, 2017) as they store floodwater (Datry et al. 2017) and are
regarded as important zones of groundwater and surface water interactions (discharge and

recharge zones).

Despte being important, pools along the NPRs are perceived to be of low value compared to
perennial rivers (Rodrigudzozano et al. 2020), as they are considered an unreliable source of
water. However, of late, pools along NPRs have received attention betdusk ecological
significance (Sheldoet al. 2010Marshall et al. 201Gjhéu et al. 202)) hence also referred

to as refugia or refuge, indicating their ecological importance as a habitat during the dry phase
(Davis et al., 2013)Studies on the ecology of pools have suggested that they should be
incorporated in river anevater management. For instan€&oves et al(2012) state that
protecting these pools should be included in climate change adaptatiorAglearsling to the
definition of Wetlandspools along NPRare part of wetland@Haas et al., 2009)herdore,

they couldbe protected as part of wetlandihe importance of these pools is also recognised

in most environmental flow assessments of NPRs as minimum water discharge is often
maintained to ensure the persistence of pools during the dry géheddoropoulos et al.,
2019)

Although pools are being recognised for their ecological importance, there is still limited
scientific r es odgcalard geonmorphotogidalsaspects {(Bdnada ket al. 2020;
Bourke et al. 2020; Shanafield et al. 2021) due to limitesitthmonitoring sites along NPRs.
Hence, monitoring is an essential step in understanding and managing pools effectively.
However, monitang these pools using 4situ methods can be challenging as they can be
sparsely distributed along the river (Maswanganye et al. 2021). The ability of remote sensing
to distinguish between water and bare surfaces provides unique opportunities to reséor t
pools both individually and at catchment scale. Seaton et al. (2020) demonstrated the potential
of using multispectral remote sensing data (Senflrmhd Landsat 8) in monitoring the pool
surface areas along NPRs with omdk validation. However, ta study indicated that the
number of observations was limited due to cloud cover over the study sites. Synthetic Aperture

Radar (SAR) data such as Sentihalan be used to overcome issues of cloudiness.

However, monitoring pools without understandihgfactors influencing their distribution and
occurrences remains inadequate for the sustainable management of these systems. So far, few

studies have assessed controlling factors of pool storage dynamics across varying landscapes.
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For instanceHamilton et al(2005)investigated the persistency of pools using stable isotopes
andmajoi ons. The results showed that evaporati v
sizes between the flows, and there was no evidence of groundwater inputs into the pools. Using
radon,(Lamontagne et al., 202#gund that most pools were perennial and groundwatein

South Austria. Bestland et al. (2017) also made a similar observation in South Austria, however

they added that the interaction between pools and groundwater may be seasonal, not a

continuous water supply from groundwater to pools.

This study aimed at determining the spatial and temporal distribution of pools in two
contrasting nosperennial rivers located in semiid environments (Touws and Molototsi

Rivers in South Africa). This was done through i) detection of pools along reathes

perennial rivers, ii) accuracy assessment of rematedyn sed pool "adiisur f ace

determination of changes in pool sizes and factors that control these changes.

3.2 Material and Methods

3.2.1 Site Description

The study was conducted indWPRs found in two different catchments in South Africa. The
two NPRs included the Touws and Molototsi River systems, located in the Western Cape and
in the Limpopo Provinces in South Africa, respectively. The Touws River (Figliressandy
gravelabove Adolpaspoot formation shale. The majority of the pools in thipe@mnnial river

are associated with bedrock outcs@pattingh, 2020) (Figur8.2). Grenfell et al. (2021) and
Hattingh (2020) provided geomorphological account of how thegtoform.

The geology of the Molototsi study site (FiguB4) is predominantly characterized by the
Letaba Gneiss lithostratigraphic unit, although the upper part of the catchment includes
Duiwelskloof Leucogranite. The substrate of the river is sandyu(€ 3.2). The river is
surrounded by communities (human settlements), with agriculture taking place in the riparian

zone along the river.
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Figure3.1: Location of the monitored pools along the Molototsi and Touws River

catchments.
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Figure3.2: Field photographs showing typical pools along the Molototsi (top) and Touws
River (bottom).

3.2.2 Remote Sensing Data Description and Collection

This study made use of open and freely available remote selaa@he choice and selection
of these data ereinformed bythe lack of highresolution spatial data in many developing
countries that cannot afford commercial satellite data sets. Seatimelges were therefore
used.Sentinel2 comprises twin polaorbiting satellites in the same orbit, phased at 180° to
each other. The combination of these satellites reduces the revisit time from I6rasmch
satellite to 5 days at the equator an8l @ays at midatitudes. Sentine2 has 13 spectral bands
in total, faur bands at 10, six at 20 m and three at 60 m spatial resolution. Sentiatl are
provided at different prprocessed level(1B, 1C and 2A) products for users. The data were
acquired fromthe USGS earth explorehttp://earthexplorer.usgs.goa&tcessed on 8 August
2020) and the Copernicultips://scihub.copernicus.eaé¢cessed on 8 August 202@¢bsite.
The level 1C data were downloaded from the USGS website throughout the study duration.
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Further, this study included SAR data obtained by Sentinelovercome the cloditiduced
challenges of optical remote sensiiggntinell has Cband imagingoperating in 4 modes

(strip map, interferometrizvide swath, extravide swath and wave modes). This band can
reach down to 5 m and cogesiswathof up to 400 km. Each satellite has add# revisit time

at the equator, the revisit time is bettered byt satellites (SentinelA and SentinellB)
orbiting in the same plane (~700 km above the earth), resulting in a revisit time of 6 days. For
the Sentinell, SAR data under interferometric widwath (IW) mode were downloaded from

the National Aeronauticand Space Administration Alaska Satellite Facility (NASA/ASF) (

https://search.asf.alaska.ed)/#h total, eight images with dates closest to the field surveys

were uged for accuracy assessmdmtble 3.1). The use of Sentinel was informed by its
performance in water resources and other related environmental appli¢&icansy etal.,

2017; Seaton et al., 202@Qjterature has shown that SentiwZeperforms better than Landsat 8

and has a better spatial and temporal resolution. For example, Seaton et al. (2020) highlighted
that clouds are problematic ftre extraction of wateareas using Sentin@l (optical remote
sensing), as they reduce the number of observations, hence the need to uselSeatmel
(Seaton and Dube, 2021).

3.2.3 Field Data Collection

During field visits, global positioning system (GPS) measurements codlexted along the
edges of the pools (boundary of water and-water) in the study areas using a héetd GPS

with an error of margin ofless than 3 mThe accuracy level was within five metres for all
collected points and approximately three metremtafp-igure3.3). To assess the factors that
control the changes in pool sizes, additional hydrometeorological data were needed. A few
datasets including rainfall and flow occurrence obtained from the local community were used.
Weather station data weretalmed from the Agricultural Research Council. Landcover data
were obtained from the National Geographic Institute (NGI) of South Africa. Groundwater

levels were continuously measured using dataloggers in the vicinity of the pools and river.
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Figure3.3 Example of the fieletollected points using a GPS in fheuws Riveron a

Google Earth map.

Table3.1 Field visits and image acquisition dates

Site Field Visit Sentinel-1 Image Sentinel-2 Image
Touws River 2019/07/31 2019/07/27 2019/08/01
2020/12/14 2020/12/16 2020/12/12
2021/03/30 2021/03/30 2021/03/28
Molototsi River | 2020/01/08 * *
2021/06/30 2021/06/28 2021/06/30

*|ndicatesnot used because of clouds on Sentihel

3.2.4 Pool Extraction from Satellite Data

Two methods were used to derive the spatial distribution of pools along NPRs. Field surveys
and satellite images were used to identify and determine the locations of pools and pool sizes.
Various remote sensing derivates were tested; these included theViNIDWI, NDVI and

random forest classification derived from SentiBalmages and Sentinél SAR data. To
understand pools and pool dynamics, rainfall, flow occurrence, groundwater levels and
evaporation rates were integrated. A detailed summary of ttiedseis summarised in Figure

3.4
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Figure3.4 A flow diagram illustrating the methodological procedure used in this study.

Sentinel-2 Pre-processing and Analyses

Preprocessing and analysis of satellite images were conducted to detect water bodies/features.
Seaton et al. (2020) compared atmospheric correction methods (Sen2Cor, DOS1, TOA), and
concluded that the Top of the Atmosphere (TOA) reflectance images ameo#iiesuitable
methods for Sentin&. A similar conclusion was made Bumora et al(2019) Seaton et al.

(2020) further indicatedhtat the incorporation of atmospheric correction can eliminate some of
the significant water surface areas. Therefore, the TOA images were used for this study. The
downloaded Sentinél images were first resampled to 10 m using Sentinel Application
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Platform(SNAP) with Band 3 as the reference band. Water indices were used to extract water
areas from the images because the method is relizd®efriendly, efficient, and with low
computation costDu et al., 2016)The processing was done using SNAP and ESRI ArcGIS
10.3 software.

Water indices are used to distinguish between water andvatar features. This study used
the most commonly used water indices, including Normalized Difference Water Index (NDWI)
(McFeeters, 1996)Equation 3.1), the Modified Normalized Difference Water Index
(MNDWI) by Xu, (2006) (Equation3.2), and the Normalised Differential Vegetation Index
(NDVI) by (Tucker, 1979)Equation3.3).

00w "0Oi QQH OY 0 QQ& OY (31)

where Greelis thegreenband and NIR is the neafrared band. Pixels of watbave positive

values.

DUOW™O Of QA¥Ww'@W Oi QQ¥w QY (3.2)

where Green ithegreenband and SWIR itheshortwave infrared band. Pixels of wateawve

positivevalues.

5000 6 OYYQ®) OYYQQ  (33)

where NIR is theNearinfrared band, Red is theed band. Pixels of thevater body hae

negative values.

The random forest classification as prepd byBreiman,(2001) was also used as it is one of

the commonly used methods and has been proven to produce higher accuracy in the extraction
of water areas than other supervised classi{i@charya et al., 2018; Kalaivani et al., 2019;

Ko et al., 2015) Random forest classification is an ensemble classification that produces
multiple decision trees usjy a randomly selected subset of training images. In this case, the
pools that were assessed were excluded from the trainirandeatll bands of Sentinélwere

used in the classification
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Shadow removal

Mountain shadows can be easily confused withewareas as they have similar spectral
signatures as noted by Xu (2006). The random forest was also used to classify the areas of
shadows, and an outcome raster was used to clip out areas that the indices might have confused

to improve the classificatioaccuracies.

Sentinel-1 Pre-processing and Analyses

Sentinel Application Platform (SNAP) was used for-precessing the Sentinélimages.
Firstly, the images were calibrated to convert raw digital numbers to the RADAR backscatter
coefficient. To reducspeckle noise, the lee filter was used with a 3x3 kernel width and height.
The images were aligned and corrected for elevation interference using the STRM 3sec DEM
which isautcdownloadedyy the SNAP tool. Water surfaces act as mirrors and reflect almost
all incoming radiation; they cause very low backscatter. Therefore, surface water detection
using SAR data is often based on applying a threshold of the SAR backscatter coefficient, with
low backscatter values attributed to surface w@gbambDuc et al., 2017; Seaton and Dube,
2021) Therefore, ahresholding method was used to separate water anevai@n features

from Sentinell data. A threshold was determined for each scene, as the accuracy of Sentinel
1 in distinguishing water from other features is affected by widdced roughness effects,
poor image quality (speckle noise) and incidence angle variance (Bioresita et al. 2018).
However, based on multiple trails, the threshold used for this study-®asIB on the VH
polarisation.

3.2.5 Accuracy Assessments

General classification accuracy at catchment scale

Accuracy assessment was done in two folds, the one to focus on the location of the pools along
the rivers and the other focused on the pool size. Random points were created and labelled
based on expert knowledge of the area and-tegblution images from Google Earth Pro to
obtain reference points for accuracy assessment at the catchment level. The location of the
field-observed pools were also added to the random points; this was done to avoid having the
random points exclusively inne class (nonvater), as water bodies cover a small portion of

the catchment. Pixel values were then extracted for the created points. The extracted values
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were then compared to the field observations
accuacy were computed, derived from Tald2. True Positive is the number of correctly
extracted water pixels, False Negative is the number of undetected water pixels, False Positive

is the number of incorrectly extracted water pixels, and True Negativee iaumber of

correctly rejected newater pixels derived.

Table3.2: Confusion matrix used for accuracy assessment

Reference Data

Water Non-water
Classified Data | Water True Positive False Positive
Non-water False Negative | True Negative

Accuracy assessment of remotely-sensed pool’s surface area

The accuracy of the detection of pools was examined to determine the method to be used for
pool dynamics (time seriesJwo representative pools were selected at each of the study
catchments. Thpools were selected based on the feasibility to monitor using satellite images,
determined by prénspection. The variation in the riverbed material (bedrock, sand, gravel)
was taken into account in order to determine how the underlying material affectsgho o | * s
storage. Proximity to hydrometeorological monitoring stations was also considered in the
selection of pools. Accessibility, in terms of roads and permission, was considiérsd.
digitised field boundary of the pools was used as referenceldtbuffer technique proposed

by Brovelli et al.(2015)was applied to develop a confusion matrix (T&h®) for the accuracy
assessments. All pixels within the boundaries of the surfaes adies digitised were known

to be water pixels. All pixels within the area of the buffer were known to bevater pixels.
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Assessing the difference between the observed and remotely-sensed surface area of pools

The surface water areas of the selected pools were measured during the field visits. These were
then compared to the sizes obtained from the remote sensing using the Differential Area Index
(DAI) also referred to as the deviation. DAI is a dimensionledsxmsed to compare true area

and estimateAcharya et al., 2018; Sawunyama et al., 2006}his study, DAI was used to

get standardised differences between the obsexeml and the estimated area of pools by
remote sensing approaches (EquaBal). The DAI values range froni to 1, with O being

the perfect score indicating total agreement d@n@énd 1 being the worst scores, negative
indicates underestimation and pog&tindicates overestimation (Acharya et a018). In this

study, we multiplied the DAI by 100 to obtain Percentage DAI, which allows for a standardised

comparison.

DAI= (Ao-Ae)/A0 x 100  (34)
Where Ao is the observed aread Ae is the estimated area.
Changes in the sizes of the selected pools

Based on the performance of the methods, the most suitable methoded to estimate the
changes in surface area of the pools from 2019 to 2021. A total of 27 images were used, these
were selected to represedifferent phases, from when the pool is full to its driest state.
Rainfall, flows occurrence, evaporation rates and groundwater levels were used to explain the

factors that affected the changes in pools sizes.

3.3 Results

3.3.1 Detection of pools along Touws and Molototsi Rivers at catchment scale

Remote sensing methods were able to detect the pools along NPRs, although the accuracy of
the results varied with methods and site. In the Touws River, when the MNDWI was applied

on the Sentine? image, 7 ouof 11 pools were detected (Tald8). All pools that were not

detected were relatively small (>400)nin size. The NDWI detected 10 of the 11 pools,
however, it detected most parts of the river as water (FRjGyeThis is evident from the high
producer’s accuracy and 3H5hNDVipmasable to detectthse a c c

five largest pools. Random forest classification and the Setit{(8dl) thresholding correctly
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detected four ofhelargest pools. Alog the Molototsi River, the eight surveyed pools had an
average size of 1033%nand an average depth of 0.3 m. NDWI detected 3 out of 8 pools.
MNDWI, NDVI and supervised classification (RF) detected 2 of the 8 pools, whereas the
thresholdeeSentinell did rot detect any of the pools. The poor detection of pools in this study
site can be attributed to the sizetbé& pools, the majority of which were fairly small. The
methods failed to detect the smaller poatsit was the case for the Touws River. Thevesties

in the Molototsi study area did not show an overestimation (noise) of water surface areas
(Figure3.5).

Table3.3: Detection of pools along the Touws (A) and Molototsi River (B)

Touws River (A)

Surface
Depth
Pool name Area MNDWI NDWI NDVI RF S1
, (m)
(m?)
Touwsberg Farm
237.8 0.41 ubD ubD ubD ubD ubD

1

Touwsberg Farm
2

9694.5 0.94 Detected Detected Detected| Detected Detected

Sean 697.2 0.3 Detected Detected ub ubD ubD

Wolverfontein 1
4403.5 0.76 Detected Detected Detected| Detected Detected

(WwW1)
Wolverfontein 2
7198 1.3 Detected Detected| Detected | Detected
(WW2)
Touwsberg Detected as
158.4 0.4 ubD ubD ubD ubD
Office 1 one
Touwsberg
] 27500 0.9 Detected Detected| Detected | Detected
Office 2
R62Bridge 413 0.46 ub Detected | Detected ub ub
JJ1 680 1.4 Detected Detected ub ubD ubD
JJ2 1640 0.75 Detected Detected ub ubD ubD
Die sand 166.4 0.17 ub Detected ubD ub ub

Molototsi River (B)
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Pool name Surface | Depth MNDWI NDWI NDVI RF S1
Area(m?) (m)
Mol_pool 1 127 0.28 ub ub ub ub ub
Mol_pool 2 578 0.3 ubD ubD ubD ubD ubD
Mol_pool 3 3448 0.46 | Detected Detected | Detected| Detected ub
Mol_pool 4 2880 0.43 | Detected Detected | Detected| Detected ub
Mol_pool 5 337 0.35 ub ub ub ub ub
Mol_pool 6 590 0.52 ubD Detected ubD ubD ubD
Mol_pool 7 111 0.29 ub ub ub ub ub
Mol_pool 8 190 0.28 ub ub ub ub ub

*UD= undetected
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Figure3.5: Performance of the methodstive detectionof water surfaces along the Touws
(A) and Molototsi river (B). Green dots indicate detected pools, red dotsisiaetected
pools, and orange dots show two or more pools that were detected as one.
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Overall, the adoptetemote sensingiethods were able to distinguish between water (pools)

and nonwater pixels (roads, buildings, mountainous shadows, vegetatidiare land) for

the two study sites. MNDWI outperformed other methods (Overall Accuracy= 89%), whereas
NDWI hadahi gh score for u 8.6).r Thes ND¥Ichadutheaability tol Fi gur
distinguish between water and naater pixels. The thresholded Sentiig|S1) data had the

worst performance wittheu s er s and producer’s accuracy of
Mol ot otsi area, high user’s and overal-l accu
water pixels could be mapped with high accurdagyre3.6) . However, the | ow
accuracy scores were recorded for all methods due to failure to detect the smaller pools, as
these were predominant in this study area. The MNDW!I and NDVI performed better than the

other methods, and Sentirielwasthe worst.
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Figure3.6: Accuracy of the methods in distinguishing water andwater features dhe
catchment scale in the Touws (A) and Molototsi river (B)
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3.3.2 Accuracy assessment of remotely sensed pools’ surface areas in the Touws and

Molototsi river

The surface areas obtained with MNDWI, NDWI, NDVI and RF applied to Sef#timehge

and Sentinell threshold (S1) were compared to the field obtained surface areas. Random forest
classification and thresholding of Sentiiehad theh i g h e s t user’
WW1 and WW2 pod (described in Tabl8.3), respectively. Overall, MNDW!I outperformed

the other methods as it had acceptable accuracies for all three accuracy measures for both pools,

S accur ac

ranging from 74% to 80% (Figure.8Vhen comparing the scores from the two pools, the
WW.1 pool size was better estimated. Field survey was done from 30 June to 1 July 2021 along
the Molototsi River. The MNDWI slightly outperformed the other methods for Pool 3 (Figure
3.7), whereas NDWI wathe only method that detected Pool 6. S1 had the worst performance
as it did not detect both pools. Comparing the extraction of the two pools, Pool 3 was better

extracted when all methods are considered.

49



100 A
90

80

70

g 60
oy

@ 50
3

g 40
<

30

20

10

0

MNDWI NDWI NDVI RF S1 MNDWI NDWI NDVI RF S1
WwWwi WwWw2
M User's Accuracy ™ Producer's Accuracy  ® Overall Accuracy
100 B

90

80

_70
2

360
(]

550
o

£ 40

MNDWI  NDWI NDVI MNDWI NDWI NDVI RF 51

Mol_Pool3 Mol_Pool6
W User's accuracy Producer's accuracy ® Overall accuracy

Figure3.7: Performance by MNDWI, NDWI, NDVI, R&nd S1 in the classification of pools
in Touws (A, WW1 and WW=2VNolverfontein 1 and 2 pool) and Molototsi River (B, Pool 3
and 6).

The difference in observed and estimated surface areas of pools

The pool areas estimated with remote sensing tended to testmated for both pools (Table
34). Further, the MNDW!I showed lower errors when estimating the surface water area of
pools, as it outperformed all other methods, in one instaheedifference was 1.5%. The
thresholded Sentindl data and NDVI showedidgh differences/errors ranging from 43% to
100%, although NDVI had the best estimate for the WW1 pool on one occasion (PDAI=

8.6%). When comparing the estimates for the two Touws pools, the WW1 pool was better

50



estimated. For the Molototsi pooDWI showed lower errors when estimating the surface
water area of pools, as it outperformed all other methods, with PDAI of 5.9% and 33.3% for
Pool 3 and Pool 6, respectively. The thresholded Serttidata had the highest errors of 100%
for both pools, indicatig that pools were not detected. When comparing the estimates for the

two Molototsi pools, Pool 3 was better estimated.

Table 3.4: Percent Differential Area Index for three surveys in Touws (A, pools WW1 and
WW?2) and one survey Molototsi (B, pool 3 and 6)

Touws River (A)
WW1 pool
MNDWI NDWI NDVI RF S1
-25.7 -711.4 -8.6 -31.4 85.7
6.1 78.8 100.0 53.0 43.4
15 81.8 100.0 87.9 77.5
WW?2 pool
MNDWI NDWI NDVI RF Sl
-28.9 58.5 65.5 -31.7 96.2
26.2 74.6 93.1 50.0 71.0
-11.3 27.4 68.9 22.6 70.2
Molototsi River (B)
Mol_Pool 3
MNDWI NDWI NDVI RF Sl
8.8 5.9 61.8 67.6 100.0
Mol_Pool 6
MNDWI NDWI NDVI RF Sl
100.0 -33.3 100.0 100.0 100.0
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3.3.3 Changes in pool sizes and factors that control the changes in Touws and Molototsi

Rivers

There were four major flow events Touws Riverfrom 2019 to May 2021. The maximum
surface water area estimated was 120G0amd 20800 rh for WW1 and WW?2 pools,
regectively (Figure3.8). The maximum surface area was stable for WW1 but fluctuated for
the WW?2 pool, possibly due to errors of WW?2 detectiauring the study period (2012021),

the pools were at the driest level in January 2019 with surface areas cdri6@00 rf for

WW1 and WW2, respectively. This was afteo years of no river flows. This was followed

by October 2020 when the pools had surface water areas of 3700 andSROWW1 and

WW2, respectively. This was after six months without signifidafliows. Compared to
Touws, Molototsi had two major flow events during the summer season of each year. The pools
were present at the end of flow events in February/March and dried out in June/July of each
year (Figure3.9). The maximum surface water amas estimated to be 290 and 1300

in Pools 3 and 6, respectively. Pool 3 was completely dry in 2020 and did not exist in 2019.
Pool 6 dried up in June 2020, and it was almost completely dry in June 2021 with a surface

water area of 100 fn
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Figure3.8: Changes of the surface water area of WW1(green bars) and WW?2 (red bars) in
the Touws River when full, at intermediate and dry stage
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Figure3.9: Changes of the surface water area of Pdgr@en bars) and Pool 6 (red bars) in

the Molototsi River wheffull, at theintermediate and dry stage

The remotely sensed estimates of surface water area correlate well with rainfall and flow
occurrence for the Touws River (FiglBel0. After flow events, the surface area of the pools
increased to maximum size. The flow event marked with red occurrecstteam of the WW1

pool, thereforeit did not affect the size of the WWL1 pool. Rainfall adds water that maintains
the pools, delaying the drying up of pools. The surface area of pools decreased after the major
inflow; this means some losses occurred. Bithallow and deep groundwater levels did not
show any notable changes in relation to the surface area of the pools, rainfall and the occurrence
of flow. This suggests that there might be no vertical interaction between the pools and the
groundwater systenThis indicates that water is lost to the atmosphere through evaporation
and to the unsaturated zone. Potential evaporation at the site was 94 and 82% higher than
rainfall in 2019 and 2020, respectively. Evaporation, therefore, plays a significant releem w
losses. These patterns were observed for the two pools, although the maximum size of the
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WW?2 pool fluctuated and should have been affected by the event that occurred in October

2019, however, there was no increase in the size of the pool (Bi§ure
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Figure3.1Q Changes of the surface water area of WW1 (green bars), WW2 pool (red bars),
with daily rainfall (blue line), the occurrence of flow (purple dot), shallow (orange line) and

deep (green line) groundwater levels, evaporation (purple line).

In the Molototsi site, remotely sensed estimates of the surface water area correlated well with
rainfall and the occurrence of flow for Pool 6 (Fig@ré1). Rainfall addedo thewater that
maintained the pool, delaying the drying up of the pool. The susiazeof pools decreased

after the major inflow; this means some losses occurred. Groundwater levels did not show any
notable changes in relation to the surface area of the paoiall, and flow occurrence,

suggesting that there might not be verticagraction between the pools ahe groundwater
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system. This suggests that water is lost to the atmosphere through evaporation and to the
unsaturated zone. In this area, potential evaporation was 77 and 75% more than rainfall
received in 2019 and 2020,spectively. There was no evident relation between rainfall and
Pool 3. Other factors such as river sand mining and water withdrawals from the river might

have influenced its siz
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Figure3.11 Changesn the surface water area of Pool 3 (green barsPamd 6 (red bars),
with daily rainfall (blue line), the occurrence of flow (purple dot) and groundwater levels
(orange line). The black dastiline indicates the start of groundwater pumping on the site.

55



3.4. Discussion

This study explored the use of re®@ensing in monitoring the spatial distribution of pools

and pool dynamics along nguerennial rivers in two distinct areas. The results showed that the
pools intheTouws River were bigger thahe poolsin the Molototsi River. This might be due

to the Molototsi River having sandy bed material with high hydraulic conductivity draining
water after flash floods (Walker et al. 2018). In contrast, the Touws River has bedrock that is
not far from theiiverbed hence it is classified as a mixed alluvial and bedrock river (Grenfell

et al. 2021). Furthermore, Molototsi has a clear dry and wet season, whereas the Touws River
receives rainfall and flows at any time of year. However, the use of remotely sensed data

demonstrated the capability to detect pools at both river and poos.scale

In both rivers, pools with shallow water (depth of approx. 0.3 m) were detected, but those that
were small in surface area were not detected. The failure to detect pools witlsiaraake

areas may be due to the satellite image resolution, where pixels including small pools are
detected as newater. The MNDW!I and NDWI detected pools better than other methods in
both Touws and Molototsi Rivers, respectively. However, the MNDWIndiddetect pools

that were smaller than 400°nThis is due to thehortwaveinfrared band of Sentiné having

a slightly coarser spatial resolution (20 m). Resampling it to 10 m did not make a difference,
whereas the NDWI uses bands that have a 10 mmabpesolution and it was able to detect
some pools that are less than 460Lmet al.(2021)made the same observation when mapping

a small river. The NDWI is known teave challenges in separating shallows and-bpikireas
(Bangira et al., 2019)This might explain why # index did not outperform MNDWI on the
mountainous Touws River site as compared to the relatively flat Molototsi site. All this also

suggests that the small pools require better resolution imagery in order to be detected.

The random forest classificatiatetected the pools with acceptable accuracy, however it did

not meet expectations at bdtie catchment and pool scale. This might be because pools tend

to have different characteristics that affect the training of the classifier, such as the presence of
algae, vegetation, sediments in the pools, and the size and shape of the pool. Even parts of
pools can have different spectral signatures. All these might have limited the detection of pools
by the random forest classifier as there are usually few watkedthat can be used to train

the classifier in these dry areas. As a result, the training might not be diverse enough to capture

the differences found in pools. Bangira et al. (2019) state that this is the disadvantage of

56



machine learning classifiers.@mel 1 did not perform well compared to results obtained from
Sentinef2. This is similar taheresults obtained by Bangira et al. (2019). Although Sentinel

1 had been applied to mapping floods over large areas, it was not suitable for detecting pools
at both study sites. For an index that was produced to detect vegetation, NDVI performed well

in both catchments.

When comparing the accuracy at the pool ' s
estimated better than the WW2 pool. All methods hadtditiy in classifying the pixels around

the WW2 pool due to the shadow in the morning, the time of day when Seéhtaetures
images. To reduce this misclassification, the random forest classifier was trained for the hill
shadows, thereafter, some misslified pixels were removed. Pool 3, which was the largest
pool in the Molototsi River, was also detected better than Pool 6. However, only the NDWI

was able to detect Pool 6.

In both catchments, the surface area of the pools generally correlated wéllendttcurrence

of flows and rainfalkexcept forone flow event that did not match the change in surface area of
the WW2 pool. The results showed no notable responses of groundwater lekelsutdace

water area of the pools, nor to rainfall and rivews. This can be attributed to the nature of
the underlying geology of the study sites, shale for Touws and gneiss rock for Molototsi. This
suggests that the pools are not losing water to the groundwater system. These findings differ
from many studies thaave indicated that groundwater sustains the pools (Bestland et al. 2017;
Lamontagne et al. 202IHowever, Walker et al. (2018) made the same finding in the Molototsi
catchment using water levels and geochemical analyses. Hamilton et al. (2005) spuolded
findings for pools in Australia, adding that clay found at the bottom of pools can also contribute
to reducing the interaction between groundwater and pools.

The results imply that altering the flow regime will significantly affect the spatdalilolution

of pools and pool dynamics. The pools are not only important water sources for the surrounding
communities, but they also provide habitat and maintain the aquatic life of the river (Bonada
et al. 2020). Further, they improve food security ingheounding communities (Sustainable
Development Goal 2) as complete drying of pools may result in total loss of aquatic life,
including fish (Marshall et al. 2016). The results also showed that pools at the study sites might

not be sensitive to groundveatabstraction.
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3.5 Conclusion

The study demonstrated the potential of using remote sensing methods to determine the spatial
distribution and dynamics of pools in two contrasting -perennial rivers, the one
characterized by sandygravel bed with pools associated with bedrock outcrops (Touws
River) and the other exhibiting a sandy alluvium with pools migrating following flow events
(Molototsi River). Remotasensng methods detected pools with acceptable accuracy in both
rivers, except for small pools (<400%n Overall, MNDWI performed better than other
methods in the mountainous Touws River, whereas NDWI performed better in the relatively
flat Molototsi floodplain. The pools in the Touws River showed a perennial patterreasher
pools in the Molototsi River showed ephemeral behaviour persisting only for a few months
after flows. Rainfall and flow occurrences are key in controlling temporal changes in pools
sizes, and there was no evidence of interaction between pools andwatemin both rivers.

Water balance analysis, however, may be able to clarify, to a greater extent, how these fluxes

are responsible for the changes over time in pools.

Remote sensing proved be a useful approach to record water occurrence and aljilabi
poorly monitored nofperennial rivers. It is suggested that this approach could be used to fill
ground monitoring gaps in ngrerennial riversand it could be incorporatedtmnational
hydrological monitoring networks. Water available in fpmrennial river pools can be
considered an important water resource in s&mai environments. If properly managed, this
additional water resource could serve to provide watdiestock andlomestic purposes in
rural communities. It also providexohydrobgical services such as flood attenuation and
storage of floodwaters, as well as habitéegding and spawning ground for various aquatic

species, thereby indirectly supporting the toursgutorandlivelihoods

58



Chapter 4: Using the water balance approach to understand pool dynamics

along non-perennial rivers in the semi-arid areas of South Africa

This chapter is based pn

Maswanganye, S.E., Dube, T., Jovanovic, N., Kapangaziwiri, E., Mazvimavi, D., 2022. Using
the water balance approach to underdt pool dynamics along ngrerennial rivers in the
semtarid areas of South Africa. J. Hydrol. Reg. Stud. 44, 101244.
https://doi.org/10.1016/j.ejrh.2022.101244
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Abstract

Study FocusThis study sought tonprove the understanding of pool dynamics (Wolverfontein
1 and 2) along neperennial rivers (NPRs) hytilising the water balance afgach to assess
the water fluxes that influence pool dynamiecghe Touws RiverThe water balance model

made use of various-situ and satellitelerived data.

New Hydrological InsightsThe analysis of the water losses from the pool showed that most
of the water was lost through evaporation. The interaction between the pool and groundwater
is dependent on the water levels, as the pool loses water to the subsurface up to a certain depth
then it starts gaining. When the Wolverfontein 2 pool is full, ih catain water for
approximately 258 days without having a surface water inflow. A water balance model was
established, and it simulated the water levels with a high correlation of 0.9. This model was
also evaluated in the neighbouring pools, and whalienitilated the water levels of the upstream

pool well, this was not the case for the downstream pool. When remote sdesiggl rainfall

and evaporation data were used in the model, the simulated water levels had a slightly lower
correlation of 0.7 withhie observed water levels. Overall, the remotely sedsisgd monthly

fluxes estimates could not provide the detailed pool information that was required for the water
balance. Errors may have arisen, or they may have been inherited, from any of the three
remotely senseparameters, namely, the surface area, the rainfall or the evaporation. Although
remote sensing did not provide detailed information, it is worth noting that it provides baseline
information on the pool dynamics. Overall, this work undersctire relevance of multisource

data and the water balance, it helps to better understand the pool dynamics and it will help with

the better management of NPRs.

Keywords: Dryland areasPool hydrodynamics; Hydrological water balance; River ponds;

Temporary Rivers; Water budget

4.1 Introduction

Non-perennial rivers (NPRs) comprise all rivers that cease to flow for certain periods of the
year. These occur globally and across all climatices and biome@essager et al., 2021)

and their occurrence is increasing due to climate change,-sgoiabmic uses, and lause
effects. For some NPRs, when flows ceagater occurs in pools along these rivers. These

pools are of importance for aquatic life as refugia and surrounding communities as a source of
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water for livestock, garden watering and domestic (Ma&swanganye et al., 2082 Pools
occurring along NPRs have been recognised for their ecological impoflitwéceet al., 2020;
Marshall et al., 2016; Sheldon et al., 2QI)ere is a relationship between the ecological state

of pools and theinydrology. For example, Bonada et al. (2020) found that larger pools tend to
have a higher species richness and abundance. Because of this, pools are often considered when
determining environmental flows. There is, however, limited information abouatbeerand

causes of spatiotemporal variations of water storage in fBotgada et al., 2020; Bourke et

al., 2020; Shanafield et al.,, 202I)his knowledge gaponstrains the formulation of
appropriate management measures. Consequently, management decisions are made by
extrapolating knowledge based on the spatiotemporal variations of water storage in lakes
(Bonada et al., 2020; Maswanganye et al., 208hanafield et al. (202Xcommended the

need to improve the understanding of the persistence of pools and how they are impacted by
climatic shifts and groundwater abstractioRgrthermore, the communities that utiliseshe

pools need information for allocation and planning purposes; for example, how long will it take
for them to dry ugAli et al., 2015)

Routine monitoring of water storage in pools along NPRs has not been included in most
national hydrological monitoring systems, partly because these systems are often considered
to have low valu¢Rodriguezl.ozano et al., 202@nd due to the absence of adequate financial
resources. There are also physical limitations, as some of these pools are not easily accessible,
and some may dippear after flow events, depending on riverbed mat@etingh, 2020;
Maswanganye et al., 2082 However, very few studies have shown that remote sensing can
provide useful information about these pools, including their spatial distribution and size
(Maswanganye et al., 2021; Seaton et al., 20d8swanganye et al. (20@2found that river

flows are the major controlling factor of pool dynamics and suggested that rainfall is importa

for delaying the drying out of pools in the seanid and arid environments of South Africa.
However, the study also expressed that there is a need to assess pools in detail, in order to gain

a better understanding of their hydrodynamics.

Several methds can be applied for assessing the pool water fluxes. These methods include
direct measuremen{saBaugh et al., 2016as well as linear and multiple regress{&mtasik

et al., 2@0). Although direct measurements are accurate, the limited availability of data on
some components remains challenging, due to the complexity associated with field

measurements and monitoring. For instance, it is challenging to quantify the interaction
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betwesn groundwater and pools. The linear and multiple regression methods also require data
and are easy to use, but difficulties are experienced withimear and nosrstationary systems

(Li et al., 2016; Seo et al., 2019)o overcome this issue, more complex prodessed models

are used, such as deterministic and stochastic models, while Artificial Intelligencanghl)
machine learning have also been used to assist with the complexity of the water §gstems

et al., 2015)These models may have difficulty estimating beyond the data ranges that are used
for training and they may be difficult to interpret, due to hiddeocesses (layer§ljalebizadeh

and Moridnejad, 2011)While environmental tracers can also be used to qualify the water
sources in a pool (as in Hamilton et al., 2020), in some cases, water types cannot be separated

by a hydrochemical analysiBourke et al., 2020)

The water balace approach has been widely used to represent and predict changes in water
storage of water bodid#\li et al., 2015) This approach is based on the law of conservation
and has been used to understand water fluxes that influence water body dynamics and simulate
the water availability in hydrological systensich as lakes and wetlan@ronewold et al.,

2020; Mbanguka et al., 2018he water balance, like other methagsjuires data or estimates

of each of the hydrological components (evaporation, precipitation, surface wagerdin
outflows and groundwater4rand outflows). However, the advantage of the water balance is
that it can be used to estimate an unknown corepbof the water balance equation. This
component is usually the groundwaterand outflows, which are difficult to measure directly

(e.g, Xiao et al., 2018)For instanceParsons and Vermeulen (20¥dund that ~16.9 and
83.1% of the water lost by the Grodei Lake were due to groundwater outflows and
evaporation, respectivelyn addition, the water balance method can be used to predict the
responses of pools to changes in inputs or outflows. This information can also be used to predict

how developmentar example, building a dam, will alter the hydrology of a water body.

Although the water balance has been applied to understand the dynamics of water bodies across
the globe, it has not been used to understand pools along NPRs. Masyeagigain (2028)
andBourke et al. (20203uggest that the water balance approach can assist in improving the
understanding of pool dynamics, which could be useful in the management of NPRs and their
contributing catchments. Therefore, this stwdms to improve the understanding of pool
dynamics or water storage changes in pools alongpeoennial rivers (NPRS) in the searid
environments of the Karoo region of South Africa. The study uses the water balance method

to assess water fluxes thatluence the pool dynamics. In addition, because most areas with
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these pools may not have the required data for the water balance approach, this study also

explores the potential of using opaccesstemotely sensedata in the water balance model.

4.2 Material and Methods

4.2.1 Site and Pool Description

The study was conducted in the pools occurring along the Touws River, which is in the Karoo
region in South Africa (Figurd.1). Although thecatchment is 6 280 kinbut this study is
confined to a sitevhere the catchment area is ~5750°Krhe study investigated three pools
located along a 1.2 km stretch of the Touws River in the Plathuis area at Wolverfontein (Figure
41). The pool on the upstream end referred to as Wolverfontein 1 (WW1) is located at
33.641726° S and 20.96598E°andhad a maximum area of 10,04%.riThe second pool,
Wolverfontein 2 (WW2) is 700 m downstream of WW1, located at 33.639076° S and
20.975719° E, and with a maximum area of 17,742Te third pool is 450 m downstream of
WW?2 at 33.642918° S and 20.9824@5%ndis referred to as Touwsberg (TWB). This third

pool had a maximum area of 15,722 fhe study focuses mainly on Wolverfontein 2 (WW2)

pool which is situated along the left bank that is hilly with exposed bedrock \kileght

bank has a sparsely vegetated floodplain (Fglfe and D). According télattingh (2020)

the WW2 pool has a substrate of predominantly fine sand. This pool has a maximum depth of
1.7m. The WW2 pool nearly dried up during the 2489 drought. During flow events, these
pools connect, they are accessible and they persist for long enough to sustain some form of life
(aquatic vegetation and animal community), as describ@dc¢harias and Zamparas, (2010)
Furthermore, these pools are located close to the flowreeme, rainfalland groundwater

level observation points.
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Figure4.1: Location of the study catchment (red) within South Africa (a), the location of the
study pools in the study catchment (b), the location of the three pools along the river
[Nationd Geo-Spatial Information, South Africa] (c), while the bottom images provide a

closer view of the three pools [Google Earth Satellite Imagery] (d).
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Figure4.2: Flow data (dark blue line) and the number oflow days (red line) of the Touws
River [Depatment of Water and Sanitation, Station J1H018]
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4.2.2 Data collection and analyses

In-situ data

A water balance analysis of water storage in pools requires data on rainfall, evaporation rates,
pool storageandinflows and outflows of both river water and groundwater. The surface area
data were obtained from the Global Positioning System (GPS) measurements collected along
the edges of the pools, using a hdweid GPS, and a staff gauge was used to measure tifie wa
levels during the field visits (Tab#l). A Solinst water level logger (M3001, M5, and logging

at hourly intervals) was installed in each pool to measure water levels. Water levels in WW2
were measured for two years (262@21), while this was doneifa year (2022021) in WW1

and TWB pools. Data from this rain gauge were used for water balance analysis. Two boreholes
for monitoring changes in the depth to the water table were drilled on the left bank, 200 m
upstream of WW2. This site was the clogestWW?2 that a drilling rig could access because

of the hilly terrain adjacent to WW2. The two boreholes had depths of 25 m and 60 m. A water
level data logger (logging at hourly intervals) was installed in each borehole. Weather data
were required for eshating evaporation rates using the Penman method. Data from the closest
weather station owned by the Agricultural Research Council were used. This station is located
27 km southeast of the study pools. Rainfall and flow occursemegeobtained from the
Citizen Science monitoring programme, whereby farmers neigimgpthe pools collected

these data. The rainfall data were collected usingracording rain gauges (manual), notes on

flow occurrence (absence and presence) were recorded by event. Onaedéoosted within

the study site, 600 meters from the WW?2 pool (Figuig, and the other is located one km

upstream of the study site.

Table4.1: Size of the three pools (WW1, WW2 and TWB) during the site visits

WW1 Pool WW?2 Pool TWB Pool
Date Surface Water Surface Water Surface Water
Area (m?) | Level (m) | Area (m?) | Level (m) | Area (m?) | Level (m)
2019/07/31 13242 1.2
2019/10/01 16742 1.7
2020/12/14 6821 0.5 10836 11 16557 0.8
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2021/03/300 6538 0.5 12891 11 15722 0.76

2021/08/100 10045 0.7 15339 14 25789 1

2021/12/013 3500 0.4 8913 0.75

*Blank spaces indicate no observation.

The relationship (rating curves) between the surface area, depth and volume were determined,
in order to be able to convert between these measurements. The volume of the pool was
estimated based on the following equations, which were derived using 3BtaraircGIS

and by using the Differential Global Positioning System (DGPS) points and continuous water
level measurements (Equatiodd and4.2). The following relationships were specifically
derived and used for the WW?2 pool.

H=0.0000%\; R=0.99 (4.1)
V= 0.000054+0.1415A+18.83; R=0.99 (4.2)

WhereH is the depth of water in a pool in metrgds the volume of water stored in*mndA

is the area of the pool inm
Remote sensing data

Since insitu data on water balance components ofpemnnial pools are often unavailable,
the study explored the use of readignd freely availableremotely sensedata for water
balance analysis of water storage in pools along Touws River. Evapatateowere obtained
from the Moderate Resolution Imaging Spectroradiomet&i@DIS) 16 PET product, as
described byMu et al. (2011, 2007)The data were downloaded from the AppEARS website
(https://lpdaacsvc.cr.usgs.gov/appegafdODIS 16 evapotranspiration data are widahd

commonly used, andovanovic et al. (2015pund that MODIS 16 evapotranspiration and
potential evapotranspiratioe st i mat e s over South Africa’s
however they cautioned that the spatial resolution can limit its potential for stalé use.

Some studies have argued that MODISd&Bved PET is suited for smadtale applicatios

(Astuti et al., 2022)Bugan et al. (202Q)tilised the MODIS 1@lataset in a hydrological model

at a catchment level and concluded that the dataset has the potential to be usescarckata
regions. Based on the findings of these previous studies, the study explored the use of this, it
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was assumed that MODIS 16 PBEould provide the closest satellitierived andfreely
accessibleestimates. Satellite derived rainfall estimates wab&ined from the Climate
Hazards InfraRed Precipitation with Statiq@HIRPS) product, as described Bynk et al.
(2015) which  was  dwnloaded from the climate engine  website
(https://app.climateengine.com/climateEngine#). Many studies, such as tMesxdganye
(2018) Plessis and Kibii (2021andPitman and Bailey (2021have suggested that CHIRPS
can be used in the absence efitu data.

To obtain the surface area of the pool from remote sensing data, S@ntnages were
downloadedand the Modified Normalized Difference Water Index (MNDW!I) was computed

to distinguish the water areas (pixels) from the-n@ter areas. Shadows in the imagery were
classified using the Random Forest technique and were used to mask out their effect on th
derived MNDWI water pixels (Maswanganye et al., 282Zwenty-four-monthly SentineP

images close to the end of each month, from August 2019 to August 2021 werd&hesed
relationship between the surface area and the water depth obtained from the bathymetric survey
(presented in the imitu data analysis section) was used to convert the renrsebging

derived surface area to water depth, and then compared withgbeved water levels.

Pool Dynamics Data Analyses

This study first examined the water depths of the focal pool (WW?2) in relation to the water
fluxes,to gain an insight into the water gains and losses. The time to empty, and the probability
of the pool dying out, were then determined. The water balance model was established by
using insitu data, which will be explained in the next section. The water balance model
calibrated using WW2 data wasaluatedn the other two pools, WW1 and TWB. Satellite
derived rainfall and evaporation estimates were incorporated into the model by substituting the
observed rainfall and evaporation, which resulted in aitinand remote sensing hybrid water
balance; this model does not consider the groundwater in and outfmuse4.3). The fully

remote sensinpased analysis used the changes from the surface area that were obtained from
the SentineR images and the satelktierived rainfall and evaporation. The performance of all
the models was evaluated by using theiactvater levels measureéad the pools. Figurd.3

illustrates the methodological flow of the analyses.
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Figure4.3: A flow chart illustrating the methodological procedure that was followed in this

study.

In this study, the Time to Empty (TE) was defiredthe time it takes for a pool to completely
drain out the water, from being full. This is based on the water loss rate of the pool and assumes

that there are no surface water inflows into the pool.

YO —  (41)

Where &axis the maximum water level in meters angik the average water loss per day in
meters, which is obtained from assessing the observed water levels. The probability of the pool
drying out is the chance of finding the pool dry, which is calculated bas#teadry period

(no streamflow duration) exceeding the time to empty, while considering that the rainfall over
the pool can reduce the number of days that the pool will be dry. In this study, this was
calculated by using the 3@ar flow occurrence andirdall data, because there is no leng

term data on the other water balance components.
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Water balance analysis

Water storage in the pool is described by the following water balance equéfdrarid

illustration (4):

St = Se1+Pu-E +Qin-Qouttyt Gin-Goutqry (4.2)

Precipitation Evaporation

Surface inflow Surface outflow

ﬁ ﬁ

Storage= Water Level

Groundwater Inflow Groundwater outflow

Pool

Figure4.4: Concept of the water balance model, with the blue arrows showing the water
gains (precipitation, surfa@nd groundwater inflows) and the red arrows showing the water

losses (evaporation, surface and groundwater outflows) from the pool.

Where ) is storage at the end of time period t, t being a daily interygls B volume of
rainfall over the pool, E) isavolume of water evaporated from the pool during the dayt, Q
is river inflows into the pool, Q is the surface outflow from the pool,itg) is groundwater

discharge into the pool,daq) is groundwater recharge from the pool.

Daily rainfall p(t)) data obtained from the nearby homestead was used to eshenadbume

of rainfall over the pool using the following relation

P(1) = p(HA() (4.3)

Where A(t) is the surface area of the pool obtained using the relationship between surface area

and water storage. Evaporation from the pool (E(t)) was estimated similarly to P(t) with
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evaporation rates derived using enman (1948nethod, based on weather station data, as
it is a commonlyused method for estimating open water evaporghMitanguka et al., 2016;
Yihdego and Webb, 2018)

Based on empirical observations, the stadgumed that when river inflows are occurring
continuously, then the pool fills and during that period inflows will equal outflows from the
pool, thus, Q¢ = Qou. During this period, although the pool remains full, some of the
inflowing water will @ntribute to subsurface water around and beneath the pool. The influence
of the pool recharging subsurface water will materialise when no surface inflows occur. After
the inflows have ceased, the amount of water flowing from the pool into the subsurfealma

will depend on the area of the pooltleevolume of water in storage. Thuskg) was assumed

to be described by the following relationship
Goutty = a(Sy—S1)°  (4.4)

Where Sis the volume of water in the pool below which there will be natpeshydraulic
gradient into the subsurface material. The volume of water in the pool can also be represented
by the depth of water in the pool. We assumed thaty@ill be a function of the depth of

water in the pool

Giny = CcH @.5)
Where c is a@efficient

The model was built specifically for the WW2 pool by using the above water balance approach,
and its equation and assumptions were transferred to the WW1 and TWB pools. Only two
adjustments were made: the initial water level (starting pointXtadhaximum water level,

as these pools were not of equal size. These pools are close to the WW2 pool; therefore, it was

assumed that they have the same hydroclimatic conditions.

4.2.3 Statistical analysis

In order to evaluate the performance of the wiaédance analysis the following statistics were
used; the mean error (ME), the mean absolute error (MAE), the correlation coefficient (R) and
the paired Ttest were used. The Mean ErrddE), which is also called bias, measures the
average of the estimation error; this considers the direction of the errors (Egu@}iorhe
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ME ranges from negative infinity to positive infinity and has a perfect score of 0. A positive
score indicates thahé model is oveestimating, while a negative score indicates that it is
underestimating, on average. However, with the ME, a perfect score can be achieved when
the over and undesestimation compensater each other. Hence, the Mean Absolute Error
(MAE) was used to provide a true estimation error (Equatidp and the ME was used to

derive the direction of the error.

b0 -B 'O ; O j (4.6)

080 -B O 5 O ; 4.7)

WhereHops,i is the observed water levédsim,iis the simulated water level, ands the total

number of data points.

A t-test (Equatiort.8) was used to determine whether there is a significant difference between

themeans of the observed and simulated watezlb

) (4.8)

wheret is the tstatistic,x is the observed water level mean, y is the modelled water level, and
n is the total number of data points. A pairg¢ddt assumes that the data sets are continuous,
that they follow a normal distribution, that the mean is a good measure of the cedgatten

and that the two samples are paifdélsel et al., 2020)

To assess the relationship between the simulated and observed water levels at different time
steps (daily, monthly), a correlation coefficient (Equati®) was used. The correlation ranges
from -1 to +1, with 1 being a pederelationship, and 0 meaning that there is no relationship

between the observed and the simulated values.

i (4.9)

whereO is the observed water level measured by a lodger the simulated water level, and

n is the number of score pairs of scores.
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The mean error, mean absolute errdest and correlation coefficient were also used to assess

the transferability of the model to a pool that is upstream and downstream of WW?2.

4.3 Results

4.3.1 Water level assessment

The water balance analysis shows that the major gains in water level were due to river flow
occurrences, and that the minor gains were due to the rainfall received over the pool (Figure
45). High losses always followed the high gain egdes, which suggests that water losses
might be a function of the water level. The depth to water of the shallow and deep boreholes
shows no significant changes in relation to the pool water levels, nor to the occurrence of flows.
However, the water levelata between 2020/02/07 to 2020/07/31 was missing, due to a stolen
logger during the COVIEL9 hard lockdown period.
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Figure4.5: Changes in water levels of the pool, with negative and positive values indicating
the losing and gaining pools, respectiv@yange line), the actual water level (grey line), the
rainfall over the pool (blue line), and the flow occurrence (red dots), with the depth to water

of the shallow pool (purple line) and deep borehole (green line).
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Assessment of the water losses from the pool

The observed pool water level data from August 2019 to August 2021, suggests that the pool
loses approximately 0.2 m per month or 2.4 m per year. The losses are high during the southern
hemisphere summer (~0.29 m/month) and low during the winggthm (~0.09 m/month)
(Figure4.6). This indicates that when the pool is full, it can last, on average, for ~258 days (8.5
months) without any inflows. This pool loses 0.7 m/year more than the estimated Penman
evaporation rates. The difference mayaiwibuted to water lost through seepage into the
subsurface materidlVhen the volume of water in storage or the water surface area of the pool

is large, evaporation losses will be large. Similarly with a large pool bed covered with water,
and if the unddying subsurface material is unsaturated, seepage will also be large. Since the
water depth increases withe volume of water in storage or pool surface area, water losses

from the pool will increase with water depth.
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Figure4.6: Average monthly watdosses from the WW2 pool for the study period

Probability of the pool drying out

Based on the observed losses and time to empty, the river flow and rainfall data from 1990 to
2020 were used to establish the chances of the pool drying out. There is only a 10% chance of
finding the pool dry, as the pool was likely to have dried outrhggiin 30 years, or it could
have potentially dried out for 1115 days out of 11322 days (30 years) @2apl€his is based

on the neflow and nerain days exceeding 258 days. Rainfall reduces the number of potential
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pool dry days; for instance, 52 mmrohg the neflow period can delay the drying of the pool
by eight days. These estimates suggest that the most prolonged period with no water was 411
days during the 2018017 drought, assuming that it did not receive any water from the

groundwater.

Table4.2: Drying out of the pool based on the estimated time to empty, using data from 1990

2020

No. of days the No. of days the
Startof no | End of no | pool could be dry Rainfall pool could be dry
flow flow (excluding (mm) (including
rainfall) rainfall)
1991/01/29| 1991/10/29 15.0 54.0 6.8
1994/03/14| 1995/01/12 46.0 52.0 38.1
1996/01/15| 1996/10/22 23.0 34.0 17.9
1997/10/11| 1998/11/18 145.0 89.0 131.6
1998/12/26| 1999/12/09 90.0 79.0 78.1
2000/03/14| 2001/04/01 125.0 80.0 112.9
2002/02/05| 2002/12/10 50.0 110.0 33.4
2005/10/12| 2006/07/31 34.0 187.0 5.7
2010/01/03| 2010/12/31 104.0 97.0 89.3
2015/12/14| 2017/11/13 442.0 203.0 411.3
2017/11/14| 2019/02/02 187.0 111.5 170.2
Total 1283.0 1096.5 1115.3
Probability 0.113 0.099

4.3.2 The Water Balance Model

Based on the understanding of the pool, the water balance approach was used to simulate its
water levels. The water balance satisfactorily predicted the water levels-QNB=m;
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MAE=0.05 m; r =0.96) and there was no significant diffiee= between the means 4:5)

over the assessed period (2019/08/25 to 2021/08/10) (FgOreBesides the inputs (rainfall

and evaporation), the model was supplied with a maximum water level of 1.7 m (which is also
the ceasao-flow level) and thenitial water level. Moreover, the model was able to predict the
water levels during the period wih@o observed data were available (Februhary 2020).

The model shows that when the pool has more water, the water is rapidly lost via seepage into
the sulsurface strata or aquifer, and that the seepage ranged from 0 to 0.005 m/day and was
defined as 0.003 of the water level of the p&alinfall delays the drying of the pool. The pool

is sensitive to the flow occurrence, and the assumption that every flb¥illwhe pool to
capacity is correct and drives the model. After the river flow has ceased, evaporation dominates
the water losses. The model suggests that seepage into the subsurface material occurs when the
water depth exceeds ~1.1 m. Seepage othteopool does not occur below this water depth.
Instead, groundwater discharge into the pool occurs when the water depth is less than 1.1 m.
This proposed behavior could be that the water level in the pool will be greater than the local
water table arounthe pool when the water depth exceeds 1.1 m. Hence, groundwater recharge
occurs from the pool. With a water depth below 1.1m, the local water table will be above the
pool water level, hence groundwater discharges into the pool. Figuie the appendices

shows the model that does mohsiderthe above behavior.
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Figure4.7: The water balance model of water levels of the WW2 pool in the Touws River.
The blue line indicates the observed water level, and the orange line indicates the simulated

water levelusing insitu inputs.

Transferability of the water balance to the surrounding pools

The simulated water levels of the WW1 pool were in good agreement with the observed water
level (r=0.96; ME=0.02 m; MAE=0.04 m) (Figurd.8). The only changes made from the
original water balance model from the WW2 pool was the maximum water level, whgh
adjusted, by trial and error, to be 0.95 m for the WW1 pool and the initial observed water level.
Water lost to groundwater was estimated in the same way as for the WW2 pool (0.003 of the
water depth). However, the model overestimated the water Idsehpool between December
2020 and November 2021, which resulted in the lowest predicted level of 0.2 m, compared to
the observed level of 0.35 m. For the TWB pool, which is 450 m downstream of the WW2
pool, the model did not perform as well as the WWal§o=0.86; ME=0.02 m; MAE=0.06

m), which suggests that the pool varies significantly from the focus pool (WW?2). During a
field visit, seepage into the pool was observed. The constant water level of the pool between
June and August 2021 suggests that abpbly receives substantial sasbrface inflows, in

order to maintain such water levels.
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Figure4.8: Observed (blue line) and simulated (grey line) water levels for the WW1 pool

(top) and the TWB pool (bottom)

8.3) showed that, at a 5% significance level, there is no significant

The pairedt-test (t

difference between the observed daily mean water level (0.64 m) and the simulated mean (0.62

1.9) between th

m) for the WW1 pool. There was, however, a significant difference (t

modelled mean water level (0.89 m) and the observed mean (0.91 m) of the TWB pool.
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4.3.3 Water balance analysis using remote sensing data

Comparison of the remote sensing and observed inputs of the model

In terms of comparing the inputs, the CHIRP$fal estimates compared well with the
observed rainfall data (r=0.6). However, it has errors during some periods, such as July to
August 2020 (Figurd.9). Although theremotely sensedvaporation rates from MODIS 16

PET are closely related to the obsatvevaporation rates that were derived by using the
Penman equation (r=0.98), they overestimated the months with lower evaporation (April to
Sept) (Figurel.10). A general assessment of the climatic water balance shows that the remotely
sensed climatic wat balance is strongly associated with observed climatic water balance
(r=0.87) (Figure4.11), which suggests that a monttilgsed water balance can have errors
caused by rainfall and evaporation, but these are likely to be small. The negative climate wate

balance indicates that the catchment is potentially in a water deficit.
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Figure4.9: Comparison of observed (black line) and estimated (red line) rainfall by CHIRPS
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Figure4.10: Comparison of observed evaporation (black line) and estirpatedtial

evaporation (red line) by MODIS 16.
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Figure4.11: Correlation between the observed and estimated climate water balance-rainfall

potential evaporation)

The comparison between the observed water level anéiti@ely sensesurface area of the

pool is in good agreement (r=0.72, ME= 0.04 m, MAE=0.2 m) (see FLP3. There seem

to be more discrepancies, but they are minor when the pool is almost full (water level>1.2 m).
Overall, the remote sensing estimated surface watbepol is promisng.
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Figure4.12: Comparison between the observed water levels (black line) and remote sensing

derived surface area (red line).

Therefore,freely accessibleemotesensing data were incorporated into the water balance,
particularly in the CHIRPS and MODIS16 PET data. The initial and maximum water level and
flow occurrence were the only inputs used. This also assumes that no information exists about
water losss due to subsurface/groundwater. The results show an underestimation of the water

losses, as expected (Figdr&3), as losses into the sshrface are not incorporated.
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Figure4.13: Observed water level (black line) and simulated water levels basethotely

sensedstimated climatic variables (rainfall and evaporation) (red line).

The surface area of the pool obtained from remote sensing was converted to the water level
(Equation 12). The remote sensibgsed estimation showed an increase in theretel, in
response to the flow occurrence (Figutd4). The remote sensifzpsed water balance
suggests that 65% of the water is lost through evaporation; therefore, 35% is lost to the sub
surface (negative residual), which is higher than the outcdnoes the insitu-based
estimation.
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Figure4.14: Remotely sensedater balance of the pool with thegative and positive values
denoting the losing and gaining pools, respectively (blue bar), the estimated water level (red
line), the difference betweeavaporation and rainfall over the pool (orange bar), as well as
the residual of water level and the difference between precipitation and evaporation (green

bars).
4.4 Discussion

The study focused on improving the understanding of pool dynamics atmrgerennial
rivers by assessing the water fluxes using the water balance apgrbacksults showed that
one flow event can sustain the pool for 258 days without any inflows, although the probability

of such a prolonged rfbow is low (10%). This sugges that the WW2 pool that was focused
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upon is sempermanent to permanent. Pools in South Australia showed a similar persistency
i.e., 286 days for the pool, with a maximum water level of greater than 1.6 m (Marshall et al.,
2016). The water balance model also supports the fact that the pool is very sensitive to the flow
occurrence, as indicated by Maswanganye et al. @0Zke persigince of the pool might
change over time, as evaporation increases and as the rainfall declines over the region, due to
climate changéDepartment of Environmeal Affairs, 2018) These findings also suggest that

if there is dam construction upstream, which reduces the frequency of the river flows, the pools
will be impacted and this could lead to the drying out of the pools, which has further
implications forthe biodiversity found in these podBonada et al., 2020; Larned et al., 2010)
Therefore, this information should be considered when proposing any new development, such

as the construction of a dam.

The water balance odels indicate that there might be groundwater inflow into the pbats

will occur during the period of low water depth, this might be seasonal, as obseBestlaynd

et al., (2017)In the case of the current study, this was observed when the pool reached a certain
level, as it has been stated that the study catchment hateamowet and dry season.
Maswanganye et al. (20@2found that surface flow and rainfall did not cause a fluctuation in
the groundwater levels, hence it was suggested that the groundwater does not feed the pool.
The water balance analyses revealed thaemlasses from the pool into the subsurface
insignificant to cause groundwater level fluctuations. The substrate and the underlying geology
of the pool also suggest that there is limitech@sno interaction (low conductivityjHwang

et al., 2017; Mohuba etl., 2020) The interaction might also depend on the gradient between
the pool and the water table, as illustrated in Figure 16. This observation is further supported

by the elevation plot, using DGPS measurements, which shows that groundwater usually

fluctuates at around 1.1 m of the pool’s wat

to this kind of pool as a througlow pool.

82



363
m.a.s.|

353 /k S /
Col BRI AS=E 11m
m.a.s. Water Table
AS=E-GW,,
Om

1.7m

WW?2 Pool

Figure4.15: Conceptual model of the pool, based on water balance simulation
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Figure4.16: Water elevation of shallow (purple line) and deep (green line) boreholes,
compared to the observed water elevation of the pool (orange line) and the threshold,
whereby groudwater could be flowing into the pool, as estimated by using the model (grey
line).

Although the water balance models performed well by using just the flow occurrence, having
information about the discharge into and out of the pool could have providednsigtd; for

instance, how the relationship between the discharge and pool water level affects the water
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losses. Furthermore, to determine whether the pool water losses from upstream are detected
downstream (interaction between the pools), some studieshggested that pools can remain
hydrologically connected through shallow groundwater paths while being disconnected on the
surface(Larned et al., 2010)

The water balance model displayed robustness and transferability to the WW1 pool, albeit with
minor adjustments to the maximum and initial water levidbwever, it did not perform as

well when evaluated at the TWB pool. This might be due to the pool having a strong subsurface
flow impact, which influences the dynamics of the pool. It is also possible that the properties
of the TWB pool may differ, for example, the presence of algaeshade over the water,
which might significantly reduce evaporatipfrimmel et al., 2018)Furthemore,Seaman et

al. (2016)indicated that neighbouring pools along the same reach can differ significantly. The
WW1 pool (upstream) was shown to have the same pattern as the WW2 pool; however, it will
dry out before the WW2 pool, because it is smaller in size. The TWB pool (downstream)
showed a very distinct pattern in terms of losses,sassthined its size or water level for longer

periods, which suggests that this could be a permanent pool.

Remotesensing detects the pools and provides a general overview of the pool dynamics, as
suggested by Maswanganye et al. (2023s it was able to detect major changes correctly;
however, it does not provide detailed information or an understanding of thdypaohics at

the water balance level. This might be due to errors emanating from each of the model input
variables. Furthermore, errors may also be caused by the resolution of the remote sensing data,
when compared to the size and the temporal dynamidsegbdol. When the water balance
approach is applied in larger surface bodies, such as large dams and lakes, these errors might
be negligiblgChen et al., 2022; Deus et al., 20IB)e water balance can also provide a better
insight when applied on a lostgrm basis. However, to improve the remote sensasgd

water balance model, there is a need to acquire more information on the flow occurrence. This
could be done by detecting flows from satellite images or it can becgédhrough rainfall

(a runoftrainfall model). Furthermore, the groundwater information that is required for
predicting pool water losses to subsurface stores is still a mystery in the remote sensing field.
This could be predicted by using the climatiariable(s); for instance, in this study,
groundwater losses could be expressed fasction of evaporation. This estimation should

take into account the substrate and underlying geology of the area and the fact that the

relationship is not linear, as iedends on the size of the pool and the season. Predicting the
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GWin flow will still be a challenge, as it was shown that it could &&inction of the
groundwater table. The GRACE satellite showed to be useful in larger water (idelisset

al., 2013) However, the incorporation of remedgensingbased climatic vaaibles was shown

to be limited by the unknown groundwajawol interaction. This suggests that remote sensing
canbeused to understand the pool dynamics of pools that are not influenced by groundwater

processes.

Overall, the results provided a better urstiending of the pool dynamics, and they imply that

the water balance approach could be useful for understanding pools alepereonial rivers.

The information derived from the water balance should be incorporatatienwater resource
management of RRs and catchments. Water resource managers can determine the water that

is available in the pools, by knowing the last day of the flow.

4.5 Conclusion

There are limited studies on the hydrology of pools alongpssannial rivers. Using pools
along the Touws River in the Karoo region of South Africa, this study assessed the pool
dynamics by using the water balance approach. The study established thatfodtdin 2

pool is a sempermanent pool that has little chance of completely drying out. The water balance
of the pools was established and modelled with limited data, and the simulated water levels
showed satisfactory performance. The model was traidée to the neighbouring pools,
although it required an adjustment of the maximum and initial water levels. The water balance

approach that was applied to the pool provided a better insight into the pool dynamics.

The models suggest that there is grouarpool interaction at the assessed site. However,
the magnitude of the lossase minor, when compared to the losses into the atmosphere via
evaporation. The pool has a point where the rate of loss is less than the evaporation, which
indicates that theris a potential gain from the groundwater. These gains and rainfall in the
pools delay the drying out of the pools. We assume that the errors in the estimation of water
levels are due to the uncertainty related to a full understanding of thegnoooldwaer
interactions. The use oémotely sensedlimatic variables with a maximum water level can
provide temporal dynamics for pools with no groundwater influence when the flow occurrence
is known. If the size of the pool is known, remote sensing can pravida/erview of the
general behaviour of the pool, but it cannot provide the detailed information thaisén in
observation can provide. However, with all the rapid advancements in the remote sensing field,
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this gap will soon be closed. This study susbdfy used the water balance approach to
understand the pool dynamics, and the information derived from the water balance models is
of significant importance for the management of pools and pool dynamics iragdmi
environments.
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Chapter 5: Assessment of the spatiotemporal dynamics of the hydrological

state of the non-perennial river systems and identification of flow-

contributing areas in South Africa.

This chapter is based on:

Maswanganye, S.E., Dube, T., Jovanovic, N., Kapangaziwiri, E., Mazvimavi, @nder
review) Assessment of the spatiotemporal dynamics of the hydrological state of the non
perennial river systems and identification of flgantributing areas in South Africa.
(WaterSA.
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Abstract

This study sought to determine the spatiotemporal dynamics of the hydrological state of non
perennial rivers (NPRs that is the Touws rikaroo drylands and Molototsi river located in

the semiarid Limpopo) as well as identify major runoff cobtrting areas of the two river
systems. Two satellite data sources were used, including Sehtamel 2. Specifically, the
modified normalised difference water index (MNDWI) was applied to SerZinelages to

extract water surface areas along the tworsivand then the derivatives were then used to
determine the hydrological states over a period of 32 months-2IP%). Sentinell was used

to assist in detecting flow events that could have been missed by Sénfired river was
classifiedasflowingp ool s or dry state based on the wat
remote sensing can be used to determine the hydrological state of the river with ~90% overall
accuracy. However, there is about a 30% chance that a flow event can be missed tisglg Sen

2 due to clouds and temporal resolution. Some of these gaps can be filled using Synthetic
Aperture Radar (SAR) data (Sentiiglas the study demonstrated with the Molototsi River.

In the Molototsi catchment, the upper catchment contributes theityaybiflows. For the

Touws River, the southwestern part of the catchment showed to be the major contributing area
for the observed flows. This suggests that the chosen observation site might not be
representative of upper catchment dynamics, therefayaireea site in the upper catchment.

This study provided hydrological information and an approach that can be used to monitor the
hydrological states for a better understanding and management of NPRs and catchments.

Keywords: Aquatic states; HydrologicadhasesHydrodynamics Runoff; Temporary rivers
hydrology.

5.1 Introduction

Non-perennial rivers (NPRSs) are rivers that naturally cease to flow periodically. They account

for more than 50% of the world’'s riwen netw
three hydrological states: flowing, pools and dry riverbeds. Many studies have summarised
these hydrological states into the wet and dry states, with periods when the river has isolated
pools considered as dry or wet (flow orthow), dependingon# st udy’ Bonada | ect i
et al., 2020)Pools tend to form immediately after flow cessation and begin to dry out. Some

rivers or reaches can be without pools subsequently, which is the dry riverbed state. These

hydrological states are also referred to as hydrological phases. It is noteworthy that some
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ecological studies define hydrological states as river hf@#lGirolamo et al., 20Hp. In this
study, hydrological state refers to the flow state or water presence along NPRs, which some

ecological studies refer to as the aquatic stesdetova et al., 2021)

Each of the hydrological states has its function, importance, and implications for water resource
management. For instance, a flowing river will be impdria increasing water availability

for socioceconomic uses, directly or indirectly by recharging groundw@&@keanafield et al.,

2021) and sand aquife(Walker et al., 2019)Flowing rivers also allow the mixing and
transportingmovements of biota, sediments, nutrients, etc., which are important for the
ecosysten{Goodrich et al., 2018; Seaman et al., 20I®iis state is also perceived to be the
most valuable to socief)RodriguezLozano et al., 2020When flow ceases, podisrm along

the river; these pools are important sources of water for communities along these rivers during
the noeflow periods(Walker et al., 2019)They are also of ecological importance as they
provide refuge and spawning zones for aqudtdMakwinja et al., 2014)Although generally
perceived to be less important when compared to the flowing @tatgh et al., 2019;
Rodriguezl.ozano et al., 2020k0me studies suggest that this is the most important state of
NPRs as it caters for both aquatic and terrestria(litsstman et al., 2021pry riverbeds are
perceived to be the least valuable of all three hydrological states and are often overlooked.
However, some aquatic species and riparian vegetation require a dry state to begin their life
cycle (Nicolas Ruiz et al., 2021)urthermore, some cultural activities, including spiritual
rituals, can only occur on dry riverbe(iteward et al., 2012Pry rivers can also be sources

of food and water in the form of sandbanks aquifieas suppdrdomestic use and irrigation.

In Botswana, some communities dig the dry riverbed to harvest c¢dtisvard et al., 2012)

If climate change predictions of a decrease in rainfall for many parts of the world, including
southern Africa(IPCC, 2022) are correct, the dry phase might become dominant for many

rivers.

Knowledge of the hydrological states of NPRs is important as it informs the river and water
management strajees. Furthermore, each state may require a different river and water
management approach. The duration of these hydrological states which depends on the local
hydrogeology and precipitatio(Bonada et al., 2020)is also key for water resource
management purposd3esides, the duration of these phases may be more important than the
magnitude of the flow for the communities alongdé rivers such as prolonged flows allowing

water access for farmers for a longer period and likely to enhance recharge of the alluvial
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aquifers as compared to short duration flow with high magnitude. However, prolonged flows
can also mean that there isamxess to alluvial aquifers, which may have better quality than a
flowing river (Saveca et al., 2022n addition Datry et al. (2017i)ndicate that the biodiversity

of faura and flora can be associated with the duration of the dry phases. These hydrological
states or phases have implications for the water quality of the(8hanafield et al., 2021)

For example, flow can transport pollutants from upstreatmch will in return, pollute

persistent pools along the river.

There have been inadequate studies focusing on the identification of the hydrological states of
NPRs, which might be a result of a lack of data, and the complexity that arises with mgnitori
and understanding. Tools to objectively determine the hydrological state are réGalac

et al., 2016; Kalmva et al., 2021)Eastman et al. (2021jsed a statistical model to simulate

the hydrological states along the riv€he Environmental Protection Agency of England has
been monitoring the hydrological statof some rivers since 1997 using field surveys (Eastman

et al., 2021 Sefton et al.2019) France also started a similar programme called Onde in 2012
(Bonada et al., 2020Dther studies have proposed the use of multiple seff&sgsndelft and

llja van Meerveld, 2019and timelapse imagery from game cameras. Maswanganye et al.
(2021) highlighted some of the strengths and limitatiohthese methods. Generally, the

hydrological states are often established from gauging data and often do not recognise the

pool state. Direct observations of these
parts of the river using citizestience programmegsallart et al. 2016)Maswanganye et al.
(2021) further suggest that hydrological states could be determined satetlite remote
images, especially in ungauged areas that do not have a functional monitoring network. This
study thus aimed at determining the spatiotemporal dynamics of the hydrological state of two
NPRs as well as to identify major runoff contributergas of the Touws and Molototsi river
systems in South Africa. This was done by (i) assessing the accuracy of remote sensing to
distinguish between the hydrological states, (ii) determining the changes in the hydrological

states, and (iii) identifying theajor flow contribution areas using readily available data.

90



5.2 Methodology

5.2.1 Study Site Description

The study was conducted along Touws and Molototsi RiyBetail description in Section

1.6) which are distincNPRs. The Touws River is in thewbern part of South Africa in the
Western Cape province (Figu®l). Touws River has a sandyavel riverbed and is
approximately 140 km long with a width of @20 m in the miereaches. The area is generally
classified as a winter rain region but thenfall at this study site shows no pattern of wet/dry
seasons (Maswanganye et al., 202Zae Touws River Catchment is 628¢ and can be
divided into 12 sulzatchments based on the Water Resources 2012 (WR2012) study (Bailey
and Pitman, 2016klowsoccs i n response to heavy rainfall
flow data from the Department of Water and Sanitation indicated that flows have a short
duration. The pools in the Touws River are spenmanent. The Molototsi River is in the
northern parof South Africa and receivasiost ofits rainfall in summer. Molototsi River
catchment is 1170 kfrand has two subatchments (WR2012) (Figu®el). Although there is

no flow gauging station in this river, flow events tend to occur during the summer period
between October to February. Similar to the Touws River, the Molototsi River flows for weeks
with multiple flow events between October and Marthe pools in the Molototsi River tend

to dry after winter (July). However, the river has been modified through sand marirgn
mayresultin the formation of unnatural pools (Maswanganye et al., 20Zka)hydrological

state monitoring siteare show in red.
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Figure5.1: Location of the studied Touws (light blue) and Molototsi catchments (purple) on
the climate (aridity) map, study catchments on the elevation map, and the location of

monitored reaches within the catchments (red).

5.2.2 Data Collection and Analyses

In-situ monitoring of hydrological phases

Citizen science was adopted to monitor hydrological phases for both the Touws and Molototsi
River systems. Citizen scientists were observing the changes in the river. The data used for the
Touws River was also verified using water levels measured at pools and river discharge
measured at the river’s outlet. For the Mol
installed due to the nature of the substrate and flow in the are&edéarchershowever,

visited the sites quarterly, targeting to observe different seasons and hydrological states. Figure

A2 in the supplementary material shows field pictures of the different hydrological states.

Remote Sensing data

Sentinel2 images were used to determine the hydrological state of the rivers. About 100
images per site were used (July 2019 to March 2022). This was based on the availability of the

images, as some of them were not useable due to cloud cover &RuBentinell was used
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to determine if it could detect some of the flow events that Set&igeluld have missed.
Sentinell is a Synthetic Aperture Radar (SAR) satellite, capable of penetrating through clouds.
Sentinell and 2 were selected as they arengfieeely accessible, and have a relatively high
temporal and spatial resolution (5 days, 10 m). SerBnelages were downloaded from the

USGS earth explorehftp://earthexploreusgsgov/), and Sentinel images were downloaded

from the National Aeronautics and Space Administration Alaska Satellite Facility
(NASA/ASF) (https://search.asf.alaska.ed/#/
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Figure5.2: Useable Sentiné satellite image availability for Touws (A) and Molototsi River
(B) based on cloud cover percentage. Green bars indicate useable images, orange bar denotes
selectively useable images, and red bars indicates imagestié not be used.
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Rainfall: CHIRPS data

The rainfall data collected through the citizen science programme was not adequately
distributed to capture the spatial variation of rainfall over the catchment. Hence, Climate
Hazards InfraRed Precipitation with Stations (CHIRPS) data as describetkgtal. (2015)

for spatial distributiowas used to determine the rainfall for the catchments. The data was
downloaded through the climate engine website
(https://app.climateengine.com/climateEngine#for the time series and at
(https:/Bata.chc.ucsb.edu/products/CHIRP®/africa_daily/tifs/p09/ for the raster files.
Various studies have shown that CHIRPS data has adequate accuracy in South Africa
(Maswanganye, 2018; Plessis and Kibii, 2021)

Detection of hydrological phases

The selection offte monitoring reach was representative of the river and had to be accessible.
Hence, the selected sites are within the dominant geology and soil types of the catchment.
These sites are also located within the average slope (2.6 m/km for the MolototsirRliger

m/km for the Touws River) of the river. The study used the remote sensing technique to
determine hydrological phases. These were monitored in a selected 5 km reach of the river.
The Modified Normalised Difference Water Index (MNDWI) was used toaekwater pixels

from Sentinel2 images, aMaswanganye et al., (2022#)owed that it was superior compared

to other methods that werassessed. For Sentiielthe thresholding method was used to
separate water from nemater pixels. Connected surface water meant that the river was
flowing. However, because the rivers meander and can tend to be flowing in a small part of the
channel, lhe detection can be compounded by the lack of efmealimages during peak flow,

a threshold of 50 % or 2.5 km of the 5 km reach was therefore used. This means that if the
reach has 2.5 km or more with water, it was assumed that there was flow. Surface wa
presence of less than 2.5 km was labelled as pool and dry riverbed when no water pixel was
detected. The length of water along the selected reach was determined using spatial analyst
tools in a GIS environment. Figuse illustrates an example of tdd@ferent hydrological states

of the Touws and Molototsi Rivers, respectively.
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Figure5.3: Three hydrological phases, dry (b), connected flow (c) and isolated pools (d) in a
5 km reach of the Touws (A) and Molototsi River (B).
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Identification of flow-contribution areas

Usually, the identification of contributing areas is done using observed data from the tributaries
outlet(Tena et al., 2021 however, rainfall and physical characteristics (soil type, slope and
land use and cover) can be used in the absence of the flow data. Several methods can be used
to determine the contributing area, mainly proxies such asothE@servation Service (SCS)
Curve Number method and the Runoff coefficients. In this study, remote selesingd

rainfall was used to determine where rainfall occurred to produce observed flows (antecedent
rainfall). The SCS curve number method wasdi® determine which parts of the catchment

are likely to generate runoff based on the physical characterigtiesurve number (Wae)is
allocated to each cell which is proxy to the amount of rainfall that will be required before a
cell/pixel cangeneate overland runoff.The curve number ranges from 0 to 100, with zero
indicating that no runoff can be generated by the cell and 100 indicates that a cell will generate
maximum possible runoffUSDA (1986) provides thaetaileddescription of the curveumber
method. This is the most popular method for estimating direct r(@ajbhiye, 2015and uses

data that can easily be obtained even in-dasace areas. Soil types were obtained from the
WRC website [ittps://waterresourceswr2012.co)z@figure 5.4). The 2020 South African

National Land CovefSANLC) (https://egis.environment.gov.2ajas used for land cover and
land use. For topography, Shuttle Radar Topography Mission (SRTM)-$&aand Global
Digital Elevation Model (DEM) was used, available at the USGS website

(https://earthexploremsgs.gov/).
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Evaluation metrics

Overall, p usoedrusc’e rac¢ c uarnadcy metri cs were used
sensing to distinguish between the dry riverbeds, paudisflowing states of the rivers. Flow
occurrence is of importance for NPRs, for instance, it is important to know how many flow
events are likely to be missed by the satellite (SenBpealbservation. Hence this study

calculates this chance:

0Qn zpmm (6.1)
whereFdpis the flow occurrence detection poweeasured in percentage, with 0% being the

worst score and 100% being the perfect score.

The studyfurther investigated whether using Sentiieiproves the detection of flow events.
Furthermore, the effect that the duration of flow events has on the ability of remote sensing to

detect the flow events.

5.3 Results

5.3.1 Detection of the hydrological phases in the Touws and Molototsi River

Remote sensing methods were able to detect and distinguish the hydrological phases of the
selected NPRs, the accuracy varied between the two sites. In the Touws River, only pools and
flow phases were detected and etved, and the river did not dry up during the study period
(Figure5.4 A). In the Touws River the presence of poolsereb et t er det ect ed (

Producer’s Accuracy= 99%) compared to fl ow
obtained in the Mdtotsi River (OA=90%), however, the dry phase had the lowest producer
accuracy (78%), and the flow phase was better detected (Big&)e The Sentine? data had

70% flow detection power (e@tion1) in Molototsi River, suggesting that there is a 30%
chance that a flow event can be missed due to cloud cover. The detection power was 65% for
the Touws River. Overall, pools were the dominant phase for both rivers, the Touws Rivers
pool did not dry out during the study period. Because of the two phasesexhsbes Touws

River hydrological phases were detected better than the Molototsi River. Furthermore, the
Molototsi River had a few pool phases that were misclassified and confused with the dry phases

(Figure5.5B). Only on one occasion flow occurrence wasahassified as the pool phase.
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Figure5.5: Accuracy of the Remote Sensing in distinguishing between hydrological phases in
the Touws (A) and Molototsi River (B). The Touws River only had two states, whereas the

Molototsi River had althree phases.

Sentinell was able to detect two of the three events missed by Sehiimélolototsi River,
improving the flow phase detection by 20% (TdhlE). However, it was not able to detect any

of the events missed in Touws River. It even faitedetect some of the flow events detected

by Sentinel2. SentinellB faced challenges in 2021, resulting in the images being unavailable.
The shorduration flow events tend to be difficult to detect using remote sensing as 83% of the
missed events haddaration of less than five days (Taldd), which is problematic as most
NPRs have a short flow duratifless than 5 days)
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Table5.1 : Remote sensing’s ability to detect f
Touws River Molototsi River
Duration| Observed RS Missed Duration | Observed| RS Missed
(days) events detected events (days) events | detected events
events events

<5 6 2 4 <5 5 3(+1) 2
6-10 4 4 0 6-10 3 2(+1) 1
11-15 1 1 0 11-15 2 2 0

+1 indicates additional events detected uSiegtinell

5.3.2 Temporal dynamics of the hydrological phases

NPRs are known to be highly dynamic, and flow events are difficult to predict. Touws River
hydrological phases are less dynamic but showed no seasonal patterngBiguralthough
Molototsi River is more dynamic in terms of changes between the phases, it is however
seasonal. Flow usually occurs during the southern hemisphere summer (December to
February), this is then followed by pools occurring from autumn into wiktarch to August)

then dry riverbed tends to be dominant from August to November (FaghB¢. The changes

in hydrological phases can be associated well with the catchment rainfall patterns. The changes
in hydrological phases did not correlate well wainfall in the Touws catchment. There were
events that could not be explained using mean rainfall patterns. The general cycle is usually
dry to flow to pools, there is a rare pattern of the river being dry to pools to flows illustrated in
Figure 7B and Tows River only had two phases (FigbtéC). Comparing the two catchments,

Molototsi River flows are more frequent and tend to last longer than the Touws River.
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Figure5.7: Summary of hydrological phases pattern observed in this study, A and B were
observed in Molototsi and C was observed in Touws River. The green arrows denote water

added to the river, and the red arrows indicate water logsehyver.
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5.3.3 Flow contributing area in the Touws and Molototsi River

The spatial distribution of rainfall that results in flows in the Touws River suggests that the
Southwestern part of the catchment (Quaternary catchment J12J) tends to receiagfabre r
(Figure 5.8A). This further suggests that this area may be generating most of the runoff
observed in the river. However, there are cases whereby rainfall was received elsewhere
(shown usinghered frame in Figur®&.8A). The rainfall distribution wggests that there are

also flow events that may have occurred mid to lower parts of the catchment but did not occur
upstream of the river. The highestlays antecedent rainfall (i.e., total rainfall preceding the
flow event) observed was ~120 mm andltwest was 20 mm.

In the Molototsi River, rainfall leading tmost ofthe flow events tends to occur in the upper
catchment (B81G) (Figura8B). There were events whereby rainfall occurs in-acaitthment
(shown usinghered frame in Figur&.8B). The loals suggest that the flows originating from

the upper catchment (Modjadjiskloof) area tend to last for longer compared to other parts of
the catchment. The highest antecedent rainfall observed for the Molototsi catchment was ~96
mm and the lowest was 24 midowever, receiving the highest rainfall sometimes does not
result in any runoff being generated and/or observed, the physical characteristics (soil type,

slope, and land use and cover) of the catchment have a significant role to play in this regard.
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Figure5.8: Spatial distribution of the antecedent rainfall for flow events that occurred

between August 2019 to March 2022 in the Touws (A) and Molototsi River (B).
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Curve number method

To consider the physical characteristics of the catchment, the S@&S rmumber (CN) was

used to determine contribution areas. Due to the small variation in soil types and land cover in
the Touws catchment, the curve numbers showed small variation, indicating that runoff
produced in the catchment is mainly controlled byspatial distribution of rainfall. The area
where most of the antecedent rainfall occurs (Fi§BA) is also one of the areas with a high
probability of producing runoff (CN>61) (Figur6.9A). The upper parts of Molototsi
Catchment have higher curve numsg>78), implying that it is likely to produce more runoff

than the lower parts (B81G) (Figut® B). The area also tends to receive more rainfall.
Comparing the two catchments, the curve number method suggests that the Molototsi
catchment has a greater probability of producing runoff (Figure 10), and generally receives
more antecedent rainfall. Thetiesated initial abstraction derived through the curve number
method is similar to the estimated antecedent rainfall (remotely sensed estimated) for the
Molototsi Catchment, which indicates that some parts of the catchment can potentially start to
generaterunoff from receiving as little as 10 mm of rainfall (Figure.10). Whereas the

Touws catchment can potentially generate runoff froel8@@m of rain.
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AMC II.
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5.4 Discussion

Non-perennial rivers are highly dynamic, switching between different hydrological phases.
Remote sensing was used taede these phases and the results showed that this approach has
the ability to distinguish between the hydrological phases. Although, the detection of the
transition between the phases, especially from pools to dry seems to be a slight challenge for
remotesensing. This might be caused by the pools becoming very small to be detected at
satellite spatial resolution adaswanganye et al. (2022suggested that it is a challenge to
detect pools of less than 40G.riThe remote sensing performance was better in Touws River
than in Molototsi River, this might be because i) the Touws River only had two phases ii) the
pools in the Touws River terd be bigger than those found in Molototsi River as observed by
Maswanganye et al., (2022a&)owing for easier detection. This suggebet the method used
might not be applicable in rivers with a small width (<40 m). Molototsi River phases were
more dynamic. The findings of this study, in terms of the persistence of the pools in both
catchments, are in line with the findings made by Wasganye et al. (2022a) which suggested
that the pools are permanent to sg@imanent in the Touws River and ephemeral in the
Molototsi River.

The Touws River showed to have less clouds but they persisted when flows occurred, resulting
in some flow everst being missed, whereas the flow in Molototsi River tends to be more
persistent allowing more time for the capturing of clingk images. The missed flow events

by Sentinel2 were of shorter duration (<5 days). This study used Seiitinel try and

overcane these issues. Although Sentitdhad poor detection of podislaswanganye et al.,
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2022a) it was able to detect two of three floweats missed due to cloudy images in the
Molototsi River, however, it was unsuccessful in the Touws Rieatonand Dube (2021)
suggested that this is due to the flat and arid landscapes creating similar backscatter to water,
resulting in difficulty in the separation of water and the surrounding arkasstudy only used
Sentinel2 andl, including other remote sensing data freanious satellitethatcan improve

the temporal resolution, hence giving it the potential to estimate the duration of the flow events.

In both catchments, the pool phase is dominant, this is permissible for arid aratigemiers
(Bonada et al., 2020bhis means that people will have access to pools for recreational purposes
and domestic use (i.e., swimming and doing laundrige flow events showed no seasonality

in the Touws River and generally had a shorter duration compared to the Molototsi River. This
might be a result that Molototsi receives more rainfall and has a better probability of generating
runoff based on the pBical characteristics of the area (i.e., soil types, land cover, etc)
according to the curve number method. These flows are important for communities living along
the river as they might also recharge sand/alluvial aquifer, which provides water foridomest
use(Walker et al., 2019, 2018Jhese flows are also a major control for pool occurrence along
the river. For instancéMlaswanganye et al. (2022b¥timated that it would take around 258
days for one of the pools along the Touws River to dry out if river flow does not occur.

The analysis of major contributing areas of flows for the Touws River suggests thas thre sit
reach used in this study did not capture the hydrological states of the upper stream well as much
of the runoff generated in the maditchment, therefore, there is a need to use multiply sites
when determining the hydrological state to provide a geptesentation of the river. This can

be located in between the major confluences of the main river. This can be easily done through
remote sensing but might be timely and laborious for direct observation. The minimum
antecedent rainfall was estimated &2® and 24 mm in the Touws and Molototsi catchments,
respectively. However, the spatial coverage of the antecedent rainfall is also important. The
Touws catchment is drier compared to the Molototsi catchment, as it receives less rainfall. The
runoff curvenumbers further suggest that the Molototsi catchment has a better probability of

generating runoff than the Touws catchment.

5.5 Conclusion

There are limited studies on the dynamic of hydrological states ep@&@mnial rivers, hence
this study soughto establish the spatial and temporal dynamics of hydrological states as well
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as to determine possible contributing areas. Remote sensing was able to distinguish between
the three hydrological phases when the images were available andreleudoweverit had
challenges in detecting rapid flows with short duration, as seen in Touws River and small pools
as seen in Molototsi River. Besides these limitations of the temporal resolution resulting in
missing some flow events, remote sensing showed greattipbtdfolototsi River showed a
regular pattern between hydrological states (flow, pool, dry riverbed) associated with rainfall
season patterns, whereas the Touws River had an unpredictable pattern associated with its
irregular rainfall. The pool state i®chinant for both rivers. Flovgontributing areas should be
prioritised for water resource protection and maintaining the river's hydrological states and
flow regimes. Remote sensing and GIS showed to be useful approaches in identifying these

flow-contribuing areas.

With the advancing and increasing availability of hrgsolution satellites, remote sensing will
be more useful in determining the hydrological states and providing hydrological information
about norperennial rivers that are otherwise chalieggo get through in situ measurements.

This information is critical for water resource availability as well as catchment management.
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Chapter 6: Synthesis and Conclusion

6.1 Introduction

Non-perennial rivers are important acan bethe onlywater sourcéor many communitiefn
semtarid and arid area3 heserivers account for morthan50% ofthew o r | d 'networki v e r
and are expandings result otlimate change and soc@hdeconomic useOne of the main
distinguishing featueof NPRsis the pools that occur when flow ceasEse dry river state is
also importah Dueto these stat the hydrology of NPRss highly variable as compared to
perennial rivers. HoweveNPRsare not perceived as important as perennialsiagitheyare

not deemed &eliable water sourcéRodriguezl.ozano et al.2020) As aresult,there isan
inadequate understanding of the spatial and temporal dynanitespafols andlow of these
rivers.NPRs are rarely monitoredndwhen they are monitored, perennial river methods are
used which may not adequatelycapture the spatial and temporal dynamics of these rivers.
Hence, thistudyaimed toimprove the understanding and monitoringradn-perenniakivers
using both ipsitu and remote sensing datahich was achievedhrough the following

objectives:

i) Reviewing theliteratureon monitoringof nonperenniakivers with afocus on the
potentialapplication of remote sensing

i) Assessinghe spatial distribution of pools and pool dynamics alongpenennial
rivers

iii) Establisling factors and processes accounting for the occurrence of selected and
representative posl

iv) Assesmg the spatiotemporal dynamics of the hydrological state of the non
perennial river systems and identification of floantributing areas

6.2 Review on Monitoring of the Spatial and Temporal Dynamics of Non-Perennial

Rivers

Thechaptereviewedmethods useth themonitoringof the spatial and temporal dynamics of
flows and pools alongonperennial riversas wellasthe potential of using remogensing as
an alternativeSeveral studies have indicated that 4pe@nennial rives are increasing@ndare
expeced to increase in most regions of the watdrainfall declinedueto climate change.
Besides thie importancefor somecommunitiesandtherole they play in the ecosystethey
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are stillpoorly studied as compared to perennial rivdtany studies suggest that tisxaused

by a lack of political will andresearch fundindgpased on the perceptidhat NPRs are not
perceived aseliable for wagr supply The chapter included some of the challengesh as

the lackof data and the complexity of monitoring these rivétee flows and pools along non
perennial rivers are highly variable, making rtheather challengingo model effectively,
especially using current methods that are developed in/for perennial. iMess of the
availablework that has beedoneon pools and flow dynamics is from ecologicalgperctive
andnotfrom hydrology.Much of the studies on NPRs are daméustralia,the United States

of Americg Spain, Portugal and France, and inadequate research has been conducted in Africa

wheremostsuch river systemsccurin relative abundance

To overcome thalentified and knowrknowledge gapsnonitoringof variouscomponents of
NPRs is a prerequisit€urrently, laboriousand time-consumingconventionalmethodsare
used to monitoNPRs Thesemethodsare derived fronthe perennial rivers perspective and
might not adequately capture tdgnamics of nonperennial riversThe review found that
satellite emote sensing has been used to eximgabrtant and usefulydrologicalinformation,
although this was mostly done in large perennial rivers and wetl@nestudy concluded that
remote sensinguight havethe potential to monitor the spatial and temporal dynamics of non
perennial rivers. Howevethis potental has nb been exploredThis potential is expected to
improve as satellite technology and methodology becomoee advancedThis study,
therefore, evaluated the use of remote sensing to extract useful hydrdjogiseful
information of noRperennial rivers using #8itu data whilst addressing some of the knowledge

gaps.
6.3 Monitoring of Spatial Distribution and Pool Dynamics along Non-Perennial Rivers

When nonperennial river flow ceasgpoolsoftenform. Thesepools areanimportantwater
source for livestock and domestic purposes in rural #dBxasada et al., 2020; Makwinja et al.,
2014) This chapterexplored the use of remote sensapproacheso monitor thdocation and
size of the poolalong the Touws and Molototsi RiseWater areasvere extracted using the
thresholding method for Sentiné] and Normalised Difference Water Index (NDWI),
Modified NDWI (MNDWI), Normalised Difference Vegetation Indeand Random Forest
classifierwere used fd@entinel2 imagery.Overall, the findings of the stydshowedthat

MNDWI applied to SentineR performed bettethan the othetestedmethods Pools were

110



detected withacceptableccuracyof 74 to 84%at boththe pool and catchment scald?ools

in the TouwsRiver showed a perennial natymehereas thgoolsalongthe Molototsi River
hada distinctephemeral patterThe changes in pool sizes time two study sites correlated
well with the occurrence dfows and rainfall. The study concluded that remote sensing can be
used to extracsignificant hydrological information opools. However the water balance
approactwas recommended betterundersandthe water fluxesiriving changes in the pools

The nextchaptempresenédwater balance.

6.4 Water Balance of Pools along Non-Perennial Rivers

Baseal on the limitatiors of the previous chaptgthis chapter usedater balance approatt
provide a betterunderstanding opools inNPRs The results of the study suggested that
focal pool (Wolverfontien 2)loses most of its water througivaporation. The podallsoloses
water tothe subsurface to a certain watepthof aboutl.1 m, beyond whichgroundwater
stars to sustain the pool, reducinget water lossesThe use of satellitderived climatic
variables of rainfall and evaporationn the modelwas promisingas it yielded acceptable
results However, the thempt tosolely useremote sensinglata in the water balanceas
unsuccessfus resulof thetemporal and spatial resolutiongstellite imagery anthelack of
river flowsinformation whichis the majo driver of pool dynamics as observiedm the in-
situ model The water balancmodeldeveloped and used fahis study is simple and did not
require riverdischargemeasuremestbut uses flow occurrence asproxy, henceit can
potentially be appliedto many pools This study alsorecommended thaemote sensinge
used to detect the occurrence of riflew, this was done in the next sectidMater resource
management should consider tomservatiorof these pool@ policy and decisiommaking so

that the impact of anpstream and/or locaktivitiesis known and avoided or minimized

6.5 Assessment of Spatial and Temporal Dynamics of Hydrological States of Non-

Perennial Rivers

Non-perennial riveraredynamicswitching between the threlstinctstatesi.e., flow, pools,

dry riverbed Each state has its function, importanead implications for water resource
managementhis studyfocusel on assesedthedynamics of these states the twostudysites
aswell as identifying flowcontributing areasThe study demonstrated that remote sensing
could distinguishthe three states with acceptable accuacy90% dthough it struggledo

captureshort duratiorflow eventsof less than 5 days, mainly due to satellite imagery revisit
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time which is5 daysPools state was the most dominant for both study sites. Flow occurrence
showed no seasonality the Touws River, whereas the Molototsi Riverthe flows are
predictable as #y occur during a well-defined season.The flow contributingareas were
identified using freely availabldatg and these areashould be strategicallyprotected to
maintain the hydrological statéBhe analyses furtheevealedhatthe study catchmentgart

the generationof runoff after receiving about 20 mm odinfall with the Molototsi River
exhibiting a higher probability of generating runof€ompared to the Touws Riverhe
approach used in this study can be adopted in athhmentsto extract such useful
information.Water resourceractitionersand catchmenhanagemenagenciesre advised to
considemonitoring and assessifiydrological stateas well as identifying floncontributing

areas to make informed decisions.

6.6 Conclusion

The purpose of this study was to improve the understanding of the spatial and temporal
dynamics of pools and flows along nparennial riversising insitu and remote sensimgta

sourcesThe study made the following conclusions:

1 The two studied areas (Touws and Molototsi Riyvexhibit different flows and pool
dynamicsasaresult ofdifferencesin physical characteristics such as rhvedmaterial,
landcover and land use.

1 MNDWI applied to SentineR imagery provided better performance compared to the
other tested methodsIDWI, NDVI, Random Forest, Sentinélthresholding)

1 Remote sensing can be usedrtonitor spatial and temporal dynamicspafolsalong
nontperennial riversas well asdetermire the hydrological state o& river with
acceptablaccuracy.

1 The major limitatiorof remote sensinm extractng hydrological information was the
temporal and spatial resolution of the satellite imagehych will improve as satellite
technology advances.

1 A detailed understanding of pools can be derived wsmater balance approachkhich
includesinformation about the persistence of pools. Onthepools in Touws River
could retain water for 258 days without beindilted by river flows.The study also
found that extrapolating understanding from poel to another along the same river

could be inaccurate.

112



1 The flowcontributing areas can be identified using readily avalatdtasuch as
rainfall, soil types

Overall,the study showed various wsalgy which hydrological information of noperennial
rivers can be extractedrom freely availableremote sensinglata while improving the
understanding of spatial and temporal a@ynmcs of flows and pools along nperennial rivers
in semtarid and arid area3he insights that are provided by this study are useful for better
management of NPRs and their host catchments. The methods tisisdstudycan beused
by water resource managéeos planning and decisiemaking andby researchexfor further

investigationsuch as the ones suggested in the next section.

6.7 Overall Recommendations

This study contributed t&nowledgeon thebetterunderstanding ahmanagement of nen
perennial river and their catchments. The study demonstreterethods that can be uskxl
the extractionof important hydrological information about ngerennial rivergrom remote
sensingNow that the accuracy and the limitatsoof using remote sensing to monitaon-
perennial rives wereestablished by this stugfuture studiegouldinvestigate

Upscaling the monitoringf the hydrological states to tkatchment level
Focus on estimating river discharge using remotesensing derived information
consideringhe complexity of nofperennial rivers.

1 The use of new andadvancedsatellites including the useof multi-satellites, to
overcome the challenges of tempaesolutionposed byusing singlesatellite imagery.

1 Theuse of advanakand rapid methods through platforms like Google Earth Engine
detectwaterareasalong norperennial rives.

1 Thehydrologicalconnection or flow of water in between the poolthe subsurface
along the river whe flow ceassto improve the understanding of pool dynamics.

1 Impact of river sand harvesting on the formation and location pools alorgenennial
rivers.

1 The ddineationof pool protectionzone the boundary where activities such as water
abstractiorareprohibited is crucial for better management

1 The use othecitizen science programme was Kkeycollecting data used this study
I, thereforedo recommend that water authorit@msider establishing such networks

for ungauged catchmentsline with SDG 6B
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1 Theincorporaton of the hydrological informatiosuch as the hydrological states of
each norperennial river, the presence of peaind their persistency (temporal or
permanat) by government authorésin their databaséhis information could also be
included as paf theriver descriptiofproperties

1 Land use planningdevelopmentand managementshould seriously consider the
effects thatheywill have on non-perenniakiver flows and pools.

1 Given that the number (and possibly importance) ofperennial rivers are believed
to be largely underestimated, there is a need to review classification of national river
system. For instance, the Molototsi Riveeds$n this study is well documented to be a
nontperennial river, however, it appears as a perennial river in the Department of Water
and Sanitation data (Appendix Figure A3). Remote sensing could hetpein

reclassification process of these rivers, esplgain the ungauged systems.
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Figure AL: Initial modeldid not take into ppundwateiinflows. This modekuggest$osses to

groundwatethroughoutand has no threshold.
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FigureA2: Photographsf Touws @A) and MolototsiB) Riverin a flowing (a), pools (b), and

dry riverbed state (¢YB: Touws River did not havedry riverbed state during the study period
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Figure A3: Classification of South African Rivers (top left), with Molototsi River

misclassified as a Perennial River ¢oot right).
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