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ABSTRACT

In this study, geophysical measurements (Electrical Resistivity Tomography-ERT) and remote sensing
techniques were applied in the Thukela river basin at various scales to complement the classical
hydrometeorological networks. Detailed process hydrological studies were carried out at the Potshini
catchment in the Thukela river basin to provide an in-depth understanding of the influence of different
land use management practices, notably the impact of conservation tillage practices, on nunofl
generation and soil moisture retention characteristics at field scale, The general trend that was
ohserved in the field studies is that conservation tillage systems influenced the partitioning of rainfall.
by significantly reducing surface runoff over agricultural lands under conservation tillage practices,
with a reduction ranging from 46 to 67%, The field soil-water balance studies also indicated thal more
soil moisture was retained in plots under conservation tillage practices compared to plots under
conventional tillage and hence the wider adoption of such a practice could influence the partitioning of

rainfall across scales,

The field based study was integrated into catchment process studies where a classical hydrometrical
network was complemented with geophysical measurements (ERT) along catchmenl transects 1o
determine the interaction of the surface and sub-surface water and the relative contribution of the
subsurface water to caichment response. The study revealed that the shallow ground waler contributes
significantly, close to 75%, of the stream flows in the Potshini catchment, especially during the dry
scasons, with the response of the shallow ground water being a function of both the rainfall intensity
and daily total amount.

The potential of integrating the catchment process studies with the larger river basin scale was
explored through the evaporative term of the water halance by applying the Surface Energy Balance
Algorithm for Land (SEBALY), a remote sensing methodology, to estimate total evaporation (£7T) from
the Moderate Imaging Spectroradiometer {MODIS) satellite images, This was validated with ground
measurcmenis from a Large Aperture Scintilometer (LAS) installed in the Potshini catchment. Good
comparison was established between the remotely sensed estimates and LAS measurements with a
devintion range of between -14 1o 26% on discrele days, where the deviation was defined as the
departure of the remotely sensed estimates of ET from the respective LAS measurements, The results
from this study compare well with results from similar studies in other countries with different
climatic conditions. Subsequently, the evaporative water use of vanous land uses in the upper
Thukela river basin was assessed using MODIS images. Commercial forestry was identified 1o be the
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land use with a consistent and relatively high evaporative water use in the study area. High
evaporation rates over water bodies were observed during the wet summer season when both the
natural and man made water bodies were at full capacity. Nevertheless, it is recognized that the

inherent low resolution of the MODIS images could have impacted on the SEBAL results.

Finally, a conceptual framework, drawing the strengths of classical hydrometeorological networks,
geophysical measurements, isotope tracers and remote sensing is suggested with the potential of
enhancing our understanding and conceptualization of hydrological determinants across scales. The
relevance of the framework to water resources management is highlighted through its application to

the Potshini catchment and the Thukela river basin using results and findings from this study.
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1.0 Introduction

Understanding, appreciating and nurturing of the intricate coexistence of human and eco-hydrological
systema in river basins is fundamental in Integrated Water Resource Management (IWRM), as
enshirinod in the 1998 South African National Water Act. However, soch an understanding needs 10 be
based on detatled information regarding the dominant hydrological processes across scales and their
imter-linkages for sustainable waler resources management, with sustainability being achieved when
consumptive uses do not threaten the short and long-term status of water bodies as sources of water for
natural uses. Sustainability also needs consideration in the context of upstream snd downstream users
of & water resource, especially in waler scarce environments such as the and and semi-arid regions of
sub-Saharan Africa. Hence there is a necessity for a holistic approach, primed with sclentific
information, in addressing both the social and biophysical challenges in water resources management

The Smallholder water Systems Innovations (S51) research programme (Rockstrim of al., 2004)
implemented in South Africa and Tanzania (Thukela and Pangani river basins respectively ), is a recent
research initintive in the sub-Saharan region which aims to holistically address the above challenges.
This is detailed in the programme’s objectives (351, 2004) and further elaboraled in the respective six
main rescarch projects within the programme, of which this study forms part. Figure 1.1 shows the
layout and interactions of the various projects in the 5SI research programme with Projects 2 and 4
having a mirror implementation in the Pangani and Thukela River Basins respectively, i.e Project 2a
& 4a in Pangani and Projects 2b & 4b in Thukela, Projects 2 and 4 are the main drivers of
hydrological research studies in the S5 programme, more specifically, in process hydrology at ficld
scale (Project 2) and at catchment and river basin scale (Project 4), with the rescarch study reported
herein forming Project 4b of the 581 research programme. The programme aims at assessing the extent
to which water management in rain-fed smallholder farming can reach in securing human livelihoods
in semiarid/sub-tropical savannahs while snalyzing the upstream and downstream implications of
upgrading ran-fed agriculture through the adoption of waler use imnovations (e.g., minwater
harvesting). This forms the main scientific challenge in the SSI programme, i.c., the advance of
knowledge on how to balance water for food and nature, with particular focus on upgrading
smallholder min-fed agnculture in water-stressed catchments and river hasins at large (Rockstrom ot
al, 2004), Such a challenge should be managed within the context of IWRM, by applying
managemenlt and scientific tools including those of hydrological and related sciences, especially in the
understanding of the interaction of various hydrological determinants across scales as highlighted in
this study.
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Figure 1.1 Layout of the SS1 research projects (adapted from SS1, 2004)

Hydrological processes occur at & wide range of scales both in space and time {Bldschl and Sivapalan
1995) and their vanability across scales has been exacerbated by anthropogenic activities which have
led to impacts on hydro-climatological regimes at larger scales and far away from the epicentre, with
these impacts being transmitted through the land surface-atmospheric feedbacks (Sivapalan et al,
2003). There is a link between disruption of ecosystems, environmental degradation and unsustainable
water resources management, with the latter being as a result of uninformed or unwise management
decisions especially relating to impending or prevailing human activities. Generally, wise decisions in
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daily life are plausible through the support of past experience or knowledge and which is ultimately
derived from data. There is lile doubt that data is the lifeline of all scientific and analvtical
endeavours, an opinion also shared by Silberstein (2006) when he stated that “science is founded on
observations™. Thus, as the hydrological community strives to contribute to successful IWRM, it has
no oplion than to fully engage in seeking a better understanding of the hydrological determinants
across scales through observations and analysis. This calls for increased monitoring campaigns of
hydro-climatological processes, devising better and inmovative mondonng frameworks  and
approaches across scales, and developing sdvanced analytical tools capable for analysing the resulting
massive data sets from such monitoring campaigns as highlighted in the scientific objectives of the
Intermational Association of Hydrological Scientists (IAHS) led Predictions in Ungauged Basins
(PUB) initiative (Sivapalan et al, 2007) and advanced in this study.

1.1  Hypothesis and general objective of the study

The general hypothesis of this study was tht good understanding and characterization of dominant
hydrological processes at dilfereni spatial scales in the Thukela river basin can cnhance the
development of better water resources management strategies, within the context of Integrated Water
Resources Management, al these scales. The general objective of the study was 1o identify and
understand the interaction of dominant hydrological determinants at differemt spatial and temporal
seales and their relative importance in waler resources management in the Thukela river basin.

To achieve the above objective, process hydrological studies were carried out in the upper Thukela
river basin, commencing with the establishment of a research catchment in the Potshini community in
Bergville Distnct in the KwaZulu-Natal Provinge, South Africa (cf. Figure 3.1 and 3.2). Details on the
process and methodological approach applied in establishing the Potshini research catchment,
ncluding the rationale for choosing it are discussed in detail in Chapter 2 of this thesis. The
instrumentation process started in the year 2004 and has progressed since then, with additional
momitoring structures and instraments being constructed and installed in the catchment respectively. It
i5 useful 1o note that the Bergville District, specifically the Potshini catchment, was one of the areas
that were targeted during reconnaissance surveys that were carried out between January and February
2004 in search for a suitable caichment for implementation of the SSI research programme
(Rockstrim et al, 2004). The Potshini catchment provided research opportumities for the 551
programme through the then Agricultural Research Council's (ARC) - Bergville Landeare project
(Smith et al., 2004 ). The Landcare project was initiated in the Potshini commumity in 2002, two years



before the launch of the 581 research programme and hence provided an entry point for the 551
programme to the Polshini catchment through its pivotal role in the adaptation of conservation
agncultural practices (waler use innovations) to the smallholder farmers in the catchment. Water use
innovations by smaltholder farmers formed the core of the 551 research, thus the ARC project and the
551 rescarch programme endevours were complementary and provided the mtionale for choosing the
Potshini catchment

1.2 Contribution of the thesis to knowledge base

This thesis is a culmination of a four year study, spanning January 2004 to December 2007, Intensive
and extensive field work formed a major part of the study reported herein especially at the initial
stages in;

i} semting a platform for implementing this research study, and the 551 research programme at
large, by initiating links and developing good working relationships with relevant
stakeholders, especially the Potshini community, and

ii) ecstablishing a research catchment in the Potshini community. For the purposes of this
document, the field data collection and monitoring campaign ended in June 2007,
ilthough the 551 hydrological monitoring programme in the Potshini research catchment
1§ OnEoing.

The contribution of this study to the scientific knowledpe base is on three fronts. The first is the
establishment of a research catchment in the midst of a local community using a participatory leaming
approach. The Potshini research catchment has the potential to significantly improve hydrological
process understanding and to play a role with regard o national policy development on water
resources management particularly with regard 1o small scale farmer’s requirements. The Potshini
research catchment provides an opportunity for future and further research given the fact that the
monitaring network comprises several permanent structures which other rescarchers may use in their
studies in the future. The moniloring network at the Potshini catchment is unigue in that it was
established through a participatory approach, with the local community and other stakeholders playing
key roles at different levels of participation as elaborated in Chapter 2. It is noteworthy that some of
the catchment monitoring tnsks were voluntarily undertaken by the local community afier a
participatory learning process which focused on the potential importance of calchmen! monitoring to
the community livelihoods. [t is scknowledged that there are other research catchments that have been
established in rural community areas in the southem African region, ¢.g the Romwe catchment in
Zimbabwe (Moriarty, 2000), but none have adopted the participatory eatchment monitoring approach

4



that was applied in the Potshini catchment, as detailed in Chapter 2 of this thesis. The Potshini
catchment moniloring network endeavours to close the water balance in the catchment, as expounded
in subsequent chapters, through the monitoring of almost all the components of the hydrological cycle
and characterizing the dominant hydrological processes and is uniquely established in a tvpical rural
developmental setling.

Motably. this research study has demonstrated the successful application of geophyical measurements
and classical hydrometric monitoring in determining the surface and subsurface water interactions at
entchment scale, and the application of remote sensing and scintillation techniques in gquantifying the
spatial variation of total evaporation (ET) at various spatial and temporal scales in the Thukela river
basin in South Africa, The interaction of surface and subsurface flows is 8 major field of ourrent
hydrological research, and this study makes an important contribution to this topic particularly in
catchments with semi-arid environment. The application of scintillation and remote sensing techniques
to estimate ET at various scales have not bee applied in the Thukela river basin before, and the cross
validation of scintillation-remote sensing results is unigue in South Africa. This is the second magor
contribution made by this research.

The third front is the development and application of a conceptual framework for characterizing
dominant hydrological processes al occumrence scales through the integration of geophysical
measurements, tracer isctopes and remote sensing in the Thukela river basin. There are several studies
from other regions that have applied geophysical measurements and/or tracer isotopes to complement
hydrometric measurements e.g. Wenninger et al., (2004) and Uhlenbrook et al., (2005), but none have
integrated remote sensing, scintillation studies, geophysical measurements, isotope tracer studies and
classical hydrometric measurements in a conceptual framework in the manner performed in this
research study. The framework provides a contribution to the process hyvdrology endeavour of
addressing scale issues and provides an opportunity for related research activities to contribute their
findings to strengthen the framework.

L3 Outline of the thesis
This thesis is comprised of eight integrated chapiers, starting with the introduction of the thesis in

Chapter | and ending with conclusions and recommendations for future research in Chapier 8, with
cited reference being listed in Chapter 9. Together, these Chapters form a coberent document, with the



main Chapters and core of this rescarch study being Chaplers 2 1o 7. Chapters 2, 4, 5, 6 and 7 have
been structured in such n way that they require minimum editorial effort before submission for review
in appropriate hydrological science jourmals, as per puidelines approved by the University of
KwaZulu-Natal. Each of the main Chapters address a specific issue on the understanding of
hydrological determinants scross scales in the Thukels river basin, with subsequent Chapter(s) being
based and or building on the philosophical and analytical framework of previous Chapter(s) thus
forming a coberent document. Initial results from this study were published in a hydrological science
journal, of which the published article, together with its appendix forms Chapter 3. Specific objectives
and relevant literature for each Chapter is discussed and reviewed within the respective Chapter. A
brief summary of each of the Chapters is as highlighted below,

In Chapter 2, the establishment of a research catchment in the upper Thukela river basin, ie the
Potshini research catchment, in the midst of the Potshini community is described. This Chapter
provides a detailed explanation of the procedures followed in setting up a platform upon which most
of the field observations in this study are made. As such, it provides a detailed description of the
vanous hvdrometric structures and equipment in the Potshini catchment which were used in this study,
In this chapter, the author drew on the expertise and experience of the scademic and support stafl of
the School of Bioresources Enginecring and Environmental Hydrology (BEEH) at the University of
KwaZulu-Natal in esinblishing the caichmenl monornng nctwork in the Potshini catchmenl In
particular, the author often consulted and sought advice from the Co-supervisor of this thesis who 15
credited with establishing hydrological research catchments in the Southern Afnca region,
Nevertheless, all the design of the monitoring network, the field work and data collection reported in
thia thesis, including engaging the local community and other stakeholders in participatory catchment
monitoring wis undertaken and managed by the suthor with manual labour being sourced from the
local community. The design, construction and instrumentation of the flow gauging structures, i.e H-
flume and Préssure munsducer under a road culvert, was done by the author with guidance from the
co-supervisor, Installation of eleven runoff plots out of the seventeen in the catchment (including the
accompanyming lipping buckers and sediment samplers), Pierometers, manual rain gauges, weather
station in the midst of the commumity, the Large Aperture Scintillometer and insertion of the Time
Domain Reflectometry (TDR) access tubes (for soil moisture profiling) in the eleven runoff plots, was
done by the author of this thesis. The deep bore holes in the calchment were installed by the Provincial
Department of Water Affairs and Forestry in KwaZulu-Natal, but the process was facilitated by the
author, These boreholes were installed afier a peophysical survey mapping exercise Le Electrical
Resistivity Tomography (ERT), by the author 1o determine the appropriate sites for installing the



boreholes. Thus, the initistive to establish and the sustained effort 0 maintain the catchment
monitoring network in the midst of the Potshim community are accredited 1o the author of this thesis.
The structural design and writing of this Chapler was done by the author with editorial assistance from

the supervisors.

The investigation on the influence of conservalion tillage practices on hydrological regime in the
Potshini catchment is highlighted in Chapler 3. Conmservation tillage practices, like rainwater
harvesting systems, are classified as “waler system innovations™ (Rockstrim, 2000; Rockstriim et al.,
2004) duc to their ability to influence the partitioning of rinfall on the surface and have the potentinl
to change hydrological responses st both field and caichment scale, Thus, the influence of
conservation tillage system was investigated against conventional tillage system al Deld scale. It was
found that conservation tillage system significantly reduces surface munolT and encourages retention of
soil moisture. The appendix to this Chapter highlights and incorporates the examiners comments for
this Chapter and hence is a revised and reformatied version of the published anticle in Chapter 3. In
this Chapter, the author monitored and collected all the field data and camed oul the comparative
analysis reported herein. The structural design and writing of this Chapter was done by the author in
consuliation and with editorial assistance from the main supervisor.

Chapter 4 is focused on the imteraction of surface and subsurface water in the Potshini catchment,
ncluding the contribution of shallow ground water to the integral stream flows observed at the outlet
of the catchment. This is an important Chapler given its role in setting the stage [or understanding the
system dynmamics of the catchment from which the link between hydrological determinants and
anthropogenic activities could be established. Field work and data collection reported in this Chapler
was carmied out by the nuthor, including weekly downloading of data from the weather station, the
numerous data loggers recording data in the field (e.g H-flume, shallow groundwater wells etc.),
obtnining field samples for saturated hydrauhc conductivity, carrying out in-situ  hydraulic
conductivity tests, and carrying oul geophysical measurements along ning transects in the calchment
{¢f. Figure 4.4), The scientific analysis and interpretation reported in this Chapier was done by the
author in consultstion with the supervisors, especally the Co-supervisor of this thesis who has done
similar research work in other parts of South Africa. Otherwise the structural design and writing of
this Chapter was done by the author,

In Chapter 5, the process of deriving total evaporation (ET) from satellite images using the Surface
Energy Balance Algorithm for Land (SEBAL), o remote sensing technique, and the validation of the
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SEBAL estimates of ET against field measurements from a Large Aperture Scintillometer (LAS) is
discussed. The thrust of this Chapter is the fact that total evaporation is the main hydrological flux in
the sub-Saharan region and hence the need to quantify and manage its occurrence across scales. The
SEBAL estimates of total evaporation retrieved from the Moderate resolution Imaging Spectro-
radiometer (MODIS) images compared well with field measurements along a 1.03 km transect from a
Large Aperture Scintillometer installed in the Potshini catchment. The author of this thesis attended a
one-week special training session in mid 2005, conducted by a remote sensing and SEBAL specialist
from the International WaterManagement Institute-Colombo, on the application and interpretation of
SEBAL results. All the field work, application of the SEBAL methodology and the analysis reported

in this Chapter was done by the author with supervisory assistance from the supervisors.

The methodology described in Chapter 5 is applied through the computation of evaporative water use
of various land uses in the upper Thukela river basin from MODIS satellite images, as detailed in
Chapter 6. This builds on research by the main supervisor of this thesis on land use change and links
to other research ongoing in the School of Bioresources Engineering and Environmental Hydrology.
Forestry, water bodies and wetlands were found to have the highest evaporative water use and
indigenous forests had the least water use within the forest land use classification. In this Chapter, the
author carried the analytical procedures, analysis of results and writing up of the Chapter, with

supervisory assistance from the supervisors

A conceptual framework for integrating other related science disciplines into hydrological science is
suggested and discussed in Chapter 7. The potential for integrating geophysical measurements, isotope
tracers and remote sensing into mainstream hydrological science are detailed and possible future
challenges are noted. This is a synthesis Chapter and integrates the scientific evidence and knowledge
from the main Chapters into a framework for addressing scale issues in hydrology. This Chapter is a
brainchild of the author, who outlined its structure, content and subsequently produced the manuscript

in consultation with the supervisors, who also assisted in editing the document.

Chapter 8 provides a synopsis, conclusions and recommendations for future research and is accredited

to the author of this thesis.



2.0  Establishment of a catchment monitoring network through a

participatory approach in a rural community in South Africa

Summary

The establishment of a catchment monitoring network is a process, from the inception of the idea to its
implementation, the latter being the construction of relevant gauging structures and installation of the
various instruments. It is useful that the local communities and other stakeholders are involved and
participate in such a process, as was realised during the establishment of the hydrological monitoring
network in the Potshini catchment in the Bergville district in the KwaZulu-Natal Province in South
Africa. This Chapter illustrates the participatory application of various methods and techniques for
establishing a hydrological monitoring network, in a small rural inhabited catchment, to monitor
hydrological processes at both field and catchment scale for research purposes in water resources
management. This Chapter concludes that the participation of the local community and other
stakeholders in catchment monitoring and instilling a sense of ownership and management of natural
resources to the local communities needs to be encouraged at all times. Success stories in water
resources management by local communities can be realized if such a process is integrated with other
development plans in the catchment at all forums with due recognition of the social dynamics of the

communities living in the catchment.
2.1 Introduction

Sound decision making for water resources and environmental management has to be based on good
knowledge and factual information regarding the dominant hydrological processes, together with bio-
physical characteristics of a catchment and in combination with socio-economic aspects. Such
information can only be obtained through establishing networks that are capable of monitoring such
hydrological processes at different temporal and spatial scales. The establishment of a catchment
monitoring network involves a process, from inception of the idea to the actual construction of the
various structures and installation of the necessary equipment and instruments while engaging relevant
stakeholders. Such a process is normally driven by a motive to meet certain research objectives (e.g
Wigmosta and Burges, 1997; Gilvear and Bradley, 2000; Hodgson et al., 2002; Ireson et al., 2006), but
with consideration of the cost implications with regard to construction and acquisition of the various
instruments and their maintenance. However, research catchments are typically established in areas
where people do not live. In fact, people are usually excluded from such catchments as they add

uncontrollable variables to the experiment as well as the risk of theft and vandalism. This Chapter
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describes the establishment and installation of various instruments and structures for a detailed
catchment monitoring network that took place in the midst of a rural community, the Potshini
community, in the upper Thukela river basin in South Africa. This provides a good case study for
considering the many issues and challenges (social, scientific and engineering) that need to be
addressed in the process of establishing the monitoring network in a populated rural catchment in a

developing region.

There are few case studies in the available literature on the establishment of detailed catchment
monitoring networks through a participatory approach involving the local community and other
stakeholders. Moriarty (2000) reported the establishment of the Romwe catchment in Zimbabwe
through the involvement of the local community, but the participatory approach that was applied in
due process was not highlighted. A survey study by Loreta et al., (2006) indicated the desire by local
communities and other stakeholders to be involved in water quality monitoring and surveillance in the
Mzingwane catchment in Zimbabwe, even though they were not aware of the existence of such a
monitoring programme in their locality. However, the participatory approach in catchment monitoring
has long term benefits including the opportunity for the relevant stakeholders, notably the local
community, to gain insight into the hydrological regime of their locality. This in turn provides a better
basis for decision making for farming activities and understanding the impact of anthropogenic
activities on water resources in the catchment. Thus, a participatory approach requires a constant effort
to initiate a learning process, through which the local community is able to appreciate and recognize
the importance of catchment monitoring, not withstanding the willingness of the community to

participate in the monitoring exercise.

The Potshini catchment, a small headwater catchment on the foothills of the Drakensberg mountains in
South Africa, is inhabited by the Potshini rural community and whose main economic activity is
smallholder farming and livestock keeping. As highlighted above, the inclusion of people in research
catchments has many challenges. Nevertheless, one can not carry out convincing studies on the
interaction between water resources and food security of any rural community without considering the
livelihoods of the rural community and the dominant hydrological processes. It is on this
understanding that the Potshini catchment monitoring network was established with various objectives

as discussed below.
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2.2 Objectives for establishing the Potshini eatchment monitoring network

The Potshini catchment monitoring network was established 1o fulfill a threefold mission in line with
the overall objective of the Smallholder System Innovations in Inicgraied Walershed Management
(SS1) research programme (Rockstrim ot al., 2004) of addressing the challenges of increasing food
production, improving rural liveliboods while safeguarding cntical ecosystem fmctions and services.
The threefold mission encompassed:

o Monitoring the hydro-climatological processes of the Potshini catchment in order 1o gain an
in-depth understanding of the hydrological regime of the caichment and investigate the
hydrological and ecosystem impacts of adoption and adaptation of water use innovations
(rainwater harvesting) in the Potshim catchment;

o Establishing a capacity (0 assess, monitor, and manage waler and environmental resources in

the Potshini community in collaboration with various stakeholders through training on the
basic methodologies of catchment monitoring;

o Providing an opportunity for future and further research through the establishment of a
catchment monitoring network with a potential for upscaling and integrating into other larger
networks in the country. This is due to the fact that the network comprises severnl permanent
structures which other researchers may use in their studies in future afier the accomplishment
of the 551 research programme.

The 551 research programme is focused on investigating the potential of small-scale water system
innovations ( e.g rainwater harvesting, conservation tillage etc) for upgrading rainfed farming in semi-
arid agro-ecosystems, incloding aspects such as the need for local adaptations of these techniques,
adoption of them among smallholder farmers and possible trade-of T between water for agriculture and
water for surrounding ecosystems. However, it must be noted that 551 1s a scientific programme and
as such is dedicated to the delivery of innovative and high quality research, albeit in a developmental
setting. The instrumentation which forms the Potshini hydrological monitoring network ranges in
sophistication from simple manual ringuages, to state of the art instruments such as a Large Aperture
Scmtillometer and Electrical Resistivity Tomography instruments

The process of establishing the Potshini catchment monitoning network was initiated in carly 2004
under the 551 research programme at the School of Biorcsources Enginecring and Environmental
Hydrology of the University of hwaZulu-Natal, South Africa. The process integrated two approaches
{i) a participatory approach where the local community and other stakeholders were mvolved and
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participated (ii) a scientific approach which entailed the application of scientific and engineering
principles in designing, construction and installation of various structures and instruments. It should be
noted that the two approaches were not treated separately but rather formed an integrated continuous
learning process where the relevant stakeholders and researchers made an effort to interact and to learn
from each other. The main stakeholders for the SSI programme in the Potshini catchment, at various
degrees of participation, included the following (i) smallholder farmers actively participating in
various experimental and monitoring activities (ii) members of the local community in the Potshini
catchment in observation and construction (iii) smallholder farmers neighbouring the Potshini
catchment in attending field days and learning sessions (iv) neighbouring large scale commercial
farmers in participating and supporting the catchment monitoring initiative (v) the traditional and local
leadership in assembling and motivating the community (vi) the Provincial Department of Agriculture
and Environment in supporting teaching, providing material inputs, organizing field days and
encouraging the community to become involved (vii) the Agricultural Research Council-Institute of
Climate Soil and Water in contributing expertise from past research in Potshini (viii) the Local
Authority-the Okhahlamba Municipality in encouraging the community to become involved and
providing material inputs and (ix) the KwaZulu-Natal Provincial Department of Water Affairs and

Forestry in providing monitoring and domestic boreholes.

The Potshini catchment monitoring network comprise gauging structures and instrumentation, mostly
automated, for measuring and monitoring stream flows, overland flow from experimental runoff plots,
sediment load, shallow and deep ground water tables, subsurface resistivity using Electrical Resistivty
Tomography (Loke, 2003), isotopic composition (Deuterium and Oxygen-18) in both surface and
subsurface water, volumetric soil moisture content, soil hydraulic parameters, crop transpiration rates
and meteorological parameters. The application of scintillation techniques (Large Aperture
Scintillometer) in estimating total evaporation in the Potshini catchment forms an intermediate
observation and a calibration scale for remote sensed estimates of total evaporation from satellite
images in the catchment and the Thukela river basin at large, using the Surface Energy Balance
Algorithm for Land (SEBAL) (Bastiaanssen et al., 1998a; Bastiaanssen et al., 1998b; Bastiaanssen,
2000). Initial results on hydrological studies based on data obtained from the Potshini catchment

monitoring network for part of the 2004/05 hydrological year are reported in Chapter 3.

23 Overview of a logical hydrological measurement sequence

Although hydrological processes vary continuously in time and space, they are often described and

derived from point measurements. The resulting data form a time series, which are typically subjected
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o further processing, including statistical analysis and or hydrological modelling. Chow et al., (1988)
highlighted a sequence of logical steps (Figure 2.1) which are commonly followed for hydrological
measurements and monitoring, beginning with the instrumentation of a physical device that senses or
reacts to the physical phenomenon and ending with the delivery of data to the user.
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Figure 1.1 Hydrological measurement sequence (adapted from Chow el al., 1988) with un
additional participatory component indicating the role of the local community and other
stakebolders in establishing the Potshini catchment monitoring network. The feed buck loop
indicates sharing the analysed data with the respective stakeholders
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Such a sequence was adapted during the establishment of the Potshini catchment monitoring network
with an additional participatory component where the input from the local community and other
stakeholders was sought and incorporated as indicated in Figure 2.1. In the absence of the
participatory component, the sequence describes a scenario which is biased to understanding the
hydrological processes in a catchment but void of the social dimension of how the local community
understand and respond to the hydrological processes being monitored. The social dimension
comprises several elements, including the understanding of the knowledge base of the rural
community with regard to rainfall patterns, stream flows, temperatures etc, as well as the willingness
of the community to learn about and quantify the various hydrological processes taking place in their
midst and the importance of understanding such processes. An example of application of the local
knowledge base in this study is highlighted in Section 2.5.3 of this Chapter. Such an approach
perpetuates a sense of ownership and imparts management skills of natural resources to the local
community and hence ensures the security of the various installations comprising the catchment
monitoring network. The social dimension can be complicated if several stakeholders with diverse
interests are involved in the establishment of a catchment monitoring network. Nevertheless, such
diversity can be a source of inspiration and strength if a common understanding is sought at the initial
stages. However this must be based on good working relationships and trust as was experienced
during the establishment of the Potshini catchment monitoring network. Although the steps indicated
in Figure 2.1 may appear to be obvious, even simple, they need to be followed and documented for the

purpose of sharing the experience and knowledge as highlighted in this Chapter.
2.4  Study area

The Potshini catchment (E 29.3679° S 28.8145%) is located in the foothills of the Drakensberg
mountains at an average altitude 1310m and is predominantly a smallholder farming area and a sub-
catchment of the Quaternary Catchment' number V13D (Emmaus catchment) in the Thukela River
basin in South Africa. The Thukela river basin is comprised of 86 Quaternary Catchments with a total
area of 29,036km?, with the Quaternary Catchment V13D having an area of 285 km?. Figures 2.2, 2.3
and 2.4 show an overview of the Thukela river basin and the Potshini catchment. The Potshini
catchment comprises 2-nested catchments, with an area of 1.2km? (gauged by an H-Flume) and 10km’

(gauged by a pressure transducer) respectively.

' Quaternary Catchments (QC) in South Africa are the smallest delimitations of a river basin upon which policies
and decision with regard to water resources management are based upon. The QC were defined and established
by the National Department of Water Affairs and Forestry
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The mean annual precipitation at Pntd!hli is estimated to be ﬁhm.a" and the estimated mean annual
potential evaporation is between 1600 to 2000mm.a” {Smith et al. 2004). The rains occurs during the
summer season (September to April), with heavy rains being characterized by thunderstorms and
occasional hailstorms. The maximom and minimum temperatures recorded in the catchment since
2004 are 34 and 4"C respectively. Frost is common during the dry winter season (May to August)
and has often destroyed vegetative materials in the catchment, including vegetables in homestead
gardens in the catchment,

THUKELA BASIN
VERVIEW

Potshini
catehmant in e 2
Qc viiD e e e

Figure 2.2 An overview of the Thukela river basin (After 551, 2004)
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Figure 2.3 An overview of the two nested calchments in Potshini

Due to local topography and high summer rainfall, a pood drainage network has developed in the
Potshini catchment with most of the streams being perennial and providing water for domestic use o
the upper part of the catchment, while replenishing reservoirs for commercial farmers downstream.
The main land uses in the catchment include the predominant smallholder farming (crop production)
during summer, which constitules approximately 60% of the total land in the caichment, and grazing.
The smallholder farms are individually owned while grazing arcas and boreholes that were installed

by the local authorities are considered commaon property. The main sources of water for domestic use

in the community are bore holes, springs and the Potshini stream.
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Figure 2.4 The 1.2km’ Potshini catchment

The geological formations underlying the region around Potshini catchment is sandstone and
mudstone of the Tarkastad Formation, Beaufort Group and by shale and sandstone of the Estcourn
Formation (Tumer, 2000). The Tarkastad Formation is described as comprising fine o medium
grained vellow and grey sandstone snd maroon (red) to green and blve mudstone. The Estcoun
Formation is described as comprising dark-grey shale, siftstone and fine and medium 10 coarse
sandstone. According to Turner (200M0), the major soil patterns that are evident and associated with the
sandstone and mudstone of the Tarkastad Formation are the red and vellow-brown apedal and the

plinthic soil patiermns.
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15  Methodology

25.1  The participaiory process

The research approach applied in establishing the Potshini catchment monitoring network involved
Participatory Research (Bhatt et al, 2006), a process where the smallholder farmers and other
stakcholders were imvolved from the initial preparatory stages o the actual construction and
instrumentation of the vanous structures and instruments. Local input was sought regarding the siting
of structures and instrumenis and permission to develop a monitoring network was sought from the
bocal farmer’s forum, individual farmers as well as from the waditional and local leaders of the area. A
commumicalion process and dialogue was inimated between the researchers and the relevant
stakeholders in the catchment. This involved holding mectings with the local leaders (e.g traditional
leaders, Local Government officials, relevant Government Department officials etc.) and the local
community. Local artisans and masons were purposely involved in construction of various structures
and mstallation of some of the instruments as part of a wider leaming platform and technology
transfer o enable them appreciate the operational mechanisms of the network. The local community
continued 10 be & key stakeholder in the 551 rescarch programme and an ongoing effort is made
towards creating and maintaining a cordial relationship with the community based on respect, trust
and friendship. The culture and practices (e.g abstaining from any ficld activities that involve digging
or excavation of the soil during burials) of the Potshini community were respected at all times both
during and afier the establishment of the Potshini catchment monitoring network. The approach
prooved 1o be effective in perpetuating a conducive environment for interacting with the local
community and hence the goodwill of the community to safe guard any installations in the arca
Severnl smallholder farmers in the Potshini community volunteered to participate in various research
nctivities including managing experimental trials on their farms. The voluntary monitoring of daily
rainfall and soil moisture in the catchment by some of the smallholder farmers in the Potshini
cutichment was beneficial to them especially in determining the appropriste time for planting their

single summer maize crop,
151 Communication and feedback platforms for learning and sustainable adoption

A participatory leamming process must involve a feedback mechanism where continuous updating and
response are infegrated in the leaming process. Such feedback mechanisms should accommodate as
much as possible, the opinions and ideas from the various stakeholders. In the Potshini catchment,
feedback forums were promoted and encouraged for all stakeholders, at the various levels of
participation, where the respective stakeholders were continuously updated on the main research
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lindings, progress on dlumllnﬂimmdwﬁ;lrﬂth:ﬁﬂiuﬁilhn a year. It is during such
feedback sessions that the respective stakeholders oblained an in-depth understanding of the ongoing
research activities, and appreciation of their contribution to the S5 research programme and 1o
understand the vagaries of hydrological processes in their catchment,

A monthly Farmers Forum, established as a communication and management platform for farmers in
the Emmaus ward {the administrative ward in which Potshini falls) in the Bergville District under the
then Agricultural Research Council’s (ARC) Landcare Project, proved to be a useful platform for the
researchers, for dialogue with farmers and for other stakeholders i the area, This forum provided an
entry point for the S51 team and through it, the researchers were able to outline the objectives of the
551 programme in the area, its implementation and most importantly the usefulness of voluntary
purticipation of farmers in the research programme. The researchers managed 1o effectively use the
farmer-to-farmer learning structures previously put in place by the then ARC Landcare project (Smith
et al, 2004) for establishing contact with individual smallholder farmers who were willing to
participate in the SSI rescarch programme, especially in the catchment monitoring exercise, It is
through such forums that a good working relationship between the Department of Agriculture (both
Provincial and District offices) and the research team were established. Since then, the 58I
Programme continued to benefit and enjoyed the support of the Bergville District and KwaZulu-Natal
Provincial Agricultural offices and the 551 rescarchers attended or were represented at relevant
Department of Agriculiure functions, which provided a forum for all stakeholders and development
projects working in the Bergville District on food security, home economics, community resources
and the agricultural sector. The 551 research team participated in all field davs organized by the
Department of Agriculture in Potshini and other nearby wards in the Bergville District and likewise,
the Department of Agriculture actively participated and 1o some extent facilitsted some of the field
days organized by the 551 research programme in Potshini,

253  Siting of stream flow gauging structures

The esublishment of the Potshini catchment monitoring network involved the initial stage of
reconnaissance surveys to gain n genernl understanding of the catchment before detailed and specific
site surveys were performed as per requirements of each structure or instrument. The siting of the
streamflow gauging sites and design of the gauging structures in the Potshini catchment involved the
application of the local knowledge, scientific and engineering techniques. In particular, the local
knowledge on the historical peak flows and flood prone arcas was vital during the design and
construction of one of the stream flow measuring structures, ie an H-Flume, where community
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members, especially the elders, were involved in some of the reconnaissance surveys in the catchment
with regard to siting of the H-flume. The elders were asked on how often the stream in the Potshini
catchment overtopped its banks and whether the sites that had been identified as ideal for constructing
the H-flume were safe from fMooding and inundation. According to the elders, the site where the H-
flume was eventually constructed was prone 10 inundation at most after every three years and they
even marked the inundation extent for the last flooding event at this section a8 indicated in the
schematic diagram, Figure 2.5, which was developed after a survey exercise before the construction
of the H-flume. This information was useful in the design of the H-flume especially the onentation of
the instrumentation house as discussed in Section 2.5.5 of this Chapler.

Flow dapih for m 2 yr
retam flood estimeled Pravious inundntion extent as

by he \" marked by the local elders

f H-furme approach /
1.5 channed

/

4

= L8f bank Right bank —

Channel depth (m)

12 10 B (-] a4 F | [#] F | 4 g ] 1w 12 14 18 18 20
Distance from the thalweg (m)

Figure 2.5 Schematic diagram of the cross section a1 the H-Mume gauging site

Even though the stream-section on which the H-flume was constructed was prone to inundstion (based
on local knowledge), it was preferred due to the structural stability of its narrow banks, presence off
underlying rocky materinl for stability of the approach channel, and most importantly enough bed
slope for quick discharge, which is an important parameter in construction of H-flumes (Ackers et al.,
1978). It is interesting to note that the information obtained from the local community with regard to
historical peak flows, e.g stream flow depth during historical peak flows, was in close agreement with
results obtained from a modeling exercise using the Soil Conservation Services (SCS) methodology
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(Schulze et al., (1992) in determining peak floods from the Potshini catchment as can be seen in
Figure 2.5.

2.54  Estimation of peak discharge using the SCS methodology

Most of the hydraulic structures in streams and rivers (e.g bridges, culverts, weirs, flumes etc) need to
be designed based on the extreme flow events, which can be obtained through a flow frequency
analysis or hydrological modeling. The Soil Conservation Services (SCS) methodology, modified for
South Africa conditions, for estimating peak floods in small catchments (Schulze et al., 1992), was
applied to estimate the peak discharge for selected return periods in the Potshini catchment to
determine the design flow for an H-flume. The South African version of the SCS methodology has
been packaged into a computer program at the School of Bioresources Engineering and Environmental
Hydrology and was used in determining the peak discharge in the Potshini catchment. In the modified
SCS method, the peak discharge for an increment of time (ALY is defined as:

- 0.2083* A* AQ
o AD/2+ L

@1)
Where Ag, is the peak discharge of incremental unit hydrograph (m’s"), 4 is the catchment area
(km%), AQ is the incremental stormflow depth (mm), AD is unit duration time (h) used with

distribution of daily rainfall to account for rainfall intensity variations and L is the catchment lag (hrs).

The general hydrological and physical conditions in Potshini catchment neccessitate the use of the
SCS lag equation for estimating catchment response time. Dry spells occur during winter (May to
September) and most parts of the catchment have limited vegetation and mulch cover due to
overgrazing and hence the area could be categorized as semi-arid, which suits the application of the

lag equation. The SCS lag equation is given as (Schulze et al., 1992):

7 IS +25.4)"

29
7069* 3" %)
_M *N*107" 23)
e :
= 220 254 (2.4)
CN -1
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Where L 15 the catchment lag time (h), { the hydraulic length of catchment along the main channel
{m), A is the catchment area (km™), v is the average catchment slope (%), M is the total length of all
contour lines (m) within the catchment, ¥ 5 contour intervals {m), 4 is the catchment area u;.m’} and
CN-IT is the curve number of type 1L Basically, a curve number is an index relating a catchment's
stormflow response 1o a minfall event and is a function of catchment characteristics including
hydrological soil properties, land cover, and the catchment antecedent soil moisture conditions
(Schulze et al., 1992). The South African soils have been classified into hydrological groupings, with
each group having unique hydrological properties that are used in the derivation of the curve number
in the SCS package. Thus, the curve number for the Potshini catchment was determined using the
procedure outlined in Schulze et al,, (1992). Table 2.1 indicates the physical and hydrological
parameters for the Potshini catchment used as inputs to the SCS model. The catchment area, number
of contours, total length of contours and the hydraulic length of the catchment was determined from a
1:50000 topographical map covering the catichment while the Mean Annual Precipitation (MAP) was
obtained from the nearty Bergville weather station.

Table 1.1 Physical and hydrological characteristics of the Potshini catchment

el

Arca No. of | Total length of | Contour Hydraulic | Slope | MAP
(km’) contours | contours (km) imerval (m} | length (m) | (%) (mm)
(12 T 5.75 ' 20 1400 10,46 | 675 J

Based on previously mapped rainfall intensity distribution types in South Africa, the location of the
catchment coincided with storm intensity distribution type 4 (Schulze et al, 1992). With a coefTicient
of mitial abstraction being 0.1, the catchment lag ime was estimated (o be 0.58 hours (37 minutes). A
summary of the SCS model results is presented in Tahle 2.2

Table 2. 2 Summary of SCS model results

Return period (yrs) 2 E 10 20

Design daily rainfall depth (mm) s sl 98 7 |
Computed curve number 74.5 4.5 745 | 45 |
Runoff depth (mm) 1183 28 452 | 600 |
Runoffl volume (x 1000 m") 2027 | 3609 | 4975 | 6605 |
Peak discharge (m’s™) ]u‘ 116 162 216




255  Design of the H-Mlume

The most common hydraulic stroctures that are used for measuring stream flows are weirs and flumes
{ Ackers et al., 1978). If not well designed, weirs may end up being sediment traps leading to change of
the channel geometry (width and depth), which is the main reason why weirs need to be re-calibrated
with time. This is not the case for H-Mlumes. The geometry and design of an H-flume allows for free
flow of the stream discharge, save for the constriction at the fromt end, and hence enabling the
implementation of a sediment load monitoring scheme as is the case with the Potshini H-flume. In
designing the Potshini H-flume, a 2-year return peak flood was considered ie 6.4 m’s”', although the
actual design flow for the H-Mume was 3.42 m' 5. The main reasons for adopting a lesser design flow
wis the fact that the available stage-discharge relationship for H-Mlumes, developed by SCS, is only
valid for a maximum discharge of 31.42 m's", and it was necessary 10 use an H-flume rather than a
weir in the catchment 1o feeilite sccurate monitoring of the sediment load from the catchment. This
is rather difficult 10 achieve using a weir. Also, low flows were considered important to capture
accurately, so a size smaller than that required for the |:2 year event was accepted. This is also
supported by the fact that large H-flumes are not sensitive 1o lows flows of which were considered
important in this study and other research projects thal were being implemented in the catchment
under the S5 research programme. Since this was the largest H-flume calibration available, it was
accepied in ficu of complex calibration of an off-spec flume. The design of the Potshini H-flume was
based on the criteria outlined by Ackers et al., (1978). The fundamental concern and priority during
the design and conastruction of the Potshini H-flume was maintaining structural stability during and
after excessive loading events Le peaks floods. The SCS modeling results were used as one of the
bases for determining the design flood for the H-flume. Necessary precavtionary features and safery
factors were incorporated in the design and construction of the instrumentation house and the
approach channel tw allow the safe passage of o 2-year return period flood of 6.4 m's' without
affecting structural stability. Some of the precautionary features included constructing the
instrumentation house on a higher pround wway from the stream bank to avoid damage to the flow-
recording instruments in the house by unpredictable seasonal Moods, reinforcing the walls of the
approach channel with starter bars drilled into the bedrock, anchoring the foundation aganst shiding
and stabilizing the slopes of the stream banks bath on the upstream and downstream of the 11.5m long
approach channel for a distance of 4m with reinforced rip-rap. 1t is useful 10 note that the orientation
of the H-flumes instrumentation house was influenced by the local knowledge from the elders of the
Potshini community on inundation extert ot the site where the H-flume was constructed as illustrated
in Figure 2.5. Apant from being constructed 6m away from the stream, the mstrumentation house was
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designed with an elevated floor foundation, 0.4 m above the ground surface, thus further taking

precautionary measures against any unexpected inundation due to floods.
2.5.6 Streamflow measurements and monitoring of water quality parameters

Streamflow in the Potshini catchment is monitored at two sites coinciding with two nested
subcatchments of 1.2 and 10km’ respectively, as indicated in Figure 2.3 & 2.4. The smaller
subcatchment, 1.2km’, is gauged by the H-Flume, while the larger catchment is gauged by monitoring
water level fluctuations using a pressure transducer installed at a road culvert. The monitoring of the
flow rates at the Potshini H-flume is governed by a set of 3 rating equations, each describing a unique
stage-discharge relationship for a given range of flow depths. Monitoring of level of discharge in the
Potshini H-flume is via a tube, connecting the open channel discharge to a stilling well. In the Potshini
H-flume, the approach channel is connected to a stilling well, 5.6 meters away, by a 50mm pipe at the
floor level of the approach channel and sloping slightly in the direction of the stilling well. With this
set-up, the water level in the approach channel and the stilling well will always be the same and hence
makes it possible to monitor the water levels in the approach channel by recording the water levels in
the stilling well through the use of a float and a data logger mechanism as illustrated in Figure 2.6. The
float in the stilling well follows the rise and fall of the water level in the approach channel and such
movements are translated into rotational movements, and subsequently depth of flow, through a pulley

system on a shaft encoder, which is linked to a data logger. Figure 2.7 shows the Potshini H-flume in

operation.
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Figure 2.6 A schematic diagram indicating the mechanism for monitoring the approach channel
flow depth using a stilling well and float at the Potshini H-Flume. The length and width of the

approach channel are 11.5m and 2.7m respectively
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Figure 1.7 The operational H-Flume in the Potshini catchment

2.5.7 Monitoring of sediment load and isotopic composition of stream flow

It 15 always a challenge 1o oblain a represeniative waler sample in streams af the desired time, for
anabviical work on waler guahity. This & compounded by the fact that siream flows emanating from
hesd water catchments of relatively small area in semi and areas are highly variable, with rapid
overland flows and interflows. A good sampling scheme should take into consideration such vanations
of flow by taking frequent samples dunng changing flow.

Water quality, ¢.g sodiment load, and isotopic composition, e.g, Oxygen-18 and Deuterium ("0 and
H} of stream flow will show less vanabion al constani flow and hence less frequent sampling s
required. The Potshini H-flume was equipped with an ISCO sampler, with a capacity of 24 sampling
botiles of 500ml. The sampler was conirolled by a Mike Cotion System (MCS) data logger which
recorded the water levels i the stream as described above. The sampling-trigger parameters in the
MCS daia logper were vaned asccordingly, depending on the season, (o achieve an appropriate
sampling scheme in which a sample was only taken if the depth of flow changed by 10mm. During the
dry season, and for low and high constant flows, the sampling scheme was set to trigeer a sampling

event after 7 and 3 m' of discharge respectively was recorded to have passed the sampling point. For



the wet summer season, the sample volumes were 15 and 5 m’ respectively. The Potshini community
is actively involved in the catchment monitoring and one person from the community was specifically
trained on the operational aspects of the H-flume including the ISCO sampler and always checked the
number of samples taken after a rainfall event and subsequently notified the researcher if the number
of bottles filled were more than 14. The researcher would then visit the catchment (1h45min drive
from campus) and replace the bottles. Most often the researcher was based in the field during the
summer seasons and would handle any issues with regard to instrumentation and or sampling
accordingly. However, the sampling scheme was revised once in a while, depending on the prevailing
flow conditions, to enable objective sampling on both the rising and recession parts of the hydrograph.
It is useful to note that the Potshini catchment has a flushy response and hence the need to capture as
many samples as possible on the rising limb of the hydrograph. The samples were then analyzed for

suspended solids and the isotopic composition of "0 and *H.
2.5.8  Monitoring of stream flow depth using a pressure transducer

The choice of using any of the stream flow gauging structures depends on a number of faclors, one
being the geometry of the stream channel at the gauging site. For example, in wide channel sections
where the construction of a flume or a weir may not be feasible (e.g due to cost constraints), a cheaper
option is to use a pressure transducer to monitor the water levels in the stream accurately and
subsequently develop a rating curve for that section after carrying out a detailed survey of the cross-
section at the site, applying open channel flow theory and/or conducting flow velocity transects at
different discharges. It must be noted that the cross-section must be stable, 1.e. not changing with time,
for the integrity of the developed rating curve to hold. In the Potshini catchment monitoring network, a
pressure transducer together with a HOBO data logger were installed under a culvert bridge
approximately 4km downstream from the Potshini H-flume. Sediment load was not monitored at this
site due to the existence of small farm-dams on the upstream which were established by the local
commercial farmers (Figure 2.3 & 2.4), which in turn trap the sediment load in the stream Thus, the
flows at this site were controlled and mostly low flows were observed at this site. The pressure
transducer was calibrated by subjecting it to pressure from a gradually increasing column of water,
from 0 to 1000mm while recording the output voltage signal from the transducer. A similar exercise
was done for a decreasing water column. The calibration equation for the pressure transducer is as

indicated in Equation 2.5

H=13531+0454*F (2.5)
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where M is the stream flow depth (mm) and ¥ is voltage output from the pressure transducer (mV).
Velocity transect surveys, sl different discharges, were camed out across the culvert bridge using a
propeller current meter. The concrete culvert bridge had a regular rectangular shape and hence made it
casier 1o apply the Manning's open channel flow equation and subsequent development of the rating
curve. As mentioned above, the flows at this section were controlled by the upstream farm-dams and
most often the flows recorded at this section were low flows and fairly constant excopt afier hig
rainfall events that led to spilling of the upstream dams. It is noteworthy that most of the big rainfall
events in the catchment occurred at night and hence it was not possible to carmy out discharge
measurements for the corresponding high flows. The initial discharge measurements were done on
discrete days between the year 2005 and 2006, More discharge measurements were done in early 2007
and were incorporated in the computation of the rating curve, with the discharge mnging from 0.01 o
027 m's". A total of 46 measurements were done between 2005 and 2007. Figure 2.8 shows the
discharge measurement results and the litled rating curve at the culvent bridge and which was applied
to both high and low flows.
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Figure 2.8 Established rating curve at the culvert bridge



Equation 2.6 shows the established rating curve at the culvert bridge.

Q=32611*H*" (2.6)

where () is flow rate in m’.s” and H is the stream flow depth (m)
2,59  Climatic parameters

Rainfall is clearly the main parameter that drives the hydrological cycle in a catchment, hence the need
to observe its occurrence accurately, both spatially and temporally. Manual raingauges, it well
managed. can provide relatively accurate daily rainfall data in a catchment and their affordability,
availability and the ease of installation and operation makes them attractive, especially to smallholder
farmers. After a reconnaissance survey in the catchment, 8 potential sites (homesteads) were identified
in the Potshini community for installing manual raingauges and their location is as shown in Figure
2.3 and 2.4. The family members in these homesteads were then approached, beginning with the head
of the homestead, to seek permission and the goodwill from the members of the homestead to permit
the installation of the manual raingauges and most importantly take daily rainfall readings. A rainfall
data recording booklet, translated into the local language-the fsiZulu, was given to the identified
households and training to record and keep the daily rainfall records was provided. The smallholder
farmers recorded rainfall twice a day, i.e. at 09h00 and 17h00, from which the total daily rainfall was
computed as the sum of the moming and evening readings. Various individuals and households in
Potshini participated by monitoring manual raingauges on a daily basis of which the data was
collected on a weekly basis, during the rainfall season, and incorporated in a database for the Potshini
catchment. The voluntary participation of the local community in data collection promotes the
philosophy of participatory catchment monitoring to the Potshini community as envisioned in the S5]

research programme.

Rainfall data from the manual raingauges were augmented by climatic records from two automatic
weather stations installed in the Potshini catchment. Each weather station was positioned near a stream
flow gauging station (H-flume and the pressure transducer) at a distance of 4 km apart, in the two
nested subcatchments. One of the weather stations was installed in 2005 in the midst of the local
community (community weather station) and upstream of an existing telemetric weather station which
was operational since 2002 on a nearby commercial farm and managed by the Agricultural Research
Council (ARC) of South Africa. The parameters that were measured in the two weather stations

include rainfall, air temperature, soil temperature, relative humidity, solar radiation, wind-speed and
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wind direction. A mainlall coffector was attached to the automatic reingauge in the community weather
station to collect rainwater for analysis of isotopic compasition of ™0 and *H. The collector comprised
six-400ml bottles which filled sequentially during a rainfall event and is designed to prevent
evaporation of the collected samples. The community members assisted in taking and labeling of the
rainwaler samples after a rainfall event and emptiod the bottles to allow fresh rainwater samples to fill
the bottles during o subsequent rainfall event. Since their installation, each of the two weather stations
was maintnined by the owner of the commercial farm and the local community respectively. Some of
the community members participated in the fencing of the community weather station and maintained
tidiness within and on its surroundings. Fencing of the weather station was meant 1o safeguard the
Instrumentation agninst the cattle which graze freely, especially during the winter season. Otherwise
the security of the weather station is entrusied to the local community, through the traditional
leadership of the community and the goodwill generated by the participatory engagement of the
Patshini community and other stakeholders at the initial stages. Recording of climatic data in the two
wedather stations was done ot o time step of | Sminutes and | hour respectively, and the data has since
been nccessible to all researchers in the ARC, the 55| programme amd amy other interested
slukeholder,

2.5.10  Runofl plots

A standard runoff plot, as described by the Soil Conservation Services, measures 22,1 3m long with an
appropriate width of greater than 2m on a slope of 9% Such runofl plots are used in estimating the
soil erodibilty factor in the Universal Soil Loss Equation-USLE (Wischmeier and Smith, 1978). One
of the research themes in the 551 research programme was aimed al investigating the hydrological
processes at field scale (<] hectare) and hence runoff plots were used for this purpose as controlled
micro-caichments. Seventeen runoff plots, under different treaiments, i, agricultural management
practices, were installed in three different smallholder farms (sites MDU, HA & MA) and one
researcher managed site (MT) as indicated in Figure 2.8, on similar slopes, in an effort to carry out
water balance studies at the field scale (smallholder farms) and 1o investigate the influence and impact
of different tillage and other innovative agricultural practices i.e waler use innovations, on surface
rnunoff generating characteristics and soil moisture in the catchment. Figure 2.9 shows the location of
the expenimental sites and Table 2.3 shows the number of experimental plots &t each site and the
description of the treatments on each plot
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Figure 2.9 Location of the the field experimental sites in the Potshini catchment

The experimental design entailed installing a runoff plot in each conservation and conventional tillage
treatments (cf. Table 2.3) in the four sites (three smallholder farms and one researcher managed site-
cf. Figure 2.9) and monitoring the surface runoff, volumetric soil moisture content, soil hydraulic
characteristics, crop transpiration rates, crop phenological properties and biomass production. Some of
the results obtained from this experimental set-up are highlighted in Kongo and Jewitt (2006), i.e
Chapter 3 and in Kosgei et al., (2007). There were 17 runoff plots in the catchment, each with an
access tube and a tipping bucket for measuring surface runoff (runoff plots). However, site M7 had 5
runoff plots though the treatments were replicated on another set of plots where only soil moisture was
monitored. The 17 runoff plots mentioned and discussed in this thesis, and summarized in Table 2.3,
are those on which measurements of soil moisture and surface runoff were carried out. It is useful to
note that site MDU was established later during the 2005/6 rainfall season and does not form part of
the main discussion and or analysis in this thesis. Since late 2005, the four sites MDU, MA, MT and
HA formed the focus of another PhD research, i.e Project 2 in the SSI programme (cf. Figure 1.1),
which covered field process studies including evaluation of the potential of water use innovations in

improving crop production at field scale.
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Table 2.3 Field experimental trial sites in the Potshini catchment

Site D | Number Tillage practice - No. of
of plots (Treatment) replicates
5 “Maize + conventional tillage + grazing
MT - Maize + No till + winter intercrop + mulching + fertilizer MNone
- Pure maize + No till + grazing + fertilizer
{researcher - Maize + Mo till + summer intercrop + grazing + lertilizer
managed) - Maize + No till + summer intercrop + mulching 4
tertilizer
- Maize + conventicnal tillage + grazing
6 - Maize + conventional tillage + grazing + supplemental
M4 immigation
- Pure maize + No till + grazing MNone
{farmer - Pure maize + Mo till + grazing + fertilizer
managed) - Pure maize + No till + grazing + fertilizer +
supplemental irrigation
- Pure maize + No till + grazing + supplemental irrigation
- Maize + conventional tillage + grazing '
MDD 4 - Pure maize + No till + grazing + fertilizer (R) 1
{ farmer - Pure maize + No till + grazing + No fertilizer
managed)
HA 2 - Maize + conventional tillage + grazing
{farmer - Pure maize + Mo till + grazing + fertilizer Mone
managed)

The 17 runoff plots were designed while taking into account the rainfall intensities in the area. A

runoff coefficient of 0.2 was used to compute the maximum discharge from the runoff plots at the
maximum rainfall intensity of the area recorded in the past 3 years, of which was obtained from the

nearby ARC weather station. This maximum discharge was then used to estimate the size of the

tipping buckets and subsequent calibration of the tipping volumes. Modified USLE runoff plots were

installed with dimensions of 10m long and 2.45m wide. It is noteworthy that approach and focus in

this study were aimed at investigating hydrological determinats within a runoff plot (a controlled

micro catchment) and comparing such results from other runoff plots under different treatments but on
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similar slopes of less than 9 percent and hence the use of modified USLE runoff plots. Above all, it
was rather difficult to obtain a smallholder farm with all the attributes of a standard USLE runoff plot,

especially the 9% slope.

Strips of 0.245m wide galvanized sheet metal were used to demarcate the area of each runoff plot. A
fundamental parameter that had to be determined before the installation of the runoff plots was the
general slope of individual smallholder farms. This was done through a leveling survey exercise. A
contour map for each field where the runoff plots were to be installed, was created and general slopes
estimated. These slopes where found to range from 2 to 4%. Four sites were identified for the
installation of the 17 runoff plots, three of them being managed by smallholder farmers in the
catchment, i.e site M4, HA, MDU in Figure 2.9. The fourth site, M7, was a controlled researcher
managed site where experimental set up and trials, with some of the treatments being similar to the
farmer managed trials, were carried out in an effort to compare and validate the results from the
farmer managed trials. Figure 2.10 shows a set of runoff plots at the controlled researcher managed
site in the catchment while Figure 2.11 shows runoff plots in a smallholder farmer’s field (farmer

managed trial).

2.5.11 Tipping buckets

The flow rate of overland flow from each runoff plot was measured by use of a tipping bucket (Figure
2.11), which was calibrated to hold 2 litres in each bucket. The knowledge of the rainfall intensities in
the catchment was useful in estimating the size of the tipping buckets and subsequent calibration of
the tipping volumes. The number of tips was recorded using a HOBO event data logger, secured in a
housing (Figure 2.12), and linked to a proxy switch which was triggered at each tip. A manual counter
was used as a backup data recording device. A small button-magnet was attached to one side of the
tipping bucket, while a stationary proxy switch was fixed to the frame supporting the tipping buckets.
As the buckets swing on their axis (oiled bearings), the proxy switch detects the changing magnetic
field due to the movement of the magnet on the side of the swinging bucket. The proxy switch then
sends a logging signal to the data logger when the button magnet and the proxy switch are in the same
axis, i.e when the magnetic field is strongest. This set up eliminates “double counting” when using

manual counters as a result of the rebounding action of the buckets.
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Figure 2.10 A set of runoff plots in the controlled rescarch site
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Figure 2.11 A set of ruaoff plots under different tresiments in & farmer managed irial

Lk
Lak



Housing for
HOB( data
logger

Flow _
aplister

Figure 2.12 A Mow splitfer attached to a tipping bucket, showing the five outlet pipes, only one of
which drains (o the sample tank

1.5.11 Owerland Now samplers in runoff plots for water quality analysis

Five runoff plots at the researcher managed experimental site were fitted with semi-automated
sediment samplers with the objective of determining the sediment loads from the different agricultural
practices under investigation. The sediment samplers consisted of flow splifting containers {flow
apditters) and a sample storage tank. The flow spditfers, Figure 2.12, captured the discharge from one
side of a tipping bucket (half of the total flow from a runoff plot) during each runofl event. Each
splinter was fitted with five outlet pipes, as indicated in Figure 2.12, of which only one pipe drained by
gravity into a sample holding tank. while the remaining four outlet pipes discharged 1o waste in a
drainage channel. Thus one tenth of the total flow from the runoff plot was captured in the sampling
tank. After each runoff event, and after vigorous stirring, 500m! discharge samples were manually
tnken from the sample tank and labeled by members of the local community for sediment load analvsis
and composition of stable isotopes of water. The sample tanks are emptied by the members of the
community after the sampling exercise to allow fresh discharge (o drain into the tanks in subsequent
runofl events. The design of the sample collection system involved surveying the termam of the area
near the dminage channel so as to determine the excavation depths and computing the required

gapacity of the sample tanks. A simple approach was used 1o determine the tank volumes by assuming
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a runoff coefficient of 0.2 and using the maximum daily rainfall event recorded in a nearby manual
rain gauge during the prior 3 years, which was 76 mm, and allowing for a 10% frecboard volume.

2.5.13  Soil moisture profiling

Ongoing monitoring of the volumetric soil moisture in the Potshini catchment was implemented using
a Time Domain Reflectometry (TDR) method (TRIME-FM, 2003). This involved inserting a TRIME-
T3 probe into 42mm access tubes, inserted into the soil profile 1o convenient depths, and taking
volumetric soil moisture content readings at different depths. Several methods have been suggested on
how to insert these access tubes into the soil and one of them is by pre-boring holes with appropriate
soil augers, of relatively small diameter, and inserting the access tubes into the augered holes. This
method was followed in the Potshini catchment. Twenty two access tubes of different depths ranging
from 1.2m to 1.5m were inserted in the field experimental sites at the Potshini catchment, and
specifically in all the experimental plots under different land management practices (cf. Table 2.3 and
Figure 2.9), notably conservation and conventional agricultural practices. It is noteworthy that the 1.2
and 1.5m depths were the depths to which the bored holes for inserting the tubes could be augered to
with a relatively small diameter soil auger. A weekly monitoring exercise for volumetric soil meisture
content in the Potshini catchment was then established since 2005 where readings were taken at 30cm
intervals in all access tubes. The weekly soil moisture data on these experimental plots was
complemented with data from Watermark sensors, where a nest of three sensors were installed in all
the 17 runoff plots in the catchment at depths of 30, 60 and 90cm and linked to 2 HOBO data logger
with a logging time step of 15 minutes. The Watermark sensors (Allen et al, 2000; Hanson and May,
2006) provide a continuous and indirect measurement of soil matric potential and a calibration
exercise, which entailed subjyecting the sensors to known soil moisture conditions, preceeded their
installations in the ficld. These sensors are manufactured by the Spectrum Technologics, Inc., USA.,
and the initial installation of the sensors in the runofT plots was in the vear 2006.

1.5.14 Monitoring of shallow ground water

Subsurface Mlows constitute an important component in developing a water balance for a catchment. In
particular, accumulated hillslope seepage forms a shallow ground water table which contributes
significantly to the total siream flow. It is therefore important 1o establish its occurrence, direction of
flow and possible Now rates. The shallow ground waler in the Potshini catchment is monitored via 12
shallow ground water wells, which were installed through the collaboration and participation of the
local community. Since the intensively monitored upper subcatchment (Figure 2.3 & 2.4) s
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predominantly an agricultural area for smallholder farmers, permission was sought from the local
leaders and individual farmers to allow the augering of the 100mm diameter holes in some of the
farms. The holes were drilled, on transects, after a reconnaissance survey, and the wells were
strategically installed on sites where they could not interfere with the farming activities since most of
the farming operations in the area make use of animal and or tractor drawn implements. Two transects,
one on each side of the catchment, were identified and running along the general slope of the
catchment. 100mm holes were augered to depths reaching the bedrock or confining layer, but not
deeper than 3.5m. 63mm diameter plastic pipes of appropriate lengths were inserted into the augered
holes so that at least 0.4m length of the pipe protruded above the ground surface. The pipes have thin
horizontal slots machined through the pipe over their bottom 0.6m so that the shallow ground water
level could be recorded in the well. To avoid clogging of the slotted perforations by the fines and clay
at the bottom of the wells, a clean (washed) sand screen was packed around the outer annulus of the
plastic pipes, covering the perforations to a height of 0.8m from the bottom of the wells. For each
well, the rest of the well’s depth was filled with the previously augered soil material save for the top
0.3 m, where cement mortar was cast around the 63 mm plastic pipe before a 0.4 m concrete slab was
cast at the top to a level slightly above the ground surface. Such cement mortar and concrete works
prevent preferential flows down the external wall of the pipe when the soils are saturated during wet
seasons. Pressure transducers were then installed in 8 of the shallow ground water wells, after a
calibration exercise, and linked to HOBO data loggers which recorded the fluctuation of the water
table at a time step of 30 minutes. The data loggers and their respective power batteries were secured
in metallic safe boxes embedded in concrete to safeguard the data loggers from unfavorable weather
conditions. The other 4 shallow ground water wells were used to sample the shallow ground water for
composition of stable isotopes of water. Table 2.4 summarises the observation shallow ground water
installation data. The layout of the 12 shallow ground water wells in the Potshini catchment is as

shown in Figure 2.4.

2.5.15 Monitoring of deep ground water

Through funding from the Department of Water Affairs and Forestry (DWAF), and in collaboration
with the local community to identify the optimal sites, two deep ground water observation well sites
were identified and subsequently sunk in the Potshini catchment. One of the wells (100m deep) was to
supply water to the local community for domestic use while the other (120m deep) was dedicated to
research purposes under the ongoing SSI research programme. It should be noted that DWAF is one of
the main stakeholders of the SSI research programme and is supportive of the SSI research themes

especially on hydrological studies and institutional development on water resources management.
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Table 2.4 Summary of the shallow ground water wells and their installation

churncteristics
CWell 1D | Position  from | Column of water | Total depth of the | Altitude | Soil textural
the stream during shallow ground | (masl) cluss
installation (m) water well
PRBI | 1, rightbank | 2.12 A% 1308 | Sandy loam
PRBZ [ 27 rightbank | 1.98 332 1309 Clay loam
PRE] 3" right bank | 124 2.84 1316 Loam
PRAS* | 4% right bank | 0,52 338 1318 Loam
| PRB4 " 5% right bank | 0.63 138 1324 Loam |
[?.a.rir&; 6%, right bank | 0.1 3.2 1334 | Sandy loam
PLBI 1%, left bank 206 332 1308 sandy loam
| PLB2 | 27 lefibank | 1.86 346 313 Loam sand
PLE3 7 lcfibank | 2.1 141 1315 Loam
PLBS* leftbank | 1.35 321 1123 Sandy loam
PLBA S" leftbank | 2.08 138 1328 | Sandy loam
FLB6* |6 lchbank | 0.64 132 1335 | Sandy losm

PLAS* Wells not automated and are mainly used for sampling shallow groundwater for
isotopic composition of Oxygen- 18 and Deuterium

It is noteworthy that there exist five domestic water supply wells (greater than 50m deep) in the
Potshini community, previously sunk by the local authorities, and these complemented and expanded
the spatial coverage of monitoring deep ground walter in the catchment including monitoring for the
itable isolopes of subsurface water. The monitoring of the deep ground water was 1o contribute
towards closing of the gap in defining the various components of the hydrological cyele in the
cafchment. The continued support and collaboration with the Department of Water Affwirs and
Forestry facilitated a sustainable monitoring programme of the deep ground water in the Potshini
catchment, as part of an ongoing DWAF initistive to monitor ground water in the larger Thukeln river
basin (Mkidze, 2006). DWAF was 1o continue monitoring the deep ground water in the Potshini
catchment after the end of the ongoing SSI research programme. Figure 2.11 shows the borehole log
information for the | 20m deep ground water observation well in the Potshini catchment
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Figure 2.1} Borchole log information including the lithology, grain size and colour for u 120 m
deep observation ground water well in the Potshini catchment

1516 Electrical Resistivity Tomography (ERT) survey

The geophysical Electrical Resistivity Tomography (ERT) techniques are non-destructive techniques
that provide a pseudo-section of apparent or effective resistivity of the subsurface. These pseudo-
sections are then inveried to provide an interpretation of the actual resistivity distribution im a 2D
section of the subsurface. More literature on the description, theory and practical application of ERT is
highlighted in Loke (2003). The 2-D Electrical Resitivity Tomography (ERT) surveys in the Potshini
catchment were carried out with the objective of characterizing the occurence of subsurface water. The
method is useful both as a means of rapid site reconnaissance that can provide information on the
subsurface structures and facilitates the extrapolation of observed data, e g observed ground water
levels, between observation points. This can only be done where sufficient site commelations have been
established between the observed data being extrapolated and the information derived from the
geophysical survey. The ERT methodology, as applied in the Potshini catichment, is aimed at
augmenting and up-scaling the moniloring of the point-shallow ground water in the Potshini
catchment using shallow ground water wells o a relatively larger spatinl extents and depths. Six
transects in the catchment were identified for the ERT survey; 2 of which coincided with the shallow
ground water well transects on the right and lefl bank of the stream as indicated in Figure 2.14

Resistivity surveys were carried out in collaboration with the local community where permission was
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sought from the local leaders and individual owners of the parcels of land where the survey transects
were (o pass through. The resistivity meter that was available for this research study was the ABEM

Terrameter” system with four cables of 100m long.
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Figure 2.14 Location of resistivity survey transects in the Potshini catchment

Most of the smallholder farmers were eager to have the ERT survey transects passing through their
farms so that they could get to know the sub-surface profiling of their farms, especially the occurrence
of ground water. In an effort to characterize the hydrological processes in the catchment over seasons,
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the resistivity survey was scheduled to be carried out during the wet and dry season of each year.
During the initial ERT surveys, an electrode spacing of 1 and Sm was used for mapping shallow
(<10m) and deep (up to 60m) subsurface resistivites respectively. Each transect was 400m long and a
total of 81 electrodes were used. The Wenner Log protocol, which is sensitive to vertical changes in
the subsurface resistivity (Loke, 2003) was used in the survey exercise. The resistivity survey was also
aimed at identifying potential sites for sinking 2 deep observation ground water wells in the catchment
in collaboration with the Department of Water Affairs and Forestry as described in Section 2.5.15 of
this thesis. The resistivity sections were computed using the RES2ZDINV software, applying the 2-D
inverse numerical modelling technique and optimized using standard Gauss-Newton methods.
Relative elevation data for each electrode on each transect was included in the modelling exercise to
account for the effect of topography on the occurrence of geological features (resistivities) along the

respective transects.

2.5.17 Monitoring of total evaporation using a Large Aperture Scintillometer

According to Rockstrom (1999), in semi-arid tropical agricultural areas, direct Evaporation (E) from
the surface generally accounts for 30-50% while transpiration (7) accounts for only 15-30% of total
rainfall. Total evaporation (ET) is highly variable over time and space and any effort towards
enhancing the ability to confidently quantify it at large spatial scales is recognized as an important
contribution in water resources management. As highlighted in Chapter 5 and 6 of this thesis, the
challenge in determining the spatial and temporal variation of ET over large areas is compounded by
the many factors that influence its occurrence and prevalence and hence make it the most difficult
parameter to determine in hydrology. The conventional approaches for quantifying ET have been
based on localized point measurements which do not allow for flux estimation over large geographical
areas. These approaches include direct measurements (evaporation pan, Lysimeters etc.), climatic

stations (Penman-Monteith etc.) and hydrological models (water balance).

The Large Aperture Scintillometer (LAS) is an instrument that measures the turbulent intensity of the
refractive index fluctuations of air from the intensity fluctuations of a received signal (Kohsiek and
Herben, 1983; Andreas, 1989; Hill, 1992; Cain et al., 2001). This signal is transmitted by a light
source placed at a set distance apart (typically less than 10 km). Figure 2.15 shows the receiver station
of the Large Aperture Scintillometer at the Potshini catchment. At the receiver the spatial turbulent
intensity is measured as a refractive index structure parameter C,”(m™”) which can be related to the

structure function parameter of temperature C°; (K>.m™?). The latter can be converted to sensible heat
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flux wsing the Monin-Obukhov Similarity Theory (MOST) as described by de Bruin et al,, (1993},
with additional data on temperature, pressure and humidity. With known net radiation (obtained from
et radiometers in weather stotions) and soil heat flux (obtsined from feld soil heat flux
measurements), the lotent heat flux can be computed as a residual in the energy balance cquation as
indicated in Equabion 2.7

AE =R -H-G 2.7)
where AE, is the Intent heat flux (W.m™), R, is the net radiation (W.m™), H is the sensible hest flux

(W.m™) and G is the soil heat flux (W.m™). The total evaporstion can then be computed from the
latent heat flux.

Figure 1.15 The receiver of the Large Aperture Scintillometer in one of the homesteads in the
Potshini catchment

Ihe measurement of total evaporation in the Potshini catchment wsing scintillation techniques
{Meijninger, 2003) started in April 2006 and continued until early 2007, though the cxercise was
occasionally interrupted after the LAS was damaged by lightning strike, especially during the wet
summer season, and it took a while to pet the instrument repaired due to technical and logistical
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problems. The frequency of measurement with the LAS was every minute and the instrument was lefi
i the field throughout the measurement period. The installation and siting of the LAS was done in
collaboration with the local community in the Potshini catchment, Both the transmitter and the
receiver were stationed at homesteads in the community, and the owners volunteered to maintain and
guard the respective instrumentation, Nevertheless, it is useful o note that the whole community was
involved during the initial stages of installing the L.AS through community meetings which were
mobilised by the local lcadership. As was the case with other installations in the catchment, the
goodwill of the community was sought with regard 1o the safety and security of this state of the an
instrument.

2.5.18 Remote sensing

There are many applications of remote sensing in water resources management including
hydrogeologic mapping, landuse change studies, estimation of fotal evaporation, mapping and
monitoring of wetlands etc. The main application of remote sensing, as reported in this thesis, is the
esiumation of tolal evaporatton 10 the Potshini caichment and the Thukela river basin using energy
balance methods. The Surface Energy Balance Algorithm for Land (SEBAL), (Bastisanssen et al.,
1998a; Bastiaanssen et al, 1998b; Bastisanssen, 2000) was appled and validated in the Potshini
catchment and Thukela river basin using scintillation techniques as described in detail in Chapter 5.
As highlighted in Chapter 3, i.e Kongo and Jewitt (2006), SEBAL was initially applied in the Potshini
catchment and beyond using Landsat-TM data and subsequent analysis was lo be carried out using the
freely available satellite data indicated in Table 2.5. SEBAL is an energy partitioning algorithm
comprised of twenty-five computational sub-models that calculate ET and other energy exchanges at
the carth’s surface. The algorithm computes most essential hydro-meteorological parameters from a
satellite image and requires limited ground based meteorological data (Farah and Bastiasnssen, 2001 ).
Only incoming solar radiation, air lemperature and wind speed data are required. SEBAL estimates ET
as the residual of an energy balance (similar approach as in the scintillation technique) applied to the
land surface for each pixel of the satellite image. The application of the scintillation techniques in
estimating total evaporation in the catchment forms an intermediate observation and calibration scale
for the SEBAL estimates in the catchment and bevond. One of the intermediate outputs of SEBAL is
the sensible heat flux, estimated on each pixel of a satellite image. Given the fact that Scintillometers
measure sensible heat flux along transects, then, it is possible to compare the SEBAL pixel estimates
of sensible heat flux with the scintiliometer measurements for pixels overlaying the transect length on
condition the transect is within a pixel of a sateilite image as highlighted in Chapter 5. Table 2.5
ndicates some of the polential satellite data available for the SEBAL analysis in the ongoing study.
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Table 2.5 Satellite data for SEBAL analysis in the Potshini catchment

Imager Temporal Spatial Archive data Availability
resolution resolution (m)
Landsat -TM 8 or 16 days 30 Since 1982 Classified
MODIS Daily 250, 500, 1000 Since 1999 Free
ASTER 15 days 15 Since 1999 Classified
NOAA(AVHRR) | Daily 1000 Since 1980 Free

2.6 Conclusions

Catchment monitoring is fundamental to understanding the occurrence and interaction of various
dominant hydrological processes in a catchment. Using this understanding, researchers formulate
catchment responses which aid in water resources management. This Chapter has highlighted and
underscored the importance of applying Participatory Research techniques in hydrological research
studies where other stakeholders are involved. The feedback process where various stakeholders were
updated on the research activities including visual interpretation of the data collected from the
catchment monitoring network proved to be a useful tool in instilling a sense of ownership to the local
community while the other stakeholders appreciated their contribution and participation in the SSI
research programme thus enhancing sustainability of the catchment monitoring initiative in the

community.

The experience drawn from establishing the catchment monitoring network in Potshini, a rural
community in Bergville District in South Africa, has proved that there are more opportunities and
gains (both material and ideas) to benefit from involving other stakeholders. In particular, the
establishment of the goodwill of the local community in Potshini has avoided problems of vandalism
or theft that have plagued several research catchments in South Africa and other parts of the world.
The level and stage of participation of each stakeholder differs but ultimately contributes to the
success of such a process. The Potshini catchment monitoring network has several permanent
structures and instrumentation which will benefit other researchers for a long period of time. The
structures and instruments have been installed in individual farms belonging to willing smallholder

farmers in the Potshini community. A number of the farmers volunteered to monitor some of the
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hydrological processes and take readings accordingly. The traditional leadership in Potshini agreed to
host and support the SSI research programme and the local leaders (elected) facilitated, to a great
extent the linking of the SSI researchers to the local municipality officials while the extension
personnel from the Department of Agriculture in Bergville District and the ARC-Landcare project in
Bergville played a key role in linking the SSI research programme with other similar projects and

stakeholders in the Bergville district and beyond.

Furthermore, it has been shown that the participation of a local community in a hydrological
monitoring programme need not compromise the quality of the scientific endeavour nor the level of
sophistication of the instrumentation used. The participatory process of establishing the Potshini
catchment monitoring network has emerged as a positive impact to the local community and other
stakeholders with regard to appreciating the research findings and above all, the ability to sustain the
goodwill of the local community in safeguarding the instruments and structures comprising the

network.
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3.0 Catchment hydrology in response to agricultural water use

innovations: a case study of the Potshini catchment-S. Africa
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Preliminary investigation of catchment hydrology in response
to agricultural water use innovations: A case study of the
Potshini catchment — South Africa

V.M. Kongo *, G.P.W. Jewitt '
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Alstraci

Water uie system (mnovations encompass varnous lechniques for storing and conserving water rescurces in different medisima Jos
dameatic and Bvestock use incliding agrscultural prodoction. Although, several authors have mdicated thai rimwaler harvesting tech-
apues, sxpecially for upgrading smallbolder farming sysiems, are pot new bot have been proctioed stivce ancieni civilizationg, the impacis
off such waler wis innovations on eco-hydrological systems are rarely assessed, especally from a casending spatial and lemporal perspec
g, The need 1o guantify the supposadly potential and related hydrological mpscts of water wse mnovilioms on a calchment and fiver
haaim af large. lesd Lo the on-going research stsdy aimed ol investigating the biophysical consequences ai differeni spatial andd iesmporal
sl in the Thulkels river basin, of incressed productivity in smallbolder rainfed agriculiure enabled through adoptscn o larger sputl
bcale of mtegrated land uie management and waler use system innovations. In this paper we discuss and outlioe Uee approach used in
setting up the research study i ong of the caichmests in the Thukela rver basin, the Potshini catchment, in the KwiZulu=Matal Province
of Souih Afrsca in an effort 1o seek answers Lo the question: “What i the impact of adapting water we innovations i & predominantly
agrculiural ares on catchment acology and hydrology™ The approach moorponties & catchment moniierng network, Bydrological
maodelling and applcation of & remole sensing lochnigue, the Sorface Energy Balance Algorithm for Land |SERAL), for spatially esii-
muling ibhe ioial evaporstion in the region covering the Posshini catchment and beyond. Preliminary resulis indicnie that water i inno-
waissna in ihe Potshomi coichment have mftuenced the pariitioning of minfall, by significantly reduciog surface mnofl aver agricullural
Lamds under comervartion Ullage practices, with & reduction of above 10079, while encournging infiltration asd desper percolatbon |nto the
wl. i i emvvmaged thai, on sccompishmseni, the sindy will coniribate to formulatson of susiaimable adaplation of water use mmovilion
and wp-acaling sirsicges (o enhance food production and hydro-ecologica! balancs in semi-arid savanoahs of Alrcs, sl which sage
hydrobogeal modsiling sl form an importan part of the stody.
© 2006 Elseveer Lid. AN rights reserved,
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1. Intredection response 1o rainfall and which & related 10 bydro-climaio-

logical and physical charscteratics, such as soil parameters,

The byvdrologcal response of & caichment, 2= wsed o
this coniexi, can generally he definsd as the reaction of
o caichment 1o rainfall. Every catchment has a specific
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dope, chimate, elc. Some of the catchment characteristics
can he obtained through messurements a1 specified spatial
and temporal wcales depending on their (requency and nat-
wre of occurrence, and the required resolution of data for
meaninglul analytical work when addressing guestions
melated 10 catchment response. There are several facton
ihat may infvesoe a catchment response and can broadly
be wdentified with change i land usefcover and chmats
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change [(Costa et al., 2003} The infucnce or mpact of dbi-
mate change 10 catchment hydrology may not be depicted
within & shon term, as cmerping tends of calchment
reaponss &8 8 revall of chmate change may indicate man-
domness rather than sysiemistic paticrn &5 compared to
land use change It i important 1o note that causes of cli-
mate change are often not localized as compared to land
use change, and thus making it casier to monitor and imves-
tigate wmpacts of land use changes on the hydrological
regime of a catchment, and possibly impacts of the same
to the downatream coosysiems ai envisioned in the ongoing
research study,

Such an investigalion and analysis can be achieved
through establishing a calchment monitoring network, a
task thiar was accomplished at the Potshim sub-catchmeni
in the foothills of the Drakensberg Mountuins under the
ongoing reacirch programme, the Smullbolder Water Sys-
tem Innovatlons (S51) at the University of KwaZulu-Matal
(Rockstriom et ul, 2004) The S50 research programme has
the general obctive of misessing the extent to which water
management in ruinfed smalibolder farming can assst in
securing human livelihoods in semi-and tropical savannahs
in gub-Suharan Alrica, iogether with trving to analyse the
downsiream hyvdrological imphications of upgradmyg rain-
fed agriculture through adoption and sdaptation of water
use innovations, e.g. rainwater harvesting. INig. | provides
an overview of the Thukela river basin and the Potshini
catchment. The Potshini catchmen! monitorng network
{acilstales the monitoring of the main hydrologicsl pro-
orsses in oA predominantly agricultural catchment winlst
recognizng  ihe
carchment.

Heterogenety exinis ai any sale under conssderation
and it is  great challenge to hydrologists and water
resource managers to uniquely define and quantify various

hydrological processes m & caichment and establish the
Ink betwesn such procewscs and scales. both spatial and
iemporal Such & challenge i3 lurther convoluted by the
existence of a link betwoen varability of hydrological pro-
ceases and heterogeneily of the catchmeni | Jowiti and Gor-
gens, 2000). This paper highlights the design and
implementation of the field data collection programme,
the importance of involving the local community m the
process and preliminary rescarch Andings from the Potshini
eatchment, and in specific, n comparison of overland flow
and volumetric soll moisture content from runofl plos
installed in the catchment under different land management
practices.

LI The study aren

The Potshini catchmenl m predominantly a smallholder
[arming area and a sub-calchment of the Souih Africa
Cunternary Caichment (0C) sumber V13D [Emmaus
catchment) i the Thokela rver basin in the foothills of
the Drukensberg Mountaing. The Potshini catchment is
located in the Bergwille District in the KwaZulu-Natal
Province of South Afnca. Fig | shows the location of
Thukels nver basin logether with the stream network an
the Potshimi sub-catchment

The Thukels river basin has an area of 29,036 km',
while the ares of QC VIAD and Pouhini sub-catchmeni
are 280 and | 2 km’ respectively. Potshini is at an altitude
of about 1250 m above sea level, and with the mean annual
precipitation estimated to be 700 mmyyr and mean anmual
potential evaporabion between 1600 and 2000 mmyr [Guy
arid Smith, 195, AEEH, 2003). The mean annual temper-
aiure ranges between 16 and 1B *C. Frost & severe (o very
severe during winter (May 1o August) and bail s sporadi-
cally severe i summer (Scpiember to April). Fig. 1 shows

Fg | An overvies of the Thobels rver becn amf the Potahini sulb-caks hesmi
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monthly variation of rainfall and temperature in the Polt-
shini catchmeni,

e 1o the hilly terrain, & pood drainage network has
developed in the Polghini sub-catchment with most of the
streams being perenmial and provading water for domestc
use o ihe upper pan of the calichment, and replenishing
reservoirs for commercial farmers downstream. Extreme
low fMows oocur in winter. The main rver, which drains
the Quaternary Calchment V13D, is the Lindegquespmuit,
i tributary of the Litile Thukela which later joins ithe
Thukela river. The Potahind caichment has a relatively high
water lable rangpng from 1.5 w0 24 m below the surface
(Kongo et al, 2005), with two perched aquilers on the
upper and middle parts of the catchment, The soils in the
Potihini catchment are penerally ackdic with vanang depihs
from |.8m 1o over 3 m on the lower parts of the caxch-
meend. Smith of al (2000} cited Tumer (HN0) as having
descnibed the geologecal formation underlying the region
around the Potshind caichment to have sandstone and
miusdstone of the Tarkastid Formation, Beaufort Group
and by shale and sandsione of the Estcourt Formation,
Beaufort Group. The Tarkastad Formation is described
as comprsng fine (o mediom grained yellow and grey
sandstons and maroon (red) to green and Blus mudstione.
The Estcourt Formation b described as comprismg durk
grey shale [often carbonaceous), silistone and fine and
medivm 6 coare  aandstone. According 0 Tomer
| B0, the major soil patterns that are evident and associ-
ated with the sandstone and mudstone of the Tarkastad
Formation are the red and yellow-brown apedal and the
plinthic soll patterns. The dvsirophic sandy loam and
sandy clay loam soils are dominant in the Tarkastad For-

mation, of which the red clay soals (Hutton 5ol Form)
forms &0 inicgral pan of this soil pattern and probably
derived from dolenite, snd hence associnicd with the sand-
ier soils developed from the sandsionss and mudstones of
the Tarkastad Formation. The phathe sml pattern pre-
dommantly comprses mesotrophac Avalon soils. Pinedene,
Clovelly and Oakleaf soals are alio present, with a propor-
ton of dystrophic soils. Seven major soil patierns are cvi-
dent in the soils derived from the dark prey shaie,
silisione and sandsione of the Esicourt Formation, Two
mmportance @ evms of dry-land crop production. The fst
5 red and yellow apedal soil patiern with Hutton, Griflon
and Cloveily soils dominant Katspruit, Mispah and Glen-
rosa soils are subdominant. In the plinthic sodl pattern,
Avalon, Glencoe, Loaglands, Washank and Westleigh soils
are present logether with Mispah, Glenrosa, Cartrel soils
and rock land.

The mam land use types m the Polshim catchment
include the smallholder farming {crop production) during
summer, which consnmuies approximately 80% of the total
land in the catchment, and grazing. It is useful to note, dur-
ing winter, all the domestic animals (catile and goals) are
freed to graze on the smallholder farming land due Lo
depleted pastures on the secured grazing lands on the upper
slopes of the catchment. Dnie to the need o intensily agri-
cultural production in the arca for food security, vanous
agricultural management practices have been adapted in
the Potshini sub-catchment through the South Adrican
Mational Landcare programme n the Bergwille Dhistnct,
notably conservation agnculture {a wiler use innovition)
T‘w is & great potential for adoption of such practices in
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the area due 1o the sucoesaiul resulis obtained 5o far where
wmallbolder (ermers have managed 1o increase their crop
produciion per unk area by appreciable margins (Smith
ef al, JM). The farmer-to-farmer participatory learning
process, & participatory action rescarch approach intro-
duced in the area by the Agriculiunil Research Couoncil
{ARC), the implementing agency of the National Landcare
programme in the Bergville District has been highly sue-
ceusful in achieving the uplake of new techniques, notably
conservation tillage practices, by the local farmers. The
challenge s to quantify the impact of such novel water
munagement slrategies on the soo-hydrological svstem of
the calchment with regard (o their up-sculing to larper
ireis and wider adoption, This (s the challenge which the
ongoing research sludy i rying to address

&, Waler wse fnnopaiions

According to Pandey et al, (2003, water use innovations
nrg mot wew, but hive persistently been developed and
pelopted by mankind as an adaptation to climate vanabahty
since ancient civilizations, These innovations are either
locally inspired or adapted (rom other regions. In the past
few decades, efficlent communication networks have
greally influenced mnd emabled lechnology transfer and
hence adaptations of water use innovations in various
regions of Africa. Waler use innovations encompass van-
ous methods and sirategies for mitigating drought in an
effort to suetain livelihood. These imnovations are typacally
waler harveiling techniques for concontrating. storing and
collecting surface runoff in different mediums, for domestic
or agricultural uses. Runoff can be collected from rools or
pround surfsces (rainwaler harvestimg) as well a8 from sca-
sonal streams (flood waler harvesting). The various meth-
ods for harvesting runoff can be distinguished afler the
followang (Rocksirtm et al, 1999; Rocksirtim, 2000k

* Spouwree of lhe wurfsce waler (extersal or within-field
catchments from sheet, rill, gully or stream flow).

* The method of managing the water (maximising infiltra-
ton in the soil, itoring water in tanks/dams, inundating
crop Belds with storm Aooda).

® The use of water (livestock, households, erop produc-
tion and erosion management).

According 1o Rockstrdm | 2000), water harvesting prac-
tices generally contribute to an incresse in the recharge of
water to the root zone and finally to the water table and
operate a1 different scales (household, field, catchment
und basin). Such practices have the polential to affect water
availability and management for downstream walar users
and natural ecoxystems dus to reduced catchment water
yields. Rockstrdm (2000) ciled SSSA (1987) as having
defined conservation lillage ws any tillage sequence with
the objective of minimizing the loss of soil and water,
and baving an operational threshold of leaving at least
M mubch or crop resldoe cover on the surface throughout

the year. Conservation tillage aims ai reversing i pernigten|
trend im farming sysiems of reduced infiliration due to
compaction and crust formation, and reduced waler hold-
ing capacity due to oxidation of organic materialy (due 1o
excessive turning of the soil), Fram this perspective, conser-
vation billage qualifies us a form of witer harvesting (and
hence a water use innovation), where runoff is impended
and soil water is stored in the crop rool zops (Rockstrim
el al, 1999). Conservation tillsge covers a range of non-
inversion practices from zero-tillage to reduced tillage
which aim to maximize soil infiltration and productivity,
by minimizing waler losses (evaporation and surfnoe mun-
off) while conserving engrgy and labour. GHARP | 2002)
indicated the siccedses of conscrvation tllage in harmewng
rainwater and improving yields (more than 504) particu-
larly in Machakos and Laikipia districts of Kenya

1.3, Meanuremeni of componenty of the hydrological cyole

In order 10 achicve an in-depth understanding of the
hydrologcal regime and the Bkely bydrological impacts of
Water Use Innovations in the Poishim sab-catchmeni, i
was imperative to cstabhish a calchment momitorng nei-
work in the Potshini catchment. This comprises gaugng
struciures and instruments, most of them sutomated, for
measuring stream fiows, sediment load, runoff generated
from rumoff plots, shallow ground water table, volumetric
sotl motsture content, =il mowture welting (ront, soll indl-
tration ralcs, orop iranspiralion mtes, and meteorological
parameters. The establishment of the Potshini momiloring
network was achicved through a partcpatory process
where the local community was involved und engaged as o
ey stakeholder in the research study. Such a participatory
process has the umgue advantage of capacitaling the local
commumtes 1o assess, monitor and manage waler and envi-
ronmental resources in the catchment in & sustainable way
This 5 not withstanding the setting of & precedent In
enabling a condocive environment for further and [ubure
research im the catchment through establishing cordial rela-
tionship with the local leaders and the community at large. I
15 imporiant 1o note that all the instruments and struciures
mstalled m the Potshim catchment have bean maintnined
and sufeguarded through the goodwill of the local commu-
nity. The descnption of the mun components of the Pot-
shini calchment monitoring network s described below,

1.4, Climatic paramelers

An automatic weather station was mstalled in the Poi-
shini sub-catchment {in the midst of the local community)
upstream of an existing telemetric weather station which
has been operational since 262 on & nearby commercial
furm. Each weather station is positioned near a stroam flow
gauging structure and at & distance of § km apart, in two
nested catchments of 1.2 and 10 km® respectively as indi-
cated in Fig. 1. Eight manual rain geuges were imasialled
in the 1.2 km® caichment to capture the spatial varistion
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of the raenfill over the entire Potshim sub-catchment. Such
um efort waa neceasury due o U fael that minfal is one of
the main parwmeters (hal dnves the hydrological eyele and
becamie of ity varkability over amall spatin] scales there s a
need (o sccuraiely eatimade it occurrence, both spatially
and temporal. Maneal rain guuges, if well managed, can
|;l11-11|.',| n,-hl.nn:l; scciarate J;Ilt:p rasnfall data in o catch-
mend amd ther afllosdabilsty, availability eod the sase to
install and take readings makes them altractive especially
to smallhalder farmers. The (et that an indiidual has to
take resdingi lrom & manosl e gaupe on a daily basis
peomotes the philosophy of pansapatory catchmemi mon-
ilonng 1o the Potuhin community where eighl smallholder
(armers are voluntanly recording daily ramfall from man-
ual rain gauges metalled m thewr (amms/homestesds. Each
manuaal rmin giuge was scoompansed by a ramfall data
recarding booklet which was translated into the local lan-
guigge, the fnfivu, The recording ol ramfall w bang done
twioe o day, 4.0 al % b and 17 b, (rom which the daily aver-
iige riinlnll can be computad as the average of the mormimg
und evering rendings. The duly rainfall data collected pro-
vide an invalunble supplement to the data gathered from
ihe two sutomutic weather stations.

1.5 Siremm ﬁl}ﬂ-‘ FITEENAIF R LT

Siream Mow ai the Potshini sub-catchment 18 monifored
al two docations by wse of an H-flume and a Pressure trans-
ducer comcsding with the meted caichments of 1.7 and
10 km" respectively. The H-flume was constructed by the
551 propect teams and the dorwrstream pressure transdiscer
makes use of 8 regular section of a mver associated with
o road culvert. Voltage signal messuremenis of the pressiine
transducer are loggod after cvery 5 mmim i o datas logger and
Lag Boquisilion af Ui sircam Bow dats mvodves the tradmila-
{ian of the oatpul voltags ngnsl of the presaure trandscer
il siream Now do:pl!u. osing 3 raling curve for thal wec-
tbon. The H-flume has 5 discharpe capacity of 134 m'fs
ind poverned by & set of three sating equationd, cach
describing a unigue slage-discharge: relatsonship for & gven
range of fow depth (Ackers et al. 197E) corresponding 1o
high, low and intermediate flows. The design of the H-
flume B described in detail in Konpe e al, (2005, The
H-fuwme 15 also equipped with an T8CO gampler fof waler
quality analysis with o capacity of 24 sampling bottles
pnd which i3 congrolied by an MCS data logger. The sam-
pling scheme has besn progrommed (o tuke (nte accouit
the varation of flow by taking frequent samples during a
chanpng fow, This & due o the fact Lhat water gquility
je.g sodiment load) will show |ess varkation & consbin
flow and henoe less fraguent sampling i required st con-
stant Row

i & Kumaffl plats

A standard runofl plot, a8 descrbed by the Soul Conser-
vation Servioes (SCS). measures 1213m long with an

approprinte wadih ol greater thas 2m on & :|n1|: of s
Such a runall plal w used 18 estimating the sl erodilkin
factor in the Univerasl Soll Lois Eguation-USLE (Wi
chimmessd il Smilth, | 97E), However, the 9% slope 5 rasely
achigved eapecially in agricultural felds, &5 was the casc m
thia atuddy, The appronch and focus in this study was on
inveslignting |'|j.'r|r||h1“|g'|1'| processes within a ninofl 'pl-rld
{ coanbrolled micro catehmenl) and trying o compare sach
resilts from other rupol plots under different treatments
but on simalar slopes. This appreach was adopted in the
design of 1] runcll plats which were installed in the Pol-
shim sub-catchmend, in an effon Lo investigate the influence
and impact of conservation agriculture practices, 1o, waler
st inowalions, on serfsce mooofl geoerating characteris-
tics and soll hydraolic properties in the predominantly agn-
cultural catchment. Fig. 3 sthows a st of runofl plots oa an
erperunenial sation n the Polshim sub-catchment, while
Fig 4 » a uppng bucked with a data logger attached to
il for sulomebsd modeding of surlace runo mtensiles from

Fa ' A =t of ez runalf plois om so experimental siatios i Polshin

Fig 4. A tipgung bocket with o data Ingper
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a runof plot, The 11 rnoll plow were designed while tnk-
mg iee account e rainfall intensities m the ares. The
dimensions of the runofl plots were 10m long and 245 m
wide and strips of 0.245m wide galvamized shect metal
was nsed 1o demarcate the area under each runofl plot
The knowledpe of the mimiall miensily was wselol in an
eflort 1o estimute the sise of the selil recording tippimg bock-
ets, which are used (0 mensure the miensities of surface
runoll, and subseqguoni calibiation of the tppiag volumes.

1.7 Soil moixiury profiling

Oogoing monitonng of the volumetre soil moisture m
the Potshim catchment has been implemented by use of
the Time Domain Reflectometry (TDR) method. The con-
cept of TDR imvolves measuring the capacitance of the soil
within a rudms of 150 mm and converting it into volumet-
ric soil moisture content al any depth. This |8 fecilitated by
ise off mecess ubes which are inserted Inio the soll profile o
convenient depths. Several methods have been suggested
on how 1o inserl these acvess tubes imlo the soil und onec
of them is by pre-boring holes with appropriate soll augers,
of relutively small dmmeter, and inserung the access tubes
into the supered holes as wad done i ihe Pouslim catch-
menl A total of 16 sccess tubes of different depths ranging
from 1.2 m to 1.5 m have beon inseriad in vanods sites m
the 1.2 km® Potshini sub-catchment. Al the access tubes
have been inscricd within ranoll ploti under different land
managemenl prachcs, nolably conssrvabion and convens
hional agrcalivral practices. A weekly egpime for monitor-
ing wvoluimetric soill momiure conlenlt in the Polihin
catchment hat been estabhished, where readings have con-
il to be aken at different deptha of 3cm mtervil in
ench access tube. Some of the volumetric soll mosture dots
from six runoff plots under different tllage practices in the
Potshinl catchment 15 analyzed and pressnted in this paper.

L& Shallow ahsernation pround wayer welly

Through the collaboration and particrpation of the Pol-
shini community, 12 shallow obscrvation
welly were installed in the Potshini sub-catchment. Since
ibe catchment is predommantly an agricubiural area for
smallholder armers, permission was sought from Uthe local
leaders and indimidual farmens to sllow for the sugering of
ihe 100 mm holes in some of the farms on transects. The
wells were straicpcally mstalled at siles where they coukd
fact that most of the farming operations. in s ares make
use of animal and/or tractor drawn implements. Two iran-
wcis, one on cach side of the sub-calchment, were hdenik
fied aod running more or ks perpendicular o the
geoeral slope of the sub-catchment, The relatively shallow
soils on one of the transects restricted the augering of the
two wells bo n depth of 2.4 m while the rest were 10 0 depth
of 3 i, The baslc npproach was to auger the wells &8 deep
s poasible w depths reaching the bedrock, Special 63 mm

dinmeter plastic pipes of appropriate kengths were inseried
into the augered wells such that at least 0.4 m length of the
pipe was above the ground surfece. These pipes have min-
ute perforations at the bottom to a length of O6m Il &
through such perforations that the shallow prowndwaisr
seeps inio the pipe upon which the monitoning of Boctua-
tion of the shallow groundwater table i effectnd by the
use of & pretaurs ransducer and a dats logeer. The logging
interval for all weils has boen =t o 30 mm. To avold clog-
ging of the minule perforation by the fine clay soil ai the
bottom of the wells, & clean [washed) sand screen wis
pucked around the plistic pipes covering the perforations
io & height of 0.8 m from the bottom of the wells. For each
well, the rest of the well's depth was filled with the prew.
ously augered soll matetinl save for the top 0.3 m, where
A cement morir was casl around the 63 mm plastic pipe
before a 0.4 mx 0.4 m concrete slab was cast a1 the lop
to o level slightly above the ground surface. Such cement
and concrele works are o prevent any preferential flows
from either side around the pipe when the soils are sat-
raied during wel seisan

1.5 Spatsal compuiation of ~Green Warer Flows™

Increased levels of waier resource management requure
mcreased accuracy in the quantification of vanous compo-
ncnts of the hydrologic oycke apeoally the “Green™ waler
fiows (Falkemmark, 1995 Savenije, 19949) ie. the gross
refurn Bow of water o the atmosphere-iodal evaporation
{ E,) in the form of water vapour, which includes a produc-
tive part as Transparation [ T) and & fen-productive part as
direct Evaporation () from the soll, lakes. and from the
part of Precipitation (K] miercepied by canopy surfaces.
According (o Rocksirtm {1999, in semi-arid tropical agn-
culture, direct Evaporation (£} generally sccounts for 30—
50% while trangpiration [T acoount for only 15-30% of
Toal raindall received. Tolnl evaporation (K i highly var-
lable over time and space and any effon wowards enhancng
ihe ability to confidently quantify it at large spatial walei =
recognizsd as @ key msee 0 walsl resouive manegemenl
The challenge in determindng the spatial and Lemporal var-
iation of E over larpe arcas n compounded by the many
factory thal infleence s occurrence and prevalence and
henee make i the most Gifficull paramselel 10 delermine
m hydrology. The conventional approaches for quantifyng
E, has been based on localized point measurements which
do not allow the flux sumation over large geographical
areas. These approaches imelude direcl measurements
{eviporation pan, Lysimeters eic. ), chmatic stations [eddy
correlations, Penman, Bowen ralio ele) and hydrological
models [water balance).

Remote seasing datn provided by satellites ae o means
of obtaiming consmient and Mrequent observation of spec-
tral reflectance aod emmitance of radiation of the land sur-
fhee on micro and macro scale from which E can be
retrieved {Bastinanssen of al, 198}, The mun disadvin-

tage of remote sensing approaches o estimating E i the
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limitation of accessing quality and tmely data due 1o the
influence of weather (cloud Tree images e required) and
time overpsss of satellile sendor, (Tasaen e al, 30033
One of the remote sensing approaches applied in this case
efudy i the Surface Energy Balance Algorithm for Land
(SEBAL), (Bastimangsen ot al, [998s h:Bastinanssen,
2000}, SEBAL = an energy partitioning algonthm com-
prised of 25 computationsl sub-models thal calculate F
and other coorgy exchangss sl the eanth's swifsce. The
parameters and requines mited ground based meteorolog-
ical data [Farah and Bastimarasen, 2001). Only incoming
iolar radiation, air lemperature and wind speed daia s
reqqusred. SEBAL estimates £, as the ressdual of an energy
balance applicd to the land surfnce for each pinel of the
satellite imige i.e

A, =R, —H -G (1

where 4E, is the latent beat Bux (W m %), B, is the net radi-
ntlon (W m™7), H is the sensible heat fux (W m™ ) and G is
the soil beat flux (W m~"). The Large Aperture Scintillom-
eter (LAS) is an instrument that measures the furbulent
intensaty of the refractive mndex Ructuslions of air from
the intensity fuctuations of a reosived sgnal (Cuin et al |
201} This sigpal & transmitted by & lghl sowrce placed
#i & piven ditance apart (ivpically less than 10 km). At
ihe roecoiver the spatial (wbulent intonsly b measured as
a refractive index structure parameter C¥jm V") which
can be related o the siructure function parameter of em-
perature Ch(k™  m~Y*), Additional data om lemperature,
pressure and humidity are necessary Lo compute the strc-
ture functicn parameter of femperature which can then be
converied o sens:ble heat fux (Kile and Droogers, 20060),
With the knowledge of the net radiation and soll heat flux,
the Intent heal fux and subsequently Tolnl Eviporation
can be computed as indicated in Eq, (1), An important fea-
ture of the scintilletion techniguee is that, wlthough the mea-
surement 18 along a path of & Hght beam, this & actually an
estimute of sensible beat Hux over an 'ares bocauss of the
wide Fetch (Mcijninger and Bruin, 2000). The method
therelore fom an intermedinte scale betweoen febd (podat
measarement) and the lange arts Femols &nsing citmmates
with md mstrement calibration reguirement |1 omportant
io pole thai cne of the mizrmediate outputs of the SERAIL
algorithm s the seisibie hesi Bux for cach povel of ibe s
teliite mmage and this gves an opporunity 1o calibrate the
patellite image uwsing measured semsible best Bun dats
obtuinable from a LAS.

In thes case study, @ subset of cloud free 7-bund sateilite
Landsal-ETM image |path 160, row 080) with o spatinl res-
olution of 30 m was used in estimating the E, using SEBAL
bn this cuse study. The subsel of the image, Fig 5 covered
part of the Thukzla aver basin and the whole of the Pot-
shini catchmenl,

The mcquinition date for this imape was on 2nd March,
2001 and was freely downloaded from ibe CHolbal Land
Cover Facility (GLCF)-Eanth Science Duita Interface weh-

— S —_ —_— amin
H
T 0 it L
e P e r—
L e

Fig 5 & sobet of & Lamdaw T-ET steibilc smpe Cpach 108, row ()
uscd fow pelimatasn i P, weng 304 L &lgonshm

ate. The fundsmentsl idea in thn atelbie praage procssdni
CLETCHE Wal (o mitiale & prooce - (he spalial estimation of
E; usimg remoie scnung techaiques in the Potshim catch-
ment pnd Thukels nver basim ot large |t 5 an aim of this
dudy 1o apply the SEBAL algorithm i real ime stuations
end usimg the freely available NOAAJAVHRR and
MODIS images (with spatial resolution of |1 km and
00 m respectively) which hoas the advantage of almost
daily scene coveruge, with the NOAAAVHRR images
being wied on p larger river basin scale. In this case study,
the 25 sub-models of the SEBAL algorithm were regrouped
into 20 computational sleps and can broadly be clas-
sificd mio five peneral seps an described n Rastmanasen
el al {1959Ma), Bastinpnssen ¢f al. [1998b), Bastinanssen
{200 amd Mabamed el al. | 3004)

2 Resalis and disousdon

Proliminary analysis of some of ibe data obiamed from
the Potshumi catchmenl moniloting network snd SEBAL
results is presenied here

2.1, Rumafl platy amd woil molihire

Preliminary experimenial results obtained from the
three pairs of runofl plots (3 sites) inatalled in the Polshin
cabchment are presented, Each runofl plot in 4 pair was
instatled under conventional and conservation ullage prac-
tee respoctively. Volumetrie soll mosture contend, mes-
sured using TDR wt differeni deptha in 1he soil profile
and at 3 cm mterval, and cumulstive surface runoll dais
from three pairs of ronoll plots over & penad of 17 weeks
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startng from 21st April 1o 18th August 2005 s as shown in
Figs. fa and 6b,7a and 76 and ¥ The span of data coliec-
tion cowerod both wel scason | Apnil) and dry season (May
to August). It was meful to carry oul sech an experiment
through the two seasons in order 1o investigate the poten-
tial of such water wse inmovalions [conservation Gllape
practices) in retaining exira water in form of soil mostore
in the caichment especially during the dry season. A com-
parison can be made between Figs. ti and &b at MA, Figs.
Ta and Tb at site MA and Fig. B at site TS,

The two experimental sites were imallholder farms in
the Potshinl catchment and which is predominantly an

agricultural arca. The main observation from Figs 6a
and bb B thal, comservation billage practces sipnaficanthy
redinte sirface mnoll volumes 53 comparsd to conventional
tillage practices. It was obscrved that the tolal runoll geo-
crated from the ranofl ploi under consevvation tllage at
site MAwas 0672 m’ compared to | 5616 m’ from & runoff
plot ender conventional tillage practice. This translates 1o a
reduction of over 100°% of surfice ranoll by pracikcing con-
servation tillage practices. A similar reduction of cumula-
tive surface runoffl was also observed al site /A where
the cumolative rancff from the ranoll plot under conserva-
tion tillage was found to be 0.718 m' while that under

Coorraties nursedl (11,08 2006 o SK08.2056) = 1 567 |

e

Fig fa. Werkly solometne sl mosiure (%) sesesrmmest issder oonrentional Hllage practece and cumukative serface runof a0 ae W4
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conventional tillage praclice was 133 m’, and hence
translating to a reduction of close to 1% on cumulative
surface runofl under conservation tllage.

Even though there s 4 difference im the percenlage
reduction of cumulative surface runofl from the two sites
MA and HA, the gencral understanding one can derive
from such analysis is that conservation tillage practices sig-
nificantly reduces surface runofl compared (o conventional
tlillage practices. The difference in percentage reduction
could be attnbuted 1o the local beterogeneities of soils
and the physical charactenstics (e.g. slope) al the respective
sites. The ability of conservation nllage practices to sigmif-
icantly reduce surface runoff s further supported by the
infuence of such practices in retwning more soil moisiure

compared to conventional tillage practices as indicated in
Figs. 6a and 6b, together with Figs. To and 7h. Fig. B shows
a graphical representation of the vamabon of volumeine
goll motsture content for the third pair of runofl plots,
one runofl plot under conservation and the olber under
conventional tillape practices respectively at another small-
helder farm (site T8) in the Potshini sub-catchment.
Cumulative swurface runofl from the mnoff plot under
conventional tillage over the entire observation period at
site T8 amounted to 1.238 m* while 0.45 m’ was recorded
[rom the runofl plot under conservation tllage practice
and hence translating to a pereentage reduction of over
Hra, Such results more or less conforms to observations
made al site WA and K4, From Fig. 8, even though the
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volumeine sol mawiore content i the two runof plols was
on mecession; 43 expecied during drought spells, the conser-
valion tillage practices influenced the refention of more
vilumeirnc 501l mosture compured (o conventionnl tllage
practices. 1l cin be seen that, at the beginning of the reces-
ston of soil modsture in the catchment in general, the volu-
metric soil moisture content nt the top soil (top 30 em) in
runoff plots under conservation and conventional tillage
practives was around | 6% and | 1% respectively. Such a sig-
nificant difference v onkniilned ncross the soll profile and

throughout the observation period till the last thres weeks
af measurements (week 16-17) in August, when carly rams
were recorded in the catchment, as indicated in Fig. 9, and
the volumetric soll motsiire conlent wnder the two tillage
praciices was observed 0 be more or leis the same
Fig. 9 shows weekly rainfall and 1otal evaporation over
the Potshmi catchment during the penod consadered in thas
study (215t April to 25th August 2005). A similer patiern is
depicted in Figs. 6a and 6b together with Figs. 7a and 78
Of great interest s the availability of relatively higher
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volumetric soil moisture confent ai greater soil depths
(=120 cm) in smallholder farms under conservation tillage
prociices as compared (o coovenbional tillage proctices.
Such a phenomenon could lead to the recharging of the
shallow ground water in such areas and the catchment o
large if such tillage practices are widely adopted (up-scaled)
in the catchment. The recharging of shallow groundwater
could lead to increased interflows and sub-surface flows
and which has an influence to the vanation of stream flows.

However, the opposite could occur if the additional soil
moisture is fully utilized by the plants. An effort has been
made (o get an in-depth understanding of the influence of
conservation tllage practices on shallow ground water in
the Potshini calchmeni with the installation of 12 self
recording shallow groundwater wells (Piezomelers] in the
catchment under the ongoing study.

22 BEBAL resulis

On application of the SEBAL algonthm, a map was
generated for the day’s apatial vanation of E;, Fig. [0, ower
the entire subset image for 2nd bMarch 2001,

Relatively high E, rates are observed to have taken place
in areas under active growing crops as seen from Figs. 5
and 10, [t was also observed that the same areas bad reta-
tively Bigh MDYT values indicating high wiger of wegeta-
lonferop growlh, A companson was done Tor thes day
between SEBAL estimates for B, and from a weather sta-
tion in Bergville, on the same pizel, 11 was found oul that
SEBAL over estimated E, by 1.3 mm/day, with the weather
station reading being 7.2 mm/day for a point in the same
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Fig. 10. Spetal varation of consputed E; in ke Potshini sub-calchmeal
amkl surrounding ameas. for 2nd Manch 7001 compited uting 1k SEBAL
algarithm

pixel. Further investigation and verification of SERAL out-
puis form an mportant part of the next two vears of inves-
tigation. The application of SEBAL o computing E, in the
ongoing study will be of great significance especially when
trying to understand the spatial varation of such hydrolog-
1cal processes in the Polshind catchment and Thukels river
hasin at large and as a key wput to the agro-hydrological
modeling syatern. Such an approach will lead to a greater
undersianding of the impacts of upscaling of water use
innovations on the eco-hydrological system in the Potshini
catchment and the Thuokela river basin at large.

3, Conclusion

A calchmenl monitoring network has been established
il the Potshini sub-catchment and the SEBAL algorithim
wis used (o defive £, Mrom a Landsat?-ETM satellite
image. Preliminary resulis on the impact of innovative agri-
cultural practices on the field soil-water balance indicate
that such practices |conservation tillage) can significanthy
reduce surface minoff and increase soil moistare content
and hence infuence the partitioning of ruinfall over the
catchment. These preliminary results sets the platform for
further investigation on the possble mpacts (o the eco-
hydrological system of the caichment if such waler use
mnovations are adopted by many smallholder farmers in
the catchment (up-scaling) and the Thukela River basin
at large. Soch an investigation can be sccomplished
through a hydrological modeling exercise as will be done
in the ongoing rescarch study. Despite the difference
ohserved between estimates of E, from weather station data
and SEBAL, there is potential for using SEBAL in the Poi-
shini sub-catchment and Thukela river basin (large spatial
sciles) especially in quantilfving sctual water vse by crops/
vegetation {e.g forestry in line with the 1998 Mational
Water Act] in an elfort to manage the river basin's water
resources in i sustainable way.
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3.1 Appendix

Summary

Climatic and hydrologic parameters in smallholder farms under different landuse management
practices in the Potshini catchment were monitored and analyzed in an effort to seek answers to on the
question: “What is the impact of adapting water use innovations (rainwater harvesting) in a
predominantly agricultural area on catchment ecology and hydrology?”. Three sites in the catchment,
two farmer-managed experimental plots and a researcher controlled plot under different tillage
systems, were monitored for volumetric soil moisture content and surface runoff generating
characteristics over a period of seventeen weeks. The general trend that was observed is that
conservation tillage systems, a water use innovation, in the Potshini catchment have influenced the
partitioning of rainfall, by significantly reducing surface runoff over agricultural lands under
conservation tillage practices, with a reduction ranging from 46 to 67%. More soil moisture was

retained in plots under conservation tillage practices compared to plots under conventional tillage.
3.1.1 Introduction

The hydrological response of a catchment, as used in this context, can generally be defined as the
reaction of a catchment to rainfall. Every catchment has a specific response to rainfall and which is
related to hydro-climatological and physical characteristics, such as soil parameters, slope, climate etc.
Some of the catchment characteristics can be obtained through measurements at specified spatial and
temporal scales depending on their frequency and nature of occurrence and required resolution of data
for meaningful analytical work when addressing questions related to catchment response. There are
several factors that may influence a catchment response and can broadly be identified with change in
land use/cover and climatic change (Costa et al., 2003). The influence or impact of climate change to
catchment hydrology may not be depicted within a short term, as emerging trends of catchment
response as a result of climate change may indicate randomness rather than systematic pattern as
compared to land use change. It is important to note that causes of climate change are often not
localized as compared to landuse change and thus making it easier to monitor and investigate impacts
of landuse changes on the hydrological regime of a catchment and possibly impacts of the same to the

downstream ecosystems.

58



1%isnnhthWManhﬁgnﬂwmﬂqlta.'iklhllw
sccomplished at the Potshini caichment in the foothills of the Drakensberg Mountains under the
research programme, the Smallholder Waler System Innovations (SSI) at the University of KwaZulu-
Natal (Rockstrom et al., 2004) The 881 rescarch programme has the general objective of assessing the
extent to which water management in minfed smallholder farming can assist in securing human
tivelihoods in semi-arid tropical Savannahs in sub-Saharan Africa, together with trying to analyse the
downstream hydrological implications of upgrading rainfed agriculture through adoption and
adaptation of water use innovations e.g rinwater harvesting. Figure 3.1 provides an overview of the
Potshini catchment. The Potshini catchment monitoring network facilitates the monitoring of the main
hydrological processes in the predominantly agricultural catchment whilst recognizing the existing
heterogeneity in such a catchment.

Water use system innovations encompass various techniques for storing and conserving water
resources in different mediums for domestic and livestock use including agricultural production.
Although, several authors including Pandey et al., (2003) have indicated that minwater harvesting
techniques, especially for upgrading smallholder {arming systems, are not new but have been practiced
since ancient civilizations, the impacts of such water use innovations on eco-hydrological systems are
rarely assessed, especially from a cascading spatial and temporal perspective. The need to quantify the
supposedly potential and related hydrological impacts of water use innovations on a calchment and
river basin at large led 1o this study, within the S5 research programme, simed at investigating the
biophysical impacts of adopting such water use innovations at a catchment seale. It is recognized that
heterogeneity exists at any scale under consideration and it is a great challenge to hydrologists and
waler resource managers lo umiquely define and quantify warious hydrological processes in a
catchment and establish the link between such processes and scales, both spatial and temporal. Such a
challenge is further convoluted by the existence of a link between variability of hydrological processes
and heterogeneity of the catchment (Jewitt and Gorgens, 2000). This Chapter discusses the
comparative results on basic hydrological parameters obtained from three sites in the Potshini
catchment, |.e runoff generating characteristics and volumetric soll molsture content, from runoff plots
installed in the catchment under different land management practices.

312 The study area

The Potshini catchment is predominantly a smallholder farming arca and a sub-catchment of the
Qunternary Catchment (QC) number V13D in the Thukels river basin in the foothills of the
Drakensberg Mountains. Figure 3.1 shows the location of the three experimental sites in the Potshini
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catchmoent, ie MT, A, FA, that were used in this study and which forms the main focus of this
Chapter
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Figure 3.1 Experimental sites in the Potshini catchment

The Potshimi catchment is located in the Bergville District in the KwaZulu-Natal Province in 5. Africa.
The Thukela river basin has an arca of 20,006 km’, while the area of OO YI3D and Potshini
catchment are 280 and 1.2 km' respectively. The altitude range in the Potshini catchment is between
1300 and | 340 meters above sea level and the mean annual precipitation at Potshini is estimated to be
700 mm.a” with an estimated mean annual potential evaporation between 1600 to 2000 mm.a™ (Guy
and Smith, 1995; BEEH, 2003). The mean annual temperature ranges between 16 and 18 °C, with the
minimum and maximum lemperatures recorded between 2001 and 2007 being -4 and 34°C
respectively. Frost is severe 1o very severe in winter (May to August) and hail is sporadically severe in
summer (Seplember to April). Poor graring management on the upper hill slopes of the Potshini
catchment has resulled into severe erosion as evident by small gullies that have developed from cattle
tracks. The lower parts of the catchment have undulating gentle slopes on which the local community
carries out their smallholder farming activities. Land cover in the catchment changes with seasons,
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with maize crop and tall veld-grass dominating during wet summer season, while bare soils,
dilapidated pastures and crop residues dominsting during the dry season.

Figure 1.2 shows monthly variation of rainfall and temperature in the Potshini catchment. The long-
term mean monthly rainfall and temperature was derived from a 28-year climatic data record from a
weather station in Bergville located at an elevation of 1310 meters above sea level, and which is 8km
away from the Potshini catchment. Due to the hilly terrain, a good drainage network has developed in
the Potshini catchment with most of the streams being perennial and providing water for domestic use
to the upper part of the catchment, while replenishing reservoirs for commercial farmers downstream
Extreme low {lows occur in winler. The main river, which drains the Ouaternary Catchment V13D, s
the Lindequespruit, a tributary of the Little Thukela which later joins the Thukela river.
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Figure 3.2 An overview ol the monthly variation of rainfall and temperature in the Potshini
catchment. The long term mean monthly rainfall and temperature was derived from a 28-year
climatic data record from a nearby weather station in Bergville
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313 Seils

The Potshini catchment has & relatively high waler table ranging from 1.5 to 2.4m below the surface
(ef. Chapter 4) and the the soils are gencrally acidic with varying depths from 1.2m to over 3m on the
lower parts of the catchment, Smith et al,, (2001) cited Turner (2000) as have described the geological
formation underlying the region around the Potshini catchment to have sandstone and mudstone of the
Tarkastad Formation, Beaufort Group and by shale and sandstone of the Estcourt Formation, Beaufort
Group. The Tarkastad Formation is described as comprising fine to medium grained yellow and grey
sandstone and maroon (red) to green and blue mudstone. The Estcourt Formation is described as
comprising dark-grey shale (often carbonsceous), siltstope and fine and medium to coarse sandstone.
According to Turner {2000}, the major soll patterns that are evident and associated with the sandstone
and mudstone of the Tarkastad Formation are the red and yellow-brown apedal and the plinthic soil
patterns.

1.4 Land uses and economic activities

The main landuse types in the Potshini catchment include the predominantly smallholder farming
(crop production) during summer, which constitutes over 60% of the total land in the catchment, and
grazing of the domestic animals (cattle, goats, horses). The number of cattle in the Potshini
community is estimated to be 378 (Smith et al, 2004). The population of the 1.2 km’ Potshini
calichment is estimated 10 be less than 1000, with smallholder farming being primarily done on the
lower slopes of the catchment, and the main crop being maize, legumes and pulses. It is useful to note
that, duning winter, all the domestic animals sre freed 10 graze on the smallbolder farms due 1o
depleted pastures on the secured grazing lands on the upper slopes of the catchment. Due 1o the noed
to intensify agriculiural production in the area for food secunty. various agricullural management
practices have been adapled in the Potshini catchment which is located in the Emmauns ward in
Bergville district, through the then South African National Landcare programme in the Bergville
district, and notably conservation agriculture (& water use innovation). There is a great potential for
adoption of such practices In the area due 1o the successful results obtained so far where smallholder
farmers have managed (o increase their crop production per unit area by appreciable margins as shown
in Figure 3.3 as reported in Smith et al., (2004),

The farmer-to-farmer participatory learning process, a participalory action research approach
introduced in the area by the Agricultural Research Council (ARC), the implementing agency of the
then National Landcare programme in the Bergville district has been highly successful in achieving
the uptake of new techniques, notably conservation tillage practices, by the local farmers. The
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challenge is to quantify the impact of such novel water management strategies to the eco-hydrological
system in the catchment with regard to their up-scaling to larger areas and wider adoption. This is the

challenge in which this study, and the SS1 programme in general, is trying to address.
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Figure 3.3 Average maize yiclds on farmer-managed trials in Emmaus ward, including Potshini
— 2001 to 2004 (Adapted from Smith et al, 2004)

3.1.5  Water use innovations

According to Pandey et al, (2003), waler use innovations are not new, but have persistently been
developed and adopted by mankind as an adaptation to climate vaniability since anclent civilizations.
These innovations are either locally inspired or adapted from other regions. In the past few decades,
efficient communication networks have greatly influenced and enabled technology transfer and hence
adaptations of waler use innovations in vanous regions of Africa. Waler use innovations encompass
various methods and strategies for mitigating drought in an effort to sustain livelibood (Rockstrom ot
al, 2004). These innovations are typically water harvesting techniques for concentrating, storing and
collecting surface runofT water in different mediums, for domestic or agricultural uses. RunofT can be
collected from roofs or ground surfaces (rainwater harvesting) as well as from seasonal streams (flood
waler harvesting). The various methods for harvesting runoff can be distinguished after the following
(Rockstrom et al., 1999: Rockstrism, 2000):
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o Sounce of the surface water (external or within-field catchments from sheet, rill, gully or stream
flow),

0 The method of managing the water (maximising infiltration in the soil, storing water in
tanks/dams, inundating crop ficlds with storm floods),

o The use of water (livestock, houscholds, crop production and erosion management).

According to Rockstrom (2000), water harvesting practices generally contribute 1o an increase in the
recharge of water to the root zone and finally to the water table and operate ot dilferent scales
(household, ficld, catchment and basin). Such practices have the potential 1o affect water availability
and management for downstream water users and nafural ecosystems due to reduced catchment water
yiclds due to increased total evaporation rates. RockstrOm (2000) cited SSSA (1987) as have defined
conservation tillage as any tillage sequence with the objective to minimize the loss of soil and water,
and having a operational threshold of leaving at least 30 percent mulch or crop residue cover on the
surface throughout the year. Conservation tillage aims at reversing a persistent trend in farming
systems of reduced infiltration due to compaction and crust formation and reduced water holding
capacity due to oxidation of organic materials (due 10 excessive tuming of the soil). From this
perspective, conservation tillage qualifies as a form of water harvesting (and hence a waler use
innovation ), where runoff is impended and soil water is stored in the crop root zone {Rockstrom et al.,
1999). Conservation tillage covers a range of non-inversion practices from zero-lillage to reduced
tillage which aim to maximize soil infiltration and productivity, by minimizing water losses
{evaporation and surface runoff) while conserving energy and labour. GHARP (2002) indicated the
successes of conservation tillage in hamessing minwater and improving yields (more than 50%)
particularly in Machakos and Laikipin districts of Kenyva. Other studies from different regions,
including Lafond et al., (2006), Bescansa et al., (2006); De Vita et al, (2007), have reported smmilar

results.

116 Ficld measurements

=  Climatic parameters

Climatic parameters were monitored by an automatic weather station installed in the midst of the
Potshini local community, and who also assisted in manually recording rainfall in the catchment. The
manual rain gauges including installation of other instrumention in the Potshini catchment staried in
200 as detailed in Chapter 2, Figure 3.1 shows the location of the raingauges in the Potshini
catchment.



*  Runofl plots

A total of six runoff plots measuring 10m by 2.45m were installed in three sites in the catchment, two
on cach site and under different tillage systems. On each site, (MT, HA & MA in Figure 3.2) one runoff
plot was installed in a field under conservation tillage (minimum tillage) while the other under
conventional tillage. It is useful to note that the treatment that was investigated and compared at each
site, thus forming the main discussion of this Chapter, was conventional versus conservation tillage
practice under maire crop and grazing (cf. Table 2.3 in Chapter 2). Thus, in this experiment, maize
crop and graring was maintained in all runofl plots with the tillage system being the only variable. A
tipping bucket was used 10 measure the surface runoff intensities from each site and the data was
recorded in a HOBO data logger. The knowledge of the rainfall intensities in the catchment was useful
in cstimating the size of the self recording tipping buckets and subsequent calibration of the tipping
volumes. A manual counter was used as a back up system in case of failure of the data logging system
Figure 3.4 shows a set of runofT plots on the researcher managed experimental site, MT, while Figure
1.5 s a tippng bucket with a data logger attasched to it for automatic recording of surface runoff

iniensiiies from a runofl plot

Figure 3.4 A set of 5 runolT plots on an experimental station in Potshini
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Figure 3.5 A tipping bucket with a data lopger
* Soil moisture profiling

Volumetric soil moisture content was monitored every week along the soil profile on each runoff plot
using a TRIME-TDR probe (TRIME-FM, 2003) at an interval depth of 30cm. One access tube was
inserted in the middle of the respective runoff plots to depths ranging from 1.2 to 1.5m and were used

to guide the TDR probe to convenient depths.
3.1.7  HResults and discussion

Experimental results obtained from the 3 pairs of runoff plots installed in three sites ie (Add, A4, MT
as shown in Figure 3.2) in the Potshini catchment are presented. Volumetric soil moisture content and
cumulative surface runoff data from 3 the pairs of runoff plots over a period of 17 weeks, starting from
21" April to 18t August 2005, is as shown in Figure 3.6 & 3.7; 3.8 & 3.9 and 3.10 & 3,11, The span
of data collection covered part of the wet season (April) and dry season (May to August). It was
unfortunate that soil moisture data was only available beginning from 21 April, after the TDR-
TRIME probe broke down in the early part of the rain season, ie in October, and it took long to get it
repiired. Nevertheless, it was useful to carry out such an experiment through the two seasons in order
to investipate the potential of such water use innovations (conservation tillage practices) in retaining

extra water in form of soil moisture in the catchment especially dunng the dry season. For each tillage
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system, Le conservation and conventional i:-'mrn;, only summer maize crop was grown on each plot
and the data obtained from these plots is presented here.

A comparison can be made between Figure 3.6 & 3.7 for site MA, Figures 3.8 & 3.9 for site F4 and
300 & 301 for MT,
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Figure 3.6 Weekly volumetric soil moisture (%) measurements and cumulative surface runofl at
site MA under conventional tillage practice
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Figure 3.7 Weekly volumetric soil moisture (%) measurements and cumulative surface ronoff ot
site MA under conservation tillage practice
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Figure 3.8 Weekly volumetric soil molsture (%) mensurements and cumulative surface runofT at
site HA under conventional tilluge practice
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Figure 3.9 Weekly volumetric soil moisture (%) measurements and cumulative surface runofT at
site HA under conservation tillage practice

The two expenmental sites, MA & HA, were smallholder farms in the Potshini catichment and which is
predominantly an agricultural area, The main observation from Figures 3.6 and 3.7 is that,
conservation tillage practices significantly reduce surface runoff volumes as compared to conventional
tillage practices. Also, the volumetric soil moisture content at different depths in all the sites most
often responded and varied with weekly rainfall amounts &s can be seen from Figures 1.6 10 3.11. It
was observed that the total runoll generated from the renoff plot under conservation tillage at site MA
was 0.672 m’' compared 10 1.5616 m’ from a runoff plot under conventional tillage practice, This
translates to a reduction of 57% of surface runofl by practicing conservation lillage practices. A
reduction of cumulative surface runoff was also observed at site H4. where the cumulative runoff
from the runoff plot under conscrvation tillage was found to be 0.718 m' while that under
conventional tillage practice was 1,334 m’, and hence translating to a reduction of 46% on cumulative
surface runofl under conservation tillage.

Even though there is a difference in the percentage reduction of cumulative surface runofl from the
two sites M4 and HA, the general understanding one can derive from such analysis is thal conservation
tillage practices significantly reduces surface runoff compared 1o conventional tillage practices. The
difference in percentage reduction could be attributed to the local heterogeneities of soils and the
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physical characteristics (e.g slope) at the respective sites. The ability of conservation 1illage practices
to significantly reduce surface runoff is further supported by the influence of such practices in
retaining more soil moisture compared to conventional tillage practices as indicated in Figure 3.6 &
1.7 for site MA, wgether with Figure 3.8 & 3.9 for site /4. Figures 3.10 and 3.11 shows a graphical
representation of the varistion of volumeltric soil moisture content for the third pair of runoff plots, one
runoff plot under conservation and the other under conventional tillage practices respectively at the
research managed site, MT, in the Potshini sub-catchment
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Figure 3.10 Weeklv volumetric soil moisture (%) measurements and comulative surfuce runofl
al site MT under conventional tillage practice
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Figure 3.11 Weekly volumetric soil moisture {%) measurements and cumulative surface runofl
at site MT under conservation tillage practice

Cumulative surface runoff from the runofT plot under conventional tillage over the entire observation
period ot site MT amounted to 1238 m’ while 045 m' was recorded from the runoff plot under
conservation tillage practice and hence translating to a percentage reduction of close to 64%. Such
results more or less conforms o observations made at site MA and H4 as previously discussed, From
Figures 3,10 and 3.11, even though the volumetric soil moisture content in the two runoff plots was on
recession, as expected during drought spells, the conservation tillage practices influenced the retention
of more volumetric soil moisture compared to conventional tillage practices. It can be seen thal, at the
beginning of the recession of soil moisture in the catchment in general, the volumetric soil moisture
content at the top soil (top 30 cm) in runoff’ plots under conservation and conventional tillage practices
was around 16% and | 1% respectively. Such a significant difference trend is maintained across the
soil profile and throughout the observation period till the last three weeks of measurements (week 16-
17) in August, when carly rains were recorded in the catchment, as indicated in Figures 3.6 10 3.11 and
the volumetne soil moisture content under the two tillage practices was observed to be more or less
the same. A similar pattern is depicted in Figure 3.6 & 1.7 at site MA, together with Figure 3.8 & 3.9
at site fA. Of great interest is the availability of relatively higher volumetric soil moisture content at
greater soil depths (120 cm) in smallholder farms under conservation tillage practices as compared 1o
conventional tillage practices. Such a phenomenon could lead 1o the recharging of the shallow ground
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water in such areas and the catchment at large if such tillage practices are widely adopted (up-scaled)
in the catchment. The recharging of shallow ground water could lead to increased interflows and sub-
surface flows and subsequently influence the variation of stream flows in the catchment. However, the
opposite could occur if the additional soil moisture is fully utilized by the plants. Nevertheless, there
is a possibility of the shallow ground water interacting with the soil moisture in the root zone through
a capillary rise given the fact that the shallow ground water in the catchment is relatively shallow,
ranging from 1.8 to 2.4m. This is an interesting hydrological interaction worthy investigating in future

studies in the catchment.
3.1.8 Conclusions

The general trend observations with regard to the impact of innovative agricultural practices on the
field soil-water balance indicate that such practices (conservation tillage) can significantly reduce
surface runoff and increase the retention of soil moisture content and hence influence the partitioning
of rainfall over the catchment. Nevertheless, there is a need to establish if there is any interaction
between the shallow ground water and the soil moisture at deep depths in the soil profile given the fact
that the shallow ground water in the catchment was found to fluctuate between 1.8 to 2.4m below the
surface. These results sets the platform for further investigation on the possible impacts to the eco-
hydrological system of the catchment if such water use innovations are adopted by many smallholder
farmers in the catchment (up-scaling) and the Thukela River basin at large. Such an investigation can

be complemented with a hydrological modeling exercise.

72



4.0  Surface and sub-surface water interactions in the Potshini
catchment-S.Africa

Summary

Stream flows, weather parameters and fuctuation of shallow ground water table were monitored in the
1 Zkm’ Potshini catchment over a period of two years. The fMuctuation of the shallow ground water
table was monitored by the use of shallow ground water observation wells (piezometers) along two
transects, with each transect having four wells and running along the general slope of the catchment.
These observations were complemented by geophysical measurement (Electrical Resistivity
Tomography-ERT) surveys along several transects in the catchment, including the wells transects, at
wel and dry times of the year.

The field observations indicate that the first response of the shallow ground water to rainfall decreases
from 5 days to less than 1 day, the latier being during mid rain reason when the soils are saturated. The
analysis further indicates that there is a comelation between the rainfall inlensities and the Muctuation
of the shallow ground water table in the catchment, with subsiding ground water levels mimicking the
recession part of the stream flow in the Potshini catchment. The importance of shallow ground water
{0 sustain the base Mows, through the dry winter season, in the catchment was demonstrated, with
shallow ground water contributing around 75% of the stream flow during the dry season, Thus, the
surface waler and shallow ground water systems in the Potshini catchment are closely linked and
hence any land use changes in the catchment that may influence the occurrence of shallow ground
water will have a direct effect on the stream flows, of which may be quantified through further
hydrological analysis incleding hydrological modelling. The ERT investigation and results fucilitated
the characterization of the subsurface and identification of hydrological variables in the subsurface,
cspecially preferential flow paths and connection between the subsurface water and the siream fMows
in the catchment, which are otherwise difficult to establish using classical hydrometric measurements.
Thus, the ERT mapping gave a pictorial view and understanding on the interaction of surface and sub-
surface water in the Potshini catchmaent.

4.1 Introduction

The main components of stream flow include overland flow, interflow and the base flow. The
contribution of overland flow 1o the integrated stream flow is only significant during rainfall events,
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often leading to peak flows, while interflow and base flow are the main components that sustain
stream [lows during the recession part of a hydrograph especially in smaller semi-ard catchments,
such as the Potshini caichment (Figure 4.1) in the Bergville distnict in South Africa. Interflow, the
preferential lateral flow through the soil matrix, contributes significantly to stream flow after a rainfall
evenl while the base flow (contribution of ground water) dominates the stream flows thereafter.
Several authors including Montgomery et al., (1997); McGlynn el al,, (2002) and Wenninger et al
(2004) have highlighted the imperative need of the knowledge on the processes, pathways and
interaction of the surface and sub-surface water in a catchment, especially in the conceptual and
physical understanding of the hydrological processes with regard to evaluating the vilnerability of
surface and ground water systems in a catchment. A catchment water balance strives (o account for the
various components of the bydrological cycle and studies of interactions between surface water and
ground water often target interactions that occur on different timescales (Judson et al., 2006). For
cxample, hillslope process hydrologists are interested in the relatively fast exchanges that occur, such
as hillslope subsurface stormflow and bank storage of river channel waler. These processes greatly
influence the magnitude and timing of effective rinfall from the catchments and routing of stream
flows through the channel network. The occurrence of shallow ground water in any catchment is
generally influenced by two main factors ie anthropogenic activities and the biophysical
characteristics of the catchment Wolski and Savinije (2006) cited Winter (1999), Woessner (2000)
and Saphocleous (2002) to have indicated that the nature of the interaction between surface and
ground water, e, direction and magnitude of the waler flux, s a result of complex interplay of
climate, morphology, soils, peology, vegetation and hydrology of a system. Several authors including
Uhlenbrook et al., (2002), Judson et al., (2006) and Randall et al., (2006) have indicated that shallow
ground water contributes significantly to the 1otal stream flow volumes and hence the necessity o
establish its direction and magnitude of flow, McCarthy (2006) further highlighted that ground water
and surface water cannol be considered in isolation, as they form components of a highly integrated
system. Several methods for quantifying the recharge and discharge fluxes of shallow ground water
have been tested and applied in various regions including the use of isotope tracers, measurement of
hydraulic heads in piezometers combined with hydraulic conductivities (e.g Wenninger et al_, 2004).
use of modeling tools ele.

This Chapter focuses on the hydralogical internctions within a small headwater catchment in the upper
Thukela river basin, in Bergville district of KwaZulu-Natal province in South Africa (cf. Figure 4.1)
Nevertheless, it is rather difficult to determine such interactions under different environments without
field investigations. To achieve the objective of this study, two approaches of field investigations were
conducted, i ¢ classical hydrometric studies using piezometric shallow ground water levels along two
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transects in the catchment and geophysical measurements to explore subsurface soil properties. A slug
test was also conducted on six out of the 12 piezometers in the catchument (cf. Figure 4.1) in an effort
to determine the in-site saturated soil hydmulic conductivity (K.) along the two transects and to
complement the K., results obtained from laboratory analysis of soil samples obtained in the
catchment

The Potshini sub-catchment (cf. Figure 4.1} is characierized by a relatively high water table (cf. Table
4.1), with paiches of small marshy areas on the upper slopes of the catchment which contribute
significantly to stream flow volumes, especially during the dry season (May to September). One of the
subsurface geophysical methods, Electrical Resistivity Tomography (ERT), was applied in surveying
and mapping subsurface conditions over a wide area of interest (along hillslope transects) in the
Potshini catchment in an attempt o improve the chamcterization of the hydrological processes in the
subsurface. The subsurface resistivity 8 mainly related 1o vanous geological and hydrological
parameters i.e lithology, (rock and grain sizes, porosity, mineralogy etc), the fluid content (solutes)
and the degree of water saturation (Uhlenbrook et al., 2005; Samouglian et al_, 2005). More detailed
information on the theones and practical application of geophysical methods can be obtained from
Telford et al., (1976) and Loke (2003). Nevertheless, resistivity measurements are particularly useful
when they are integrated inlo other site measurements where they can be interpreted along with other
available information for the site e.g. piezometric heads as in the case of ground water investigations.
The resistivity survey is a typical method for measuning the bulk resistivity of soil or rock volumes
occurring between the measuring clectrodes. This techniqoe otilizes artificial electric currents that are
introduced into the ground through clectrodes or a long line of contacts and at the same time
determining the apparent resistivity of the subsurface volume by measuring the potentials ot other
electrodes in the vicinity of the current flow, thus providing information on the form of subsurface
heterogencities and their electrical properties (Kearey ef al, 2002). Uhlenbrook et al, (2005)
highlighted the limitations of the 1-D) method (vertical sounding) where the electrode array is
measured by sequentially increasing the distance between the current electrodes to obtain vertical
resistivity information at increasing depths. This method does not take into account the lateral changes
in subsurface resistivity which are caused by the heterogeneities that exist on a hillslope and hence the
2-10 method was used in this study. The 1-D resistivity sounding surveys usually involve shout 10 1o
20 readings, while 2-D imaging surveys involve about 100 to 1000 measurements; combining surface
profiling and vertical sounding. In comparison, 3-D surveys usually involve several thousand
measurements (Criffiths and Barker, 1993 and Loke, 2003) and are expensive to carry oul and is still a
research domain for geophysists but not practically applicable for environmental and or hydrological

investigations,
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The objective of this study was to understand the main hydrological variables and determine the
interaction of the surface and sub-surface water in the 1.2 km’ Potshini catchment as a contribution to
the characterization of similar hydrological systems especially in semi arid environments. In this
Chapter, the complementary role of the ERT surveys on the point-piezometric ground water
measurements is explored in quantifying the relative contribution of subsurface water to the stream
flows in the Potshini catchment and their integral interpretation led to the development of a conceptual
model for the Potshini catchment. In order to appreciate and have an overview of the surface-
subsurface water interaction, it is imperative to examine the main bio-physical parameters driving the

hydrological system in the Potshini catchment.
4.2  Study site

The Potshini catchment (E 29.3679° S 28.8145°) is a small headwater catchment on the upper Thukela
river basin, Figure 4.1, in the KwaZulu-Natal province of South Africa. The Department of Water
Affairs of South Africa has subdivided the Thukela river basin into 86 management units (Quaternary
Catchments), which add up to a total area of 29,036 km’. The Potshini catchment, with an area of 1.2
km®, falls within the Quaternary Catchment number V13D which has an area of 280 km’. The mean
annual precipitation at Potshini is estimated to be 700 mm per annum (Smith et al., 2004) and the
estimated mean annual potential evaporation is between 1600 to 2000 mm per annum (Guy and Smith,
1995).

The altitude of the catchment ranges from 1300, on the lower parts of the catchment, to 1340m on the
divide. The maximum and minimum temperatures recorded in one of the two weather stations in the
catchment (cf. Figure 4.2) between April 2004 and April 2007 is 34 and -4°C respectively. Frost is
severe to very severe in winter (May to August) and hail is sporadically severe in summer (September
to April), i.e during the rainy season. Figure 4.2 indicates and overview of the daily variation of
rainfall, reference evapotranspiration and temperature while Figure 4.3 shows an overview of the
monthly variation of rainfall and temperature in the Potshini catchment. May to August are the coldest
months in the catchment with the least rainfall, as illustrated in Figure 4.2 and 4.3, and it is during
these months that the contribution of the subsurface water to the stream flows in the catchment is more
significant. A perennial stream drains the Potshini catchment which provides water for domestic use in
the upper parts of the catchment while replenishing reservoirs for commercial farmers downstream.
The main river which drains the Quaternary Catchment V13D is the Lindequespruit, a tributary of the

Little Thukela which later joins the Thukela river.
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Figure 4.1 An overview of the Thukela river basin and the Potshini catchment

The Potshini catchment has a relatively high water table ranging from 0.8 to 2.4m below the surface
during the dry season as shown in Figure 4.8. During the wet season, the waler table has been
observed o rise close 10 the ground surface as highlighted i the results section of this Chapter. The



rising water table in the catchment led to the collapse of several houses in late February 2006 when the
catchment received heavy rainfall of high intensities.

2 T
i

Depth of water (mm)
&
Temp. (Degrees C)

o

i

o lill-l |IJ- L l.lu] 'hl

ERERERRNRE i

Figure 4.1 An overview of the variation of daily rainfall, reference evapotranspiration amd
temperature in the Potshini catchment between December 2004 and May 2007, The data was
recorded from one of the weather stations in the Potshini catchment

4.1.1 Soils and geology

The soils in the Potshini catchment are generally acsdic with depths varying from 1 2m to over Jm on
the lower paris of the catchment. The soil texture varies with the proximity to the stream, with sandy
loam soils being dominant near the stream, while loam and clay loam soils on the higher periphery of
the catchment. Table 4.1 indicates the soil textural class around each of the X observation piezometers
{cf. Figure 4,1 and 4.4) installed on the two transects of the catchment. There is a remarkable spatial
variation of soil bulk densities in the catchment, with values ranging from 1417 10 916.4 Kg.m', and
hence the heterogeneity in other soil hydraulic parameters including infiltration rates and hydraulic
conductivity. Smith et al,, (2004) cited Turner (2000) in describing the dominant peological
formations underlying the region around the Potshini catchment as being sandsione and mudsione of
the Tarkastad Formation and by shale and sandstone of the Estoourt Formation (hased on the South

African soil classification system).
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Figure 4.3 Monthly variation of rainfall in the Potshini catchment as recorded at one of the
wenther stations in the Potshini caichment. The long term mean monthly rainfall and mean
temperature was derived from a 28-year climatic data record from Bergville weather station
located 8 km away from the Potshini catchment)

422 Land uses

The main landuse types in the Potshini catchment include the predominant smallbolder farming (crop
production) during summer, which constitutes approximately 60% of the total land in the catchment,
and grazing. The smallholder farms are individually owned while grazing areas and borcholes that
were installed by the local authorities are considered common property. The main crop that is grown
during the rain season (October to April) is maize, beans and pulses while the main natural vegetation
in the catchment is veld grass which is used for thatching houses in the community. The main sources
of water for domestic use in the community are bore holes, springs and the Potshini stream. The
community grazing management entails allowing the domestic animals (cantle, goats and horses) 1o
grare freely on the smallholder farming land during the dry winter season (May to September), ns a
consequence of depleted pastures on the secured graxing lands on the upper slopes of the catchment
during the wel summer scason. Such a practice has contributed to the increasing soil erosion in the
calchment especially at the onset of min season when the vegetation cover is poor and soils are bare
and loose due to the grazmg of livestock.



43  Material and methods

43.1  Monitoring of shallow ground water

A detailed account on the establishment of the Potshini research catchment monitoring network is
documented in Chapter 2 of this thesis. Through the collaboration and pasticipation of the Potshini
community, § observation and four sampling piczometers were installed in the | 2km’ Potshini
catchment (cf. Figure 4.1) after a reconnaissance survey. Two transects, one on each side of the
catchment, were identified and running along the general slope of the catchment as indicated in Figure
4.1. 10dmm diamcier holes were augored by hand to depths reaching the bedrock but never deeper
than 3.5m. Slotted 63mm diameter plastic tubes of appropriate lengths were inserted into the augered
holes such that at least 0.4m length of the pipe was above the ground surface. The tubes had thin
honzontal slots machined through the pipe over the bottom 0.6m, through which subsurface water
could seep into the tube. To avoid clogging of the perforations by fine clay soil at the bottom of the
wells, a clean (washed) sand screen was packed around the plastic tubes covering the perforations 10 2
height of 0.8m from the bottom of the wells. Pressure transducer and HOBO data logger systems were
installed in the 8 observation piczometers to record the fluctuation of the water table at a time step of
10 minutes. The data loggers and their respective power hatieries were secured in metallic safe boxes
embedded in concrete 0 safeguard the data loggers from unfavorable weather conditions and
vandalism. Table 4.1 indicates the respective depth of each observation piczometer, the observed
column of water in the piczometers during installation of the data loggers and their relative position
with respect 10 the Polshini stream.

The soil textural class information indicated in Table 4.1 was obtained afiter a study by de Winnaar et
al., (2007), from which the spatial variation of the dominant soil textural classes in the Potshini
caichment was mapped. Thus, Table 4.1 indicates the dominant soil textural class in the vicinity of
cach of the 8 observation piczometers in the Polshini catchment.

431  Saturated hydraulic conductivity (K.

Undisturbed soil samples were obtained on both the left and right side of the catchmet on two sites
(Site C and M in Figure 4.1) that represented the dominant land use in the catchment, i.e smallholder
farming. These two sites were close to the third plezometer from the stream on each transect, with site
M being close o PREJ and € close to PLBJ respectively (see Figure 4.1). The textural class of the
soils around PREJ and PLBJ, as highlighted in de Winnaar et al, (2007}, is indicated in Table 4.1. On
each site, core rings were used (o obtain the soil samples ot depths of O, 300, 600, 900 and 1200mm,
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from which the saturated hydraulic conductivity (K., was measured in a laboratory by means of a
permeameter (Klute, 1986) with the pore waler pressurc determined at the base and the top of the
sample, by applying Darcy's Law across the soil samples (Lorentz et al., 2001} and wsing three
settings of constant head tank, i.e 900, 1200 and 1500mm from which three determinations of gradient
and outflow rates were made

Table 4.1 Details of the piezometers installation in the Potshini catchment

Piezometer | Position from | Inifial depth of | Totaldepthof | Altitude | Soil textural |

m the siream waler codluma | the Piezometer { masd) class

in the (m)
Pierometer (m})

PRBEI I¥ right bank 212 122 1308 Sandy loam |
PRB2 2™ right bank 1.98 ' 132 1309 Clay loam
PRE3 3%, right bank 124 2.84 1316 Loam
PRE4 4" rightbank |  0.63 338 1324 Loam
PLBI 17, lcft bank 2.06 132 1308 Sandy loam
PLB2 7™ lefi bank 1.86 3.46 1313 Loam sand
PLB3 T left bank 3] 341 1315 Sandy loam |
PLB4 4%, Ieft bank 208 338 1328 | Sandy loam |

The laboratory analysis was done at the Process Hydrology Laboratories at the School of Bioresources
Engineering and Environmental Hydrology in the University of KwaZulu-Natal The average
saturated hydraulic conductivity for each sample and associsled standard deviations were then
computed, The laboratory K. results were complementied with in-situ measurements of K, obained
from a slug test (Klute, 1986) on six piezometers on the left and right bank of the catchment, i.e FREJ,
PRB2, PRE3, PLEI, PLB2 and PLE3 as indicated in Figure 4.1 (the plezometers in Figure 4.1 are
numberd decreasing towards the stream), Water was pumped out of the piezometers and the rate of
rise of ground water was recorded. The pumping exercise, using n Treadle pump, involved pumping
all the water in the picromelers and the exercise was repeated at least thrice in each piezometer,
depending on the recovery rate, The average in-situ K was then computed using the methodology
outlined in Klute {1986), i.e:
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K= * I -2t (4.1)
C(t.H-' ....t‘) yH—]

where K is the saturated hydraulic conductivity (mm.h™"), r is the radius of the piezometer (cavity)
(mm), y, and y,,, is the difference between the depth of ground water and the depth of the water in the
pipe (mm) at time ¢ and ¢, (hrs) respectively and C is a geometrical shape factor (mm) for the

piezometer pipe obtained from a table as illustrated in Klute (1986).

As highlighted in (Klute, 1986), unlike laboratory methods, there is no simple methodology for
determining in-situ K, due to the fact that flow of water into the piezometer is three-dimensional and
the flow properties could be different in each direction and the piezometer cavity might extend

through strata with different hydraulic characteristics.
43.3 Stream flow monitoring

As described in Chapter 2, the stream flow at the 1.2 km” Potshini catchment was monitored by use of
an H-flume that was constructed in 2004 with the assistance and participation of the local community.
The H-flume is governed by a set of 3 rating equations, each describing a unique stage-discharge
relationship for a given range of flow depth (Ackers et al., 1978) corresponding to high, low and
intermediate flows and controlled by a Mike Cotton System (MCS) data logger. It is noteworthy that
the flow recording scheme at the H-flume was governed by the flow regime, with the MCS data logger
logging more frequently during high flows and hence made it possible to record the maximum and

minimum flows in a day.

The H-flume was also equipped with an ISCO sampler to allow for automated sampling of the stream
discharge, for water quality and isotopic analysis. The automatic sampler had the capacity of 24
sampling bottles of 500ml each. The sampling scheme was controlled by an MCS data logger and
programmed to take into account of the variation of flow by taking frequent samples during a
changing flow. This is due to the fact that water quality (e.g sediment load) shows less variations at

constant flow and hence frequent sampling is only required for changing flow.
4.3.4 Meteorological parameters

Two automatic weather stations were operational in the Potshini catchment since 2002 and 2004,
respectively. In addition, eight manual rain gauges were installed in the 1.2 km” catchment to capture

the spatial variation of the rainfall over the catchment. The manual recording of rainfall was done
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twice a day, ie at 0900 and | Th0O, from which the daily rainfall was computed as the sum of the
maorning and evening readings.

4.3.5 2D electrical resistivity imaging survey

The geophysical electrical resistivity techniques are non-destructive lechniques that provide pseudo-
section of the subsurface in terms of changes in resistivity. In this study, the 2-D Electrical Resitivity
Tomography surveys were camried oul with the objective of characterization of the structure and to
identify hydrological processes in the subsurface The geophysical methods are useful both as a means
of rapid site reconnaissance that can provide information on the subsurface structures and also in
extrapolation of observed data to previously uninvestigated areas where sufficient site comelations.
have been estublished between the subsurface structure being extrapolated and the information derived
from the geophysical survey. In this study, & hill-slope transects (Number | 10 6 in Figure 4.4) were
surveyed during the dry winter scason {Aucgust 2006), with a maximum electrode spacing of 5 meters,
with two of the transects coinciding with the hillslope picsometer transects on the right and lefi bank
of the stream. Figure 4 4 shows the layout of the resistivity survey tramsects in the Potshini catchment.
The resistivity survey was repeated on three out of the six tmnsects during the wet summer scason,
March 2007. The inability 1o repeat the resistivily survey on all the six transects in March 2007 was
due to the presence of actively growing summer crops on some of the transects, which traversed across
the smallholder farms in the catchment. These crops could otherwise be damaged during the survey
exercise. Three “new” transects were surveyed in March 2007 (Number 7, 8 & 9 in Figure 4.4) at an
clectrode spacing of 1 meter in an effort 1o charscterize in detail the structure and identify the
hydrological processes across the stream cross-section. Two of these “new™ transects ran across the
stream chennel while the other one was parallel 10 the right bank, 50 meters from the stream. The
other transects were surveyed with an electrode spacing of Sm. The resistivity survey was carried out
using the ABEM Terrameter system (comprising 4 cables with a total of 81 outlets), with the transects
having an electrode spacing of Sm spanning to 400m long.
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Figure 4.4 Hesistivity survey transects in the Potshinl eatchment. Right bank ground water
observation hole PREA and left bank observation hole PLB4 are shown. The other observation
wells are numbered, decreasing towards the stream.

A roll-along procedure (installing quarter of the electrodes at the end of the transect as soon as the first
quarter of the clectrodes are free) was used along the transects with an electrode spacing of 1m 1o
enable carry oul measurements on transccts spanning more than 100m. The Wenner Log protocal,
which 15 sensitive to vertical changes in the subsurface resistivity (Loke, 2003) was used to provide
decper subsurface measurements. It is worth noting that the resistivity survey was also aimed at
identifying potential sites for installing 2 deep observation ground water wells in the catchment, The
apparent resistivities were computed using the RES2ZDINVY software and applying the 2-I) inverse
numerical modelling technique and optimized using a standard Gauss-Newton method, where an exact
solution of the apparent resistivity's least squares equation was determined, This is applicable where
the number of dala points are less than 2000 as was the case in this study, otherwise the time taken to
solve the least squares equalion can be long and hence increases the time for the inversion process.
Relative elevation data for cach clectrode on cach transect was included in the modelling exercise 1o
account for the effect of wopography on the occurrence of geological features (resistivities) along the
respeclive lransects.



4.4 Resulis and discussion

4.4.1  Rainfall, stream Mow and ground water levels

The data recorded from the piezometers was useful in the interpretation of the storage and movement
of subsurface water on the respective transects along the hillslope of the catchment. It is noteworthy
that the data logging scheme at the H-flume was designed based on the characteristics of the flow
regime, e.g. more data points were 1o be recorded during a varying Now, while the rinfall events and
the fluctuation of the water table were recorded at an hourly time step. In this study, the Muctuation of
the water table as observed from four picrometers on the South-westerly transect (right bank in Figure
4.1) is presented. It was not possible 1o record concurrently the fuctuation of the ground water in all
pierometers due to occasional failure of the respoctive data logging systems. Figure 4.5 shows the
variation of maximum daily discharge and rainfall while Figure 4.6 shows the variation of maximum
daily discharge and the cumulative rainfall between 23 October 2004 and 7 April 2007 thus
covering three rainfull seasons. In this analysis, a minfall season was defined 1o start on 1% September
and end on 30™ June of the following year. From Figure 4.6 it can be noted that the 2005/6 scason had
the highest cumulative rainfall of 864mm which was received in 139 days compared to 200405 and
20067 which received 677 (113 days) and 445mm (115 days) respectively.
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Figure 4.6 Cumulative daily rainfall and daily maximum discharge

It is interesting to note that the 2006/07 period had more days of rainfall compared to 2004/05
although the later had relatively higher cumulative rainfall. This could be attributed to the variation of
intensities of the daily rainfall events over these periods as indicated in Figure 4.5, where 2004/05
received more than 10 rainfall events of greater than 20 mm.d" compared to only 3 events over the
2006/07.

A plot of the cumulative rainfall for each season, Figure 4.6, depicted the variation of the intensities of
the daily rainfall events, with the cumulative curve for the season 2006/07 having the gentlest slope, a
possible indication of lower daily intensities, and hence the lowest total rainfall over the three rain
seasons. The highest daily rainfall over the three seasons was observed on 23 February 2006, where
67mm were recorded on this day. This event generated the highest stream discharge estimated at 4.12
m’.s” as indicated in Figure 4.5. It is noteworthy that even though this discharge is above the rated
flume capacity of 3.42 m’.s”, all the flow was accommodated in the approach channel and hence
provided an opportunity to cautiously extend the H-flume’s rating curve, otherwise this could not be
applicable if the approach channel was inundated or overtopped its walls. The highest peak flow for
2004/05 and 2006/07 was found to be 2.26 and 1.9 m’.s™ respectively with all peak flows coinciding
with the highest daily rainfall events. The 2005/06 season experienced the longest intra-seasonal dry
spell of 28 days as indicated in Figure 4.5 and 4.6. This occurred between 10" December 2005 and
January 7" 2006, depicted by a flat peak on the cumulative curve of daily rainfall, and this resulted

into great losses to majority of the smallholder farmers in the community after their newly germinated
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crop seeds withered and scorched under the hot and dry weather conditions. The first rainfall event of
intensity greater than Smm ™' in the 2005/06 season was recorded on 16/10/05, A summary of similar
events prior o 191 1/05, when monitoring of ground water commenced in the Potshini catchment, 15
ws indicated in Table 4.2,

Table 4.2 Rainfall events prior to installation of piezometers in the Potshini catchment in 2005

“Date (day/month) 1610 [ 17710 | 1810 [ 29/10 | 04/11 | 0&/11 | 1211 | 14711
Max, intensity (mmh™) | 132 |75 | 207 |55 |86 |56 |52 126
Duily minfall (mmd™y (27 [135 |27 [17.7 [174 ]:u 61 174

From Tahle 4.2, it can be observed that most of the minfall intensities greater than Smm/h in the
catchment resulled in relatively high amounts of dailv minfall on the respective davs as further
conflirmed by the comulative daily rainfall curve in Figure 4.6, where a relatively steep slope is
observed until 10712705 when the 28-day intra-scasonal dry spell started. The highest minfall intensity
and daily amount recorded before 19/10/05 was 20 7mm.b "’ and 27. 1mm. b respectively. on 18/10/05
as indicated in Table 4.2. This event produced a maximum daily discharge of 1.7 m'.s" as indicated in
Figure 4.6, even though most of the events indicated in Table 4.2 did not result in significant increase
n stream flows, This could be attributed to the fact that these events came afier a prolonged dry
scason (May-September) in the catchment and hence the soil was dry enough 10 accommodate more
soil water in its porous media. Figures 4.7, 4.8, 4.9 and 4.10 show the variation of rainfall intensities,
fluctuation of ground water table and stream flows in the Potshini catchment, with the observation that
the variation of stream flow and fluctuation of ground water levels was influenced by both the hourly
rainfall intensities and amount of daily rainfall in the caichment. It is unfortunate that there were no
records from the piczometers before 11105 on record the Muctuation of the ground water tables in
response (o the initial rmnfall intensities and amounts, but one can have a rough idea of such fluxes by
analyzing the trend on the cumulative daily ranfall curve, Figure 4.6, over that period. The steep slope
of the cumulative daily ramfall curve over this period, signifies substantial and frequent daily ranfall
events, and the high intensity rainfall of | 8/10/05 may have caused the water table to rise significantly
s is supporied by the fact that the recession of the water table (recorded as from 1971 1/05) seems to
have started from a relatively high level as can be scen in Figure 4.8. 1t is possible (o argue that, if the
event of 18/10/05 was not of relatively high intensity (20, 7mm.h"), then the waler table could not
have risen due to the high absorption and retention effect of the soil matrix under dry conditions. Such
conditions have the tendency of initinlly rendering most of the water in the soil matrix to be restricted
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to the micro-pores and not easily drained to the water table under gravitational forces. The dominant
soils in the Potshini catchment are sandy clay loam soils (Turner, 2000), with relatively high retention
capacities. With high intensities of 21mm.h" the storage capacity of the soil micro-pores could have
been surpassed and hence the soil water sequentially filled the macro-pores in the soil matrix and
subsequently drained rapidly to the water table. Such an argument could further explain the
insignificant influence of the second rainfall event, on 24/11/05 of 17mm.h”, to the water table (Figure
4.7 and 4.8). On this day, the water table was observed to be on recession until 02/01/06 when it

started to rise again, after a period of 40 days.

The 30-minute ground water levels were averaged to hourly time steps in an effort to plot them against
the hourly rainfall intensities, from 30" December 2005 to 30™ March 2006, as shown in Figure 4.10.
This is the period when the catchment received the highest rainfall intensities and quantities for the
last three years as indicated in Figure 4.5 and 4.6. From Figure 4.10, it can be observed that rainfall
intensities of greater than 7mm.h"' caused the ground water levels to rise significantly though at
different lag times through the season, with the ground water levels responding slower to rainfall
intensities at the beginning of the rain season and faster from the middle of the season onwards. The
rainfall intensity of 17mm.h"" that was received on 02/01/06 led to the rising of ground water table,
from 415mm below surface and reaching the peak level of 269mm on 05/01/06 (3 days after the event)
at PRBI1, while the ground water levels at PRB2 rose from 980mm to a peak of 614mm below surface
between 02/01/06 and 13/01/06, i.e 11 days after the event. The positions of piezometers indicated in
Figure 4.4 are numbered decreasing towards the stream, with PRBI closer to the stream. It is useful to
note that the initial response (rise) of ground water to rainfall at PRBJ was noted on the same day the
17 mm.h”' event was recorded, i.e on 02/01/06, while at PRB2 was on 03/01/06. PRBI is closer to the
stream and the water levels before the event were much higher and closer to the surface than at PRB2
(Figure 4.8), and hence the relatively faster response at PRB/ could be attributed to the wetting front
reaching the water table much earlier at PRB/ than at PRB2.

The piezometer on the highest elevation and last on transect, PRB4, responded on 05/01/06 to this
event (Figure 4.8) while PRB3 on 03/01/06. It is interesting to note from Figure 4.8 and 4.10 that the
piezometer on the lowest elevation (PRBI) registered a rather a high and stable water table compared
to the other piezometers. Such a high and stable water table could be attributed to lateral sub-surface
inflows from higher elevations while discharging to the stream flow at the same time. The Potshini
stream channel is in a steep and moderately deep gully, and it is common to see soil water (sub-surface
water) discharging into the stream from the sides of the gully over the rainfall season and even beyond

into the first months of the dry spell.
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Figure 4.7 Variation of hourly rainfall in the Potshini catchment
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Figure 4.8 Fluctuation of ground water table in the Potshini catchment
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Figure 4.9 Variation of daily flows and rainfall in the Potshini catchment
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Figure 4.10 Hourly rainfall and ground water levels for the period between December 2005 and

March 2006
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Such a recharge and discharge phenomenon of sub-surface flows on the lower parts of the catchment
could lead to the stable water table and on higher levels relative to the upper slopes of the transect.

The Tmmh”’ event on 08/01/06 csused a significant rise of water table at PRE/ and PREZ
respeclively, with PRE2 rising from 767 to 690 mm with a lag on 1 day, while PRE? levels rose from
132mm below surface to 298mm with a lag of only 5 hours. The 75mm.b™ event on 190106 caused
only n small increase of ground water levels, 7 and 16mm at PRE] and PRE?2, respectively. This could
be attributed to the 10-day dry spell between the last rainfall event of 4.5mm.h"' on 09/01/06 and the
7.5mm.h”" event, of which the relatively less antecedent soil moisture could have played 2 significant
role in such a phenomenon. The 20.1 and 20 2mm.b”’ rainfall events of 26/01/06 and 29/01/06 lead 10
more recharge of ground water in the catchment, with water levels in PRE? increasing much faster
from B10 to 405mm below surface on 30M106 and nearly reaching the water levels at PRE/
(273mm), and hence a difference of only 132mm. It is useful 10 note that the fluchuation tmend
exhibited by PRBE2 was more or less the same for the other two piczometers, PRES and PRBY as
shown in Figure 4.8, though the ground water levels in PRE3 were generally much higher than in
PRE4, the later being the furthest piczometer on the hillslope transect.

A high intensity rainfall event of 29mm.b™" occurred on 23/02/06, (Figure 4.10), which generated a lot
af overland flows and subscquently stream flows, causing damage to a road culvert along the village
main road (cf. Figure 4.1) and the only access into the catchment. The total rainfall that was received
on this day was 67mm (i.e Figure 4.9) with an estimated comesponding stream discharge of 4.12 m’ 5™
. It was observed that the caichment lag time for this rainfall cvent was 37 minutes, and which
conlorms 1o previous design flood computation results for the Potshini catchment as highlighted in
Chapter 2 of this thesis, where it was found that the catchment lag time for a 42 m’s” flood was 34
minutes with a coefficient of initial abstraction of 0.1. The water table in all piezometers was observed
0 have risen significantly afler this cvent, with PRE2 recording the highest levels ever recorded,
reaching close 1 the ground surface. During the same period several housing structures in the
catchment collapsed due to rising water table and the maize crop in some of the smallholder farmer’s
fields performed poorly due to stagnant water as a result of high water table. Thus, the overland flow
generated on 230206 could have been genemied as a consequence of rainfall intensities exceeding
soil infiltration capacity or as a consequence of saturation. From Figure 4.7 and 4.10, it can be
observed that, after the 23/02/06 event, the water table and stream flows rose and were maintained at
relatively high levels, with an additional recharge from two events of 26 and 18mm b on 02/03/06
and 16/03/06, respectively. The significant recharge of shallow ground water by the big rainfall
events, Figure 4.7 and 4.8, was responsible for the high ground water levels and stream flows till end
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of March 2006 when significant recession of ground water levels was observed, with PRB4 recording
the first recession on 27/03/07 while PRB2 and PRB3 on 30/03/06, though at a difference 5 hours,
with PRB3 receding first. The influence of elevation could have played a significant role in the
differential recession of ground water along the hill-slope transect. The recession of stream flows,
after the end of the high intensity rainfall events, was noted to start on 28/03/06 with the stream
discharge decreasing from 1780 m’.d” and reaching 185 m’.d” on 16/04/06, with the later flows
maintaining until 31/05/06 when they dropped to 147 m’.d™ on 02/06/06 and further to 109 m’.d" on
16/06/06 and finally to 32 m’.d”" on 23/06/06. There seemed to be a pattern in the recession of both the
ground water levels and stream flows, with high base flows being observed when the ground water
levels receded from relatively high levels and vise versa. Of interest are the 32 m’.d"' flows that were
observed to be relatively stable and sustained throughout the dry season, a significant contribution of
sub-surface flows, where the ground water levels in all piezometers were stable and very low, e.g 1570
and 2182mm below surface for PRB3 and PRB4, respectively.

The onset of the 2006/07 rainfall season in September 2006 was marked with relatively low rainfall
intensities and daily amounts compared to the 2005/06 season as shown in Figure 4.7 and 4.9. There
was a remarkable difference in the cumulative rainfall for the two seasons at any given time, e.g, the
cumulative rainfall at the end of the month of November in 2005 and 2006 was 272 and 189mm
respectively, with the 2005/06 cumulative rainfall curve having a steeper gradient than the 2006/07
curve. It is generally acknowledged that the steeper the cumulative rainfall curve gradient the higher
the rainfall intensities depending on the time scale under consideration. The highest rainfall intensity
observed over the 2006/07 season was on 30/01/07 where 19mm.h™', were recorded and a daily total
rainfall of 34mm.d”, of which generated the highest discharge events over the season, with a
maximum daily flow of 1.9 m’s" and total daily flow of 7,246 m®.d". These maximum flow rates for
the 2006/07 season are quite low compared to the previous season of 2005/06, where the maximum
daily flow was estimated to be 4.12 m’.s”, by extrapolating the H-flumes rating curve, and a total daily
flow of 20,501 m’.d" after the catchment received 29mm.h™" rainfall intensity and a daily total of
67mm.d"' on 23/02/06. From Figure 4.9, one can distinctively use the 1000 m’.d" flow rate mark to
categorize the contribution of various flow components in the catchment in the two seasons, with the
maximum base flows in the 2005/06 season approaching the 1000 m’.d”" mark, the later being the
average peak storm flows for the 2006/07 season. Ground water levels in the catchment during the
2006/07 rainfall season were observed to respond to the rainfall hourly intensities and daily amounts
even though the ground water levels were generally lower compared to the 2005/06 season as shown
in Figures 4.7, 4.8 and 4.9. It is interesting to note that ground water levels in PRB3 during the

2005/06 rain season, especially during the months of February and March, were close to water levels
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at PRB2. This was not the case during 2006/07 rain season, where ground water levels at PRB3 were
much lower than those recorded at PRB2, with the later often rising to higher levels, close to the
surface, than PRBI/. Again, it was observed that water levels at PRBI did not fluctuate much as
compared to other piezometers along the transect and hence the influence of elevation with regard to
the movement and accumulation of ground water to lower parts of hill-slopes and the recharge-
discharge phenomenon of ground water near the stream could be the main reason for such stable
ground water levels. Generally, it can be concluded that the relatively low ground water levels
observed in the catchment during the 2006/07 rain season was as a result of the rather low rainfall

amounts and intensities that were received in the catchment.

In summary, the results presented in this section highlights the importance of rainfall intensity and
total daily amount with regard to generation of stream flows and response of shallow ground water in
the Potshini catchment. The response of the shallow ground water to rainfall at the beginning of the
wet season was slower (e.g 2-3 days), compared to the mid of the rain season when the shallow

ground water responded to rainfall events within hours.

4.4.2  Saturated hydraulic conductivity

Results of the saturated hydraulic conductivity from undisturbed soil samples obtained from two sites
in the catchment, site C and M (cf. Figure 4.1), and associated bulk densities are presented in Figure
4.11 and 4.12. Conductivities at site C ranged from 10.13 to 120.43mm.h” with the 300-600mm depth
being the highest. Material at this depth is also the least dense, which accounts for the high
conductivity. It is unfortunate that the spatial variation of the bulk density at this depth was not
investigated to determine whether this is a feature of the soil form at this depth or otherwise.
Conductivities at site M are somewhat lower, ranging from 0.17 to 9.20mm.h"". However, the bulk
densities are similar to those at site C, and hence the difference in K, values could be attributed to
heterogeneity in soil texture at the two sites, with the dominant soil texture around site M and C being
loam and sandy-loam respectively (de Winnaar and Jewitt, 2007). The two sites had low
conductivities at deeper depths of 1200mm and relatively high bulk densities, of which could be

attributed to minimal human activities at such depths, e.g, tillage, and the possibility of clay soils.
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Figure 4.12 Hydraulic conductivity at site C

4.4.3 In-situ hydraulic conductivities

A slug test conducted on 6 piezometers in the catchment further revealed more variation of hydraulic

conductivities in the catchment as indicated in Table 4.3.
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The general attributes of the six



piezometers, including their respective elevation above sea level, are given in Table 4.1 mn the
methodology section. The slug test was conducted on 01/05/07, at the end of the 2006/07 rain scason.

Table 4.3 In-situ hydraulic conductivity results from slug test

Prezommeter [ Right bank Left bank
PRBI | PRBZ | PRB3 | PLBI | PLB2 PLB3
" Average conductivity (mm.h ') 014 | 072 | 056 | 177 | 258 144

Depth of the piczometer (mm) below | 3220 | 3320 | 2840 | 3320 | 3460 410
the surface
"Initial depth of column of water 1450 | 605 | 60 00 130 400
{mm) in the picrometer during slug
st

It is useful to note that, the piezometer PREI and PLBJI are located close 1o the sites A and C
respectively, Figure 4.1, where soil samples were taken for the laboratory measurement of saturated
hydraulic conductivity. An interesting observation was the difference in hydraulic conductivity
measurements on the left and right bank, with conductivities measured on the left bank ranging from
1.44 to 2.58 mm.h"' while the right bank 0.14 to 0.72mm.h". Such a difference could be attributed to
spatial heterogeneity in soil profile textural class in the catchment. The low conductivities on the right
bank could be the reason for the high columns of water in the piezometers on the right bank, measured
during the slug test, and notably PRB! and PRB2. There was a general conformity of the slug test
results to the conductivities measured from soil samples, in that, both methodologies produced higher
estimates of conductivities on the left bank, though the depth of measurement was different for each
methodology. Nevertheless, the difference in the results obtnined from the two methods may be as a
consequence of laboratory method measuring only the vertical conductivity in a soil sample, while
slug test measures both the horizontal and vertical conductivity (Wolski and Savenije, 2006), thus
lower conductivity values are anticipated from slug tests. Naturally, hydraulic conductivities obtained
from in-sifu tests provide better estimates and are more representative and preferred than laboratory
results. Nonctheless, the slug test camied out in the Potshini catchment provided estimates of
conductivities at deeper depths (ic below 3m) and it was inevitable to obtain the stratified hydraulic
conductivity estimates for the soil material above the 3m for use in the computation of the relative
contribution of subsurface flows to the stream flows as dicussed in Section 4.4.5. Thus, the laboratory
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method in this study was used 1o complement the in-situ measurements for the upper subsurface layers
above Im

The highest conductivities on the left and right bank were recorded at PLEZ and PRB2, respectively.
These two piezometers are located second from the stream along the respective hill-slope transects and
hence the quick response of ground water levels at PRE2 (Figure 4.8), rising to highest levels after an
event, could be attributed to the localized high conductivities. Generally, the saturated hydraulic
conductivity results from both the slug test and laboratory measurements gave an insight of the spatial
heterogeneity of such a soil hydraulic parameter in the catchment, which is a function of soil
characteristics and an important parameter in hydrological studies with regard 1o moisture retention
charpoteristics und dynamics of the sub-surface water.

444  Electrical resistivity measurements

It is noteworthy that the Electrical Resistivity Tomography (ERT) method is useful both as a means of
mpid site reconnaissance that can provide information on the subsurface structures and facilitales the
extrapolation of observed data, e.g observed ground water levels, between observation points. This can
only be done where sufficient site correlations have been established between the observed data being
extrapolated and the information derived from the geophysical survey. As highlighted in Loke (2003),
low resistivitics are associated with materials of relatively high conductance e.g water, clay, salts etc.
In this study, the plezometnc readings along hill-slope transects were used 1o relale the resistivity
measurements with the occurmence of subsurface water in the Potshini catchment,

The electrode spacing of 5m along the 400m transects was chosen in the resistivity survey exercise o
allow decp penctration of the measurements while the 1m spacing for detailed characterization of the
sub-surface processes, especially across the stream cross-section. The large spatial heterogeneity of
the subsurface resistivity in the catchment, both in dry and wet seasons of the year is well depicted in
Figures 4.13 1o 4.23. The position and oncatation of the respective transects is as indicated in Figure
44,

It is apparent that there is a connection between the Potshini stream and the underlying saturated sub-
surface in transect No's. 3 and 4 (Figures 4.18, 4.19 and 4 20), where low resistivity material was
observed to be dominant surrounding and in the vicity of the stream both in wet (summer) and dry
(winter) season of the year. Low resistivities, less than J000km, along the surveyved transects in the
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calchment were interpreted as saturated conditions based on values suggested by Griffiths (1993) and
Loke (2003), and also from correlation of the resisitivity values and the piczometric readings along
hill-slopes in the Potshini catchment. As hiihiiﬁ_ud in the methodology section, it was not possible 1o
repeat the ERT survey exercise in the wet summer season on all transects previously surveyed during
dry winter season, due to the crops in the farmers fields. Only transects 1, 2 and 4 were repeated
(Figures 4.13 & 4.14; 4.16 & 4.17 and 4.19 & 4.20 respectively).
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Figure 4.13 Resistivity survey along transect No. | during the dry season
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Figure 4.16 Resistivity survey along transect No. 2 during dry season
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Figure 4.17 Resistivity survey along transect No. 2 during wet season
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Figure 4.18 Resistivity survey along transect 3 during dry season
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Figure 4.19 Resistivity survey along transect No. 4 during dry season
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Figure 4.13 Resistivity survey across the stream cross-section transect No §

An emphasis was given to the characterization of the subsurface resistivity against piczometric
readings along transect | as shown im 4.15. It is useful to note that previous resistivity measurements
were camed out with an electrode spacing of 5m, with the advantage of deeper measurements and
longer transects though at the expense of lateral resolution as can be seen in Figures 4,13, 4,14 and
4.15. Figure 4.15 shows resistivity measurements along a section of transect | and which was
surveved during the wet season with an electrode spacing of | m. This section had 3 out of the 4
ohservalion piczometers on transect | and the resistivity measurements were interpreted against the
respective piezometnic readings. The sverage depth of measurement along the transects surveyed with
an electrode spacing of 5 and | m was 50 and 10 m respectively. It is rather difficult to characterize
the subsurface material in the vicinity of the piczometers on Figure 4,13 and 4.14, as compared 1o
Figure 4.15 due to spacing of clectrodes. The piczometer PLBY is located on the brink of the flood
plain and it was enfortunate that, due to the configuration of the measurement protocol and data
processing. no resistivity measurements were depicted at deeper depths of the piezometer as was
desired. Nevertheless, from Figures 4.13 and 4.14, there is no remarkable difference in the resistivity
measurements around pierometers FLAZ and FLAS during the dry and wet season. A comparison can
be made between Figure 4.14 and 4.15, both of which are measurements done during the wet season
but at different clectrode spacing. A clear chamcterization of the subsurface can be made from the
survey measurements carried oul with an electrode spacing of | m, with the 5 m electrode spacing
gonerating relatively higher resistivity measurements along the transect. Such a phenomenon could be
attributed to the spatinl heterogeneity of the subsurface material, of which the 5 m spacing
measurement could not resolve and hence the lumping of the subsurface characteristics in the
modeling exercise, The position and depth of the three picrometers along transect | is as shown in
Figure 4,13 to 4.15. It is interesting to note the variation of the subsurface resistivity below FLE2 on
hoth the 5 and 1 m electrode spaced transect surveys, with very low resistivities being observed with
the | m spacing. Intermittent plezometric readings along transect | have indicated that ground water
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levels at PLE2 are always higher than PLE3 especially after a rainfall event. The revelation of the low
resistivity measurements in the vicinity of PLEZ and the relatively high in-situ saturated hydraulic
conductivity of 2.58 mm/h (cf, Table 4.3}, led to the conclusion that the subsurface formation below
the piezometer was dominated by localized saturated material sandwiched between two formations
with higher resistivities (unsaturated material), on both the upper and lower slope, which would
probably have low conductivities as well. It 15 useful 1o note that the termin just above PLEZ s
undulating, and which may have a significant influence on the subsurface formations.

The general observation from Figures 4.13 to 4.20 is that there was a decrease in the subsurface
resistivity in all transects over the wet season compared 10 the dry season. Table 4.4 is & summary of
the maximum and minimum resistivities, as indicated on the scale bar of Figures 4.13 1o 4.20, for the
respective transects surveyed during wet and dry seasons. Transects 2 and 4 had the highest maximum
resistivities during wet than in dry season even though low resistivities dominated n all transects
surveved during the wet season.

Table 4.4 Resistivity values in wet and dry seasons

I Transect No Winter season {drv) resistivities Summer season (wet) resistivities
Min. (€2 m) Max. (£} m) Min. (£2 m) Max. (€2 m)
[ 1.26 >1100 1.85 =901
2 123 >1069 042 =752
i 2.2 >576 No measurcment in summer
1 4.6 >3562 Li2 =2008

Mevertheless, it would be interesting to quantity the change in subsurface resistivity as a result of a
known rainfall event (change in sofl moisture) of which could be related to the Muctuation of ground

water levels along hill-shopes.

A resistivity survey on a |50 m long transect, 50 m parallel 10 the Potshini stream (Figure 4.22),
revealed a continous band of low resistivity sub-surface material, along the transect with numerous
“pockets” of very low resistivities which were interpreted as either preferential flow paths for
subsurface flows towards the stream or clay. The electrode spacing on this tansect was | m. The
resistivity values on this transect maged from 0.89 to 8770(m, though the dominant resistivity values
ranged from 0.89 and 171{2m and which were observed 1o occur at average depths between 2 and 10
m below the surface. Transect § (Figure 4.23) was surveyed perpendicular to both the stream and
transect No. 7 (Figure 4.22). The intersection point for the two transects is marked by profile sections
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A-A in Figure 4.18 and B-B in Figure 4.23 respectively. The two profile sections depicted relatively

the same resistivity values.

Figures 4.21 and 4.23 (transect 9 and 8) affirmed the connectivity between the subsurface water and
the stream flows. Relatively low resistivity subsurface material, ranging from 50 to 100 Qm, was
observed to dominate and extend from the upper slopes down to the bottom of the stream channel. The
low resistivity profiles on the upper slopes of the transect, both on the right and left bank, were
observed to be skewed towards the stream and hence a possible indication of the direction of flow of
the subsurface water. The stream discharge on the upper part of the catchment flows in an incised
channel and it is a common feature to see subsurface flows discharging from the embankments of the
channel into the stream during the rain season and even during the early months of the dry winter
season. The connection between subsurface water and the stream channel was also revealed in Figures
4.18, 4.19 and 4.20 (transect 3 and 4), where very low resistivity subsurface formation (saturated soil
material) underlies the channel bed and extends down to deeper depths. Such connectivity further
highlights the interaction between the stream flows and the subsurface discharge, the later being a
significant contributor to the stream flows in the catchment especially during the recession part of the

hydrograph as discussed in a subsequent section.

Transect 2, i.e Figures 4.16 and 4.17, is located on the upper parts of the catchment along a relatively
wet area, which is characterized by high clay content and high water table. This area is mainly used
for livestock grazing during winter (dry season) and is abandoned by the local people during the rain
season because of marshy conditions. It is from this area that two tributaries of the main Potshini
stream, with discharge most of the year, originate (Figure 4.1 and 4.4) and hence an important source
of the base flows for the Potshini stream during dry spells. From 4.16, it can be seen that low
resistivities are dominant along the transect, from the lower to the upper parts of the slope. Of
particular interest is the low resistivity formation that is sandwiched between two relatively high
resistivity materials from the middle to the upper part of the transect, which could be interpreted as
saturated soil material from which subsurface discharge sustains the stream flows of the small
tributaries of the main stream especially during the dry season. A similar pattern of resistivities was
observed when the ERT measurements were carried out during the wet season, Figure 4.17, where
lower resistivities were observed compared to the dry season measurements. A deep observation
ground water well was installed at the upper parts of transect 2 (cf. Figure 4.1) and the well was
observed to produce substantial yield at 13m below the surface but reduced after some time during the
pump testing of the well. The soil material at the 13m depth was found to have fine grained clay and

organic matter. The well was sunk deeper to 120m after the first strike of ground water at 100m failed
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to produce substantial yields. Such observations, e.g, water strike at 13m below surface, at the newly
installed deep observation well conform to the inlcrpretation of the resistivity values across the
vertical profile of Figure 4,16 where very low resistivity values were observed at depths between 10
and 20m below surface. The high organic matter content in the subsurface water at 13m could be as a
result of the marshy conditions in the area where the subsurface water is in contact with the ground
surface water most of the time and where organic material (plant matter) is plentiful,

The interpretation of the various resistivily measurements against classical piezometric measurements
in the Potshini catchment allowed for the determination of resistivity values for saturated zones in the
sub-surface, and which were found to be less than 3000m, thus conforming to the average value
suggested by Griffiths (1993) and Loke (2003). Table 4.5 shows the waler levels recorded in the 8
plezometers during the resistivity measurement exercise, for the dry and wet seasons.

Table 4.5 Ground water levels below the surface during the resbstivity measurements

Piczometer 1D Coround water levels Ground water levels (mm)
{mm}) during dry season during wel season
(18/08/06) (21/03/07)
~ PLBI i 914 824
PLB2 1827 1779
PLB3 1964 1643 1
PLB4 1740 738
PRBI 806 : 658 ]
| B o . —
PRAI 1497 1938
PRE4 23176 T 249) =

The comesponding resistivity measurements al the pierometric heads in all piczometers, during the
wel and dry season measurements, fell within the saturated zone described by Griffith (1993) and
Loke (2003) of less than 300{Im. From Table 4.5, the ground water levels in PRE2 and PREIF were
observed to be relatively lower on 21/03/07 compared to 18/08/06. These two dates fall within the wet
and dry seasons respectively, and naturally, the ground water levels in the catchment were expected 1o
be higher and closer to the ground surface during the wet season than in dry season. Nevertheless, as
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previously discussed, the rainfall intensities and rainfall amount received in the catchment during the
2005/06 rain season was much higher compared to the 2006/07 rain season. The corresponding
resitivity measurements at such depths in all piezometers fell within the defined saturated zone by

Loke (2003).
4.4.5 Subsurface water and stream discharge

Darcy’s law illustrates how the rate of ground water movement is governed by the hydraulic
conductivity of the subsurface material and the hydraulic gradient (Todd, 1995). With these field
measurements, i.e hydraulic conductivity and hydraulic gradient, it is possible to estimate the relative
contribution of subsurface flows into the integrated stream discharge thus an attempt to improve the
classical hydrograph baseflow separation technique as was attempted in the Potshini catchment.
Heterogeneity is a natural phenomenon in subsurface formations as depicted in the ERT surveys in the
Potshini catchment and further affirmed by the variation of the hydraulic conductivity across soil
profiles. In an attempt to estimate the subsurface water fluxes into the stream in the Potshini

catchment, some basic assumptions were made as follows:
i) The subsurface material in the catchment is stratified with 3 anisotropic layers (with
different hydraulic conductivities) bordering the stream channel as illustrated in Figure

4.24. This assumption is supported by ERT surveys in the catchment (Figures 4.21 to

4.23).
ii) The hydraulic conductivity of each layer is uniform.
iii) One driving hydraulic potential affects all the three layers
iv) The total depth of the three anisotropic layers on each side of the stream channel is the

same as the depth of the piezometers close to the stream, i.e PRBI/ and PLBI. The
justification for this assumption is the fact that piezometers were installed in bored holes

augered to depths reaching the bedrock or confining layer.

The K. values obtained from the soil samples at 300mm depth intervals in the catchment were
integrated over depths of 600mm (Figure 4.11 and 4.12) while the in-situ hydraulic conductivities (cf.
Table 4.3) were assumed to dominate the bottom layer (below 1200mm) on each side of the channel
banks. The thickness of the individual layers, starting from the top (layer No. 1), and their respective

hydraulic conductivities are as indicated in Table 4.6.
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Figure 4.24 Illustration of stratification of subsurface lavers

Table 4.6 Hydraulic parameters in the Potshini catchment

It is interesting to pote that the thickness of the bottom layers (layer's No. 3) on both nght and lefi
banks are more or less the same as the depths of the water column that was observed during the initial
installation of the piezometers, that was done during the dry summer season in 2005 (cf. Table 4.1).
The equivalent horizontal hydraulic conductivity, K, on each side of the channel banks was computed
as weighted average of the respective layer's conductivities by taking into account the thickness of the
ndividual layers in parallel as follows:

K, = EJ"I:'FEI'_“I. (4.2)

b+l +,
where K; and ¢, is the hydraulic conductivity and thickness of the individual layers, respectively. Thus,

the effective horizontal hydraulic conductivity for the right and left banks of the stream channel were
found to be 2.33 and 20.76mm b respectively.

105

Right bank © Left bank
Layer No | 2 3 1 2 i
[ Thickness, £, (mm) 600 [ 2022 | 600 600 | 2120
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The hydraulic gradient was computed from the difference in ground water elevation and the horizontal
distance between the first and second piezometers closest to the stream, i.e PRBI & PRB2 and PLBI
& PLB2 respectively. Basically, the difference in ground water elevations is a crucial determinant of
the ground water movement given the fact that the horizontal distance between any of the piezometers
is a constant parameter. Figure 4.25 shows the difference in ground water elevation between PRB2 and
PRBI over part of the wet season (November 2005 to April 2006) and the dry seasons (May to August
2006). Relatively high ground water elevation difference is evident between end of January and early
April 2006 and coinciding with high stream flows (cf. Figure 4.9) while low differential head

dominates during the dry winter season, May to August.

The daily shallow ground water fluxes into the Potshini stream were estimated using the Darcy’s

equation, i.e
0 = KiA (4.3)

where Q is the volumetric flow rate (m’.d"), K the hydraulic conductivity (m.d™"), i the hydraulic
gradient and A4 the cross-sectional area of flow (m?) (Figure 4.24). A similar approach, for computing
relative contributon of subsurface flows, was applied in a catchment study that was conducted in
Zimbabwe and reported in McCartney (1998). The depth of the cross sectional area of flow was
obtained by summing the respective thickness of the three layers on each side of the bank, which was
assumed to be equal to the depth of the piezometers close to the stream (PRB! & PRB2), while the
length of the stream channel (gully) where ground water fluxes significantly contributes to the stream
flows was obtained from 1:10,000 aerial photograph (Figure 4.1). It is useful to note that most of the
stream channels around and above the wetland (Figure 4.1) are relatively shallow and are therefore not
likely to contribute to subsurface flows hence were not used in this analysis. Field survey and
observations during the dry and wet seasons pointed out that the sections of the stream where a deep
gully was evident with ground water seeping out into the stream was upstream of the H-flume and
below the wetland (Figure 4.1) and which was found to span to 630m. This is the length that was used
in the computation of the shallow ground water fluxes into the Potshini stream as shown on a log-plot

in Figure 4.26.
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Difference in GW elevation: PRB1 & PREZ (m)
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Figure 4.25 Differeace in ground water levels
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Figure 4.16 Base and stream flows in the Potshini catchment
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Generally, the shallow ground water fluxes varied from 19 to 26 m'.d”, with the lesser flows occurring
during the dry winter months while higher fluxes ranging from 24 to 26 m’.d” were found to occur
between February and Apeil 2006, when the catchment received the highest rainfall intensities and
amount over the study period. The average integral stream flows recorded at the H-flume during the
dry winter season (May 1o September 2006) was 32.8 m'.d". while the average ground water fluxes
contributing to the integral stream flows were estimated to be 23 m'.d”. The difference could be
attributed to the contribution from the wetland on the upper reaches of the catchment which is drained
by small tributary channeis to the main stream. A plot of the percentage contribution of the ground
waler in the integral stream flow revealed the importance of the shallow ground water in maintaining
the siream flows in the Pothsini catchment over seasons. Dunng the dry winter scason, the shallow
ground water fluxes were estimated to contribute close to 75% of the stream flows in Potshini, with
insignificant contribution of around 0.1% during the rainfall events. These fluxes, especially during
rainfall events, seem to be low than expected and this could be attributed 0 the existence and
influence of macro pores and preferential flow paths which are not accounted in the application of the
Darcy's law, which is simplistic. The effect of a “pressure wave™ in the subsurface flows induced by
displacement of “old” water by “new” waler could not be captured in the Darcy’s law as well, and
which could have lead to high amount of subsurface discharge into the stream

Thus, tracer studies would have been useful in this case in estimating the relative contribution of the
subsurface water especially the “old" and “new" water 10 the total stream flows as highlighted in other
studies e.g Souslby et al, (1998), McCartney et al., (1998);, Uhlenbrook and Hoeg (2003), where
tracer studies demonstrated and revealed the domination of “old” water in total streamflow. Hence,
surface and subsurface waler in a cotchment cannot be isolated from each other but forms an
mtegrated system that has to be understood within its integral context,

446  Schematization of the hydrological processes in the Potshini catchment

Based on ficld observation and investigations, a schematic representation of the hydrological
processes in the Potshing catchment is presenied in Figure 4.27 descnbing the contribution of the
hillslope 10 the stream flows and the interaction between the stream flows and the subsurface water.
The cross-section in Figure 427 was surveyed using a Theodolite at a spacing of Im and the
respective position and altitude of four piezometers (PRBI, PRB2, PLBI, PLB2) is as indicated in
Figure 427
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Figure 4.27 A schematic representation of the surface and dominant hydrelogical processes in
the Potshini catchment

The piczometric readings recorded in the four piczometers on 3W04/2007 facilitated the mapping of
the shallow ground water level along the cross-section by joining the ground water levels in the
piczometers on each side of the stream and extrapolating these levels downstream as shown n Figure
4,27, On average, the depth of shallow ground water along the section on 304042007 was Zm on the
upper slopes and less than a meter in the Nood plain of the stream, Such a phenomenon is expected
along hill-slopes profiles especially where there is an intersction between surface and subsurface water
a5 is the case in the Potshini catchment {cf, Section 4.4, 1 and 4.4.5).

With reference to Figure 4.27, and complemenied with field observations, it is possible to summarise
the interactions of the main hydrological determinants in the Potshini catchment where quick overland
flows, indicated in Figure 427, generated by high intensity rainfall {(7) and amounts (cf. Figure 4.5
and 4.9) are responsible for the rapid rise of hydrographs in the stream with diffuse infiltration and
recharge of ground water over the catchmenl. The hilly terrain in the catchment could have an
influence in the generation of quick overland flows especially al the onset of the rain season when
most of soil cover material (vegetative material and crop residues) are depleted as a2 result of
overgrazing in the catchment
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Part of the received rinfall is lost to the atmosphere through evapotranspiration (ET). The recharge of
ground water is mainly through infiltration (diffuse recharge) over the catchment. This hypothesis is
supported by the geophysical measurements that were carmmied out in the caichment along transects
spanning from 100 to 400m (cf. Figure 4.4 and Figures 4.13 1o 4.23) of which did not reaveal fissures
in the catchment. The infiltrated water accumulates between the upper soil material and the subsurface
formations with Jow hydraulic conductivities (assumed impervious). The difference in slope and the
build up of hydraulic pressure due 1o the accumulated water induces a transient ground water flow
down the slope, where it accumulates before discharging into the stream through preferential flow
paths. This hypothesis is supported by the geophysical measurements along a transect paraliel o the
stream in the Potshini catchment (cf. Figure 4.4 and 4.22) where “pockets™ of low resistivity were
observed and which were interpreted as preferential flow paths. Also, the shallow ground water levels
at the piezometers close (o the stream (e.g PRBJ) recorded high water levels (plezometnic readings)
with less Nuctuation most of the time,

4.5 Conclusions

This study further highlights the significance of subsurface flows in semi-arid catchmenis in their
contribution 1o the stream fows discharge. The subsurface flows contribute significantly to the stream
flows in the Potshini catchment especially during the dry winter seasons and this case study gives an
insight on the partitioning process of rinfall in the Potshini catchment and in particular the response
of the calichment with regard to response of shallow ground water to rainfall events and the
contribution of shallow ground water 1o the stream flows. However, the simplicity and assumptions
associated with the application of the Darcy s law in this study limited the better estimation of shallow
grundwaler fluxes inlo the stream flow especially duning minfall events as shown in Figure 4.26 and
hence better estimation or monitoring methods, e.g application of tracer studies are recommended. The
analysis of the piczometric heads and rainfall intensities demonstrated the relationship between the
fluctuation of ground water table and rinfall inlensities. Similar relstionships were established for the
Potshini catchment bascd on the obscrvations of daily rainfall events, cumulative rainfall and the
fluctuation of ground water table. The resistivity survey along the various transects, during the dry and
wet seasons of the year, provided additional information on the spatial variation and characterization
of the subsurface formations at the hillslope scale, and which together with piezometric observations
along two transects was wsed o interpret the structure of the subsurface with respect to water content
{saturated and vnsaturated rones). The subsurface information obtained during the drilling of a deep
observation ground water well on one of the transects (Transect No 2 in Figure 4.4) further validated
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the results obtained from the resistivity surveys in the catchment. The application and combination of
the classical hydrometrical field methods with geophysical techniques in the catchment facilitated a
better understanding of the various hill-slope processes in the catchment.



5.0  Application of scintillation and remote sensing techniques to estimate

total evaporation in the Thukela River basin-S.Africa

Summary

Total evaporation is the dominant component of the water balance in semi-arid and arid regions and is
considered an important component in water resources planning. However, there are many challenges
in determining its spatial and temporal variation over a river basin from ground measurement alone. In
the past two decades, there has been significant progress in the development of satellite image
processing algorithms for computing the amount and spatial distribution of total evaporation, most
commonly as a residual of the surface energy balance. Ome such algorithm is the Surface Energy
Balance Algorithm for Land (SEBAL). This approach was applied in the Thukela river basin, South
Africa, using the public domain Moderate resolution Imaging Spectroradiometer (MODIS) images
which has a pixel resolution of [km.

In this study, SEBAL estimates of the components of surface energy balance, i.e net radiation,
sensible, soil and latent fluxes were compared with field measurements in the Potshini catchment for
MODIS pixels overlaying a Large Aperture Scintillometer (LLAS) measurement transect of 1.03km.
Companson was also made between SEBAL estimates of total evaporation and Scintillometer
measurements in Potshini. The average deviation of SEBAL estimates of net radiation, soil heat flux
and sensible heat for the 9 discrete days used in this study was found o be -4.11, 3.10 and 6.44%
respectively, with the deviation being a departure from LAS measurements, while the relative
deviation of SEBAL estimates of total evaporation for discrete days over the study period ranged
between -14 to 26%. Soch reasonable comparative results highlights the potential of applying remote
sensing technigues, notably SEBAL, as a contribution to monitor the impact of lands use on catchment
hydrology by quantifying total evaporation at various spatial and temporal scales from natural and
managed landscapes in South Africa. Such s contribution is of great significance with regard to
understanding system dyvnamics in ungauged river basins in Southem Africa and world wide.

5.1 Introduction

Total evaporation (also commonly referred to actual evapotranspiration) {ET) is the loss of water from
open water bodics, soil and plant surfaces. ET is a process governed by the energy and heat exchanges
at the land surface, with the upper bound being constrained and controlled by the amount of available
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encrgy and waler respectively (Hemukamara et al., 2003). Evaporation of water requires relatively
large amount of energy in the form of latent heat (latent heat of vaporization is 2.45x10" Jkg" at 20
'C"). Although ET is one of the most important components of the water balance, it is one of the most
difficult to measure especially under composite terrains (Wu et al, 2006). Traditionally, total
evaporation (E7} from agricultural fields has beoen costimated by moltiplying potential
evapotranspiration T, by a crop coefficient (Kc) determined according to the crop type and the crop
growth stage as describod in Allen et al, (1998) and Allen (2000). However. questions arise as o
whether the crops grown compare with the conditions represented by the idealized Kc wvalues,
eapecially in water scarce areas. Such certainty is further compounded in heterogencous land surfaces
with various types of vegetation nt different stages of growth as well as the dynamic atmospheric
parameters that influence the evaporation and transpiration process. Given the complex nature of
mixed vegetation and different land use patterns al basin scale, it is extremely difficult 10 assess the
validity and applicability of evaporation and transpiration fluxes extrapolated from point measurement
to catchment scale (Hemakumara et al., 2003). One of the chiefl logistical challenges in obtaining good
estimates of spatial variation of the total evaporation using classical hydrometeorological networks in
many countries, especially in sub-Saharan Africa, is poor distribution and or less dense monitoring
networks, unlike minfall measurements. This is due 10 the relative complex nature and skill
requirements in evaporstion and trenspiration measurements (e.g. Class A-Pan, Lysimeters, Bowen
ratin, Eddy covarance, chemical tracers, weather stations efc.) compared (o rainfall measurement
where raingauges are found in many areas and even monitored by individuals and/or institutions, o.g.
smallholder and commercial farmers, schools elc.

It is useful 10 note that most of the water resources management strategies and policies in many
countries, including South Africa, are formulated and based at catchment scale and hence there is a
need to quantify the spatial variation of the various components of the hydralogical cyvele at this scale.
An example is the Thukels River basin in South Africa, which has an area of 29 036 km' and
subdivided into 86 Quaternary Catchments” which essentially form water resources management units
(DWAF, 2000). It is upon this premise that this study was based, i.e. 1o investigate the potential of
applying scintillation and remote sensing techniques 1o quantify total evaporation al various scales
within the Thukela river basin. The |1.2km’ Potshini catchment in the Bergville District of the
KwaZulu-Natal province in South Africa, where ground measurements were carmed out, was used as »
pilot validation case study, as discussed herein.

* Quaternary Catchments ((QC) in South Africa are the smallest delimitations of a river basin upon which pulicies
and decision with regand io water resources management are based upon. The QT were defined and established
by the National Department of Water Affairs and Forestry
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Several authors, including Wu et al., (2006) have highlighted that net radiation and vapour pressure
deficit are the principal driving parameters for most models used to estimale total evaporation (ET),
Recent effort and research in satellite remote sensing ET models have led to the development of
algonthms that account for the surface energy balance and subsequently computing total evaporation
from the estimated latent heat flux from satellite images. The surface energy balance can be expressed

a5
R.=H+LE+G, (5.1)

where R, is the net radiation (W.m™), H the sensible heat flux (W.m™), LE the latent heat flux (W.m™)
and G, the soil heat flux (W.m™). The satellite remote sensing algorithms for estimating ET are
attractive due 1o ther ability 1o estimate such fluxes over large areas and can provide estimates st very
high resolution, depending on the spatial resolution of a satellile image (Kite and Droogers, 2000).
Intensive field moniloring is not required although some ground-truth measurements are useful in
tnterpreting a satellite image. Some of the algorithms that have been applied in different climatic and
geographical conditions mclude the Surface Energy Balance Algorithm for Land (SEBAL)
(Bastinansscn et al., 1998adb, Bastiaanssen 2000); The Surface Energy Balance System (SEBS), Su
{2002); and the Two-Source Energy balance (T-SER) (Kustas et al, 2004 and Timmermans et al.,
2007) among others. These algorithms provide estimales of surface fluxes derived from infrared and
thermal satellite imagery and convey valuable information regarding spatial variations in partitioning
the Muxes identified in Equation 5.1, and further provide 8 means for remotely monitoring vegetation
conditions and ecosystemn health over the land surface (Moran, 2004). The validation of the remotely
sensed estimates of surface fluxes agninst ground measurements, c.g the sensible heat flux
complements and adds value 1o the validity of the spatial estimates of ET from any of the
aforementioned methods. Such a complementary role was exploned and applicd in this study where the
sensible heat flux was measured in the Potshind catchment, using scinidlometry fechnigques, in an
attempt to compare and validate the remotely sensed spatial estimates of such fluxes computed using
SEBAL and MODIS satellite images, with a pixel resolution of [km, in the Potshini catchment and the
Thukela river basin at large, In addition, SEBAL ET estimates were compared 1o field measuremenis
obtained from a Loarge Aperture Scintillometer (LAS) for pixels overlaying a 1.03 km LAS transect.
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521  The study area

Figure 5.1 shows an overview and location of the Thukela river basin in South Africa and the Potshini
catchment in Bergville district m KwaZulu-Natal Province.
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Figure 5.1 An overview of the Thukela river basin and the Potshini catchment
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The hydro-climatological parameters of the larger Thukela river basin are highlighted in detail in
Schulze (1997). The 1.2 km® Potshini catchment (E 29.3679°S 28.8145%) is located in the foothills of
the Dyakensberg mountains at an average altitude 1310m. The catchment is inhabited by smallholder
farmers with an average acreage of less than | hectare (as can be seen in the serial photo in Figure 5.1)
on which they grow mainly maize during the wet summer season {September to April). The average
annual rainfall is 700mm.a" with a potential evapotranspiration of 2000mm.a” (Smith et al., 2004)
Figure 5.2 shows monthly variation of rainfall and temperature in the catchment. Most often, the peak
rainfall in the catchment occurs between January and March coinciding with the highest mean
maonthly temperature in the area as indicated in Figure 5.2.
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Figure 5.2 Moathly variation of rainfall and temperature in the Potshini catchment

The long term mean monthly rainfall mimics a similar pattern as the long term mean monthly
temperature, with the lowest lemperatures being observed during the drv winter season (May o
August), The years 2001/02 and 2005/06 bad the highest rainfall, with most of the months receiving

rainfall above the monthly mean value.
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53  Large Aperture Scintillometer

Scintillation is a general term used to describe changes in the brightness of an object when viewed
from the atmosphere (Hemakumarn et al., 2003), The Large Aperture Scintillometer (1LAS) is an
mstrument used to measure the turbulent intensity function of the refractive index fluctuations of air
between a collimated light source (transmitier) and a detector (receiver) (Meijninger ot al., 20040). The
typical distance between the receiver and the transmitier is less than 10km depending on the make of
the LAS. As electromagnetic radiation emitted by the transmitier in the direction of the receiver
propagates through the turbulent atmosphere, it is distoried and scaticred by random refraction,
absorption and diffraction resulting in intensity fluctuations (Kite ot al_, 2000, Meijninger, 2003 ). This
15 caused by (Muctuations in the refractive index of air (r), which are in tum caused by heal, moisture
and pressure fluctuations. The intensity fluctuations are analysed at the receiver and expressed as the
structure parameter of the refractive index of air C,” (m™").

The theoretical description, principles and application of the optical scintillation technique is well
documented by many authors ranging from Clifford et al., (1974) to Meiminger, (2003 ); Asanuma and
Lemoto (2007) and Ezzahar et al., (2007) more recently. A brief overview of the measurement
principles of LAS is provided in this Chapter. Wesely (1976) showed that, for a LAS operating st near
infra-red wavelength, the structure parameter of the refractive index of air C,° is related to the
structure parameter of temperature Cp (K2.m ™) as follows:

24! =
GF 'C':[T;—!’"J |+-u§—3] (5.2)

where y is the refractive coefficient of air (7.8x10° KPa™), T is the absolute air temperature, P is the
atmospheric air pressure and f is the Bowen ratio. Using the Monin-Obukhov Similarity Theory
(MOST), de Bruin et al., (1993) showed that
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Where z s the measurement height (m), =, is the roughness length (m), d is the displacement height
(m), Ts s o temperature scale factor, v, is the integrated stability function, L., is the Monin-Obukhov

length (m), & is the von Karman constant, w is the wind speed (m.s '), g is the acceleration due to
gravity (m.s), M is the sensible heat flux (W.m™), p s the air density {kg.m™), C, is the air specific
heat capacity at constant pressure (Jkg' K') and w is the friction velocity (m.s"'). The sensible heat
Mux (Equation 5.6) is then computed iteratively using Equations 5.3 1o 5.5. Meijninger (2003) cited
Wang et al., (1978) to have shown that the C,” is path-averaged according to a bell-shaped spatial
weighting function and hence the scintillations produced ncar the centre of the measurement path
(transect) contribute more 1o the path-averaged C,° than scintillations produced near the transmitter
and receiver. The measurement of the sensible heat flux using scintillation techniques along transects
forms an intermediate measurement and & possible calibeation scale between the classical point
measurements (e.g Class A-pan, Eddy covariance etc) and the spatial estimates from satellite imagery
as is highlighted in later sections of this Chapter,

54  The Surface Energy Balance Algorithm for Land

The formulation and validation of the Surface Encrgy Balance Algorithm for Land (SEBAL) is
documented in Bastinanssen et al, {1998a) and Bastiaanssen et al., { 1998b), respectively, SEBAL uses
satellite images to compute both the instantancous and 24-hr integrated surface heat Nux for each pixel
of a remotely sensed satcllitc image where the latent heal flux, representing the energy required for
evapolranspiration, is computed as a residual of the energy balance as expressed in Equation 5.1, The
computation process requires spectral radiances in the visible, near infrared and thermal infrared
regions of the spectrum to determine the intermediate parameters such as surface albedo, Normalized
Difference Vegetation Index and surface temperature and uses both physical and semi-empirical
relations with limited field data requirements (wind speed, relative humidity and air temperature
{Bastiaanssen 2000). The algorithm has been applied in various geographical locations and using
different remotely sensed data sets as highlighted in Timmermans and Meijerink (1999), Kite and
Droogers (2000), Farah and Bastisanssen (2001), Bastianssen and Ali (2003}, Bastinanssen and
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Chandrapala (2003 ), Mohammed et al., (2004), WaterWatch (2006). Akban el al_, {2007), Kimura et
al, (2007) among others.

55  Material and methodology

551  Experimental set up

Figure 5.1 shows the location of the LAS transmitter and receiver and other instrumentation in the
Potshini catchment. The LAS that was used in this study was a BLS900 manufactured by the Scintec
Ine, in Germany (Scintec, 2004), A dual infra-red beam from the two disks of the transmitter, each
0.15m in diameter, was emilled at 125H, throughout the measurement period. It is useful to note that
the BLS900 transmitter could operate in four pulse {emission) repetition rates between | H. and 125H,,
with the high froquency dunl beam emission allowing for cross winds to be accounted for. Such a high
frequency emission of infra-red beam from the transmitter results in high power consumption and is
only sustained by a constant sustainable power source e.g electrical power supply, and not chargeable
batteries. The receiver of the LAS, with an aperture diameter of 0.15m, records the intensities of the
received beam signal from which a one-minute average structure paramcter of the refractive index
(€*,) could be comptited. The one-minute data was processed to compute |-hour data statistics which
were then integrated to daily values as presented in this Chapler.

The scintillometer path was chosen to pass above composile landscape, i.e mixed vegetation of mainly
natural grass and smaltholder farms in the Potshini catchment, with a path length of 1.03km at an
effective height of 24m. The “effective height™ of 24m reported in this study is basically the path
height at the center of the path length, which happened to be in a valley (path height from the bottom
of the valley), This was measured in the fickd using a GPS by measuring the relative elevations of the
transmitter and receiver stations and at the centre of the path length, which was at the bortom of a
valley. It is useful 10 mention that the setting and siting of the BLSY00 Large Aperture Scintillometer
is detailed in the ficld manual (Scintec, 2004). There are three siting scenarios which have been
highlighted in the field manual with regard to the path height, ie:

1 Siting on a flat surface

ii)  Slanted path

i) Siting over a valley
The path length in the Potshini catchment traversed a valley and Scintec Inc. has provided path
weighting functions for this siting scenanio (Scimtec, 2004 ), such that one uses an avernge path helght
with an increased weight st the path centre. Thus, the path height that was used to compute the

119



sensible heat flux in this study was not 24m as it may appear literally in the text but rather a weighted
height along the path length with a maximum of 24m at the centre of the path and hence the variation

of shear stress with height in the velocity distribution was indirectly taken into account.

The experiment was carried out between August and September, during the dry winter season. During
winter, the land cover in the Potshini catchment is normally characterized by bare soils, grazed grass
and crop residues from maize crop and pulses which are harvested in May. Due to the composite
nature of the land cover, and considering the fact that the land cover was changing with time due to
grazing of animals, it was not possible to ascertain the proportion of path length covered by each land
cover over the study period. The main criteria used in the selection of the installation sites for the
BLS 900 transmitter and receiver was sufficient elevation for the line of sight (preferably across a
valley) and the availability of electrical power at the transmitter. The Scintec Signal Processing Unit
(SPU) at the receiver, with an in-built volatile memory for storing data, was powered by two-12volts
batteries in parallel which were replaced every week to ensure adequate and continuous power supply.
Frequent power outages occur in the Potshini community especially during the rain season, due to
frequent thunderstorms, and hence it was not advisable to use mains power supply to run the receiver
and the SPU. The LAS measurements were performed over a period of 90 days starting from 5% May
to 15" August 2006. It was not possible to carryout measurements over the rain season (October to
March) after the transmitter was repeatedly damaged by lightening strikes during the frequent

thunderstorms in the Potshini catchment, and repairs were difficult to effect on time.
5.5.2 Computation of the soil heat flux

The approach that was applied for computing soil heat flux in the Potshini catchment is highlighted in
Blight (2002). It requires soil parameters including moisture content, temperature and bulk density.
The monitoring of the volumetric soil moisture content in the Potshini catchment is well documented
in Chapter 2 and 3. Since March 2004, weekly measurements were taken using a Time Domain
Reflectometry (TDR) method (TRIME-FM, 2003). This involved inserting a TRIME-T3 probe into
42mm access tubes, inserted into the soil profile to convenient depths, and taking volumetric soil
moisture content readings at 30cm interval from the surface. Three out of the twenty access tubes in
the catchment were located close to the LAS transect. Three soil thermometers, with a logging interval
of 30 minutes, were used to measure the soil temperature at three sites in the Potshini catchment at
depths of 0.2 and 0.25m from the surface respectively. The three sites represented the main

landuse/landcover in the catchment, i.e smallholder farming and grazing (grassland). These sites were
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also located along the LAS transect, from which the average soil heat flux was computed from the
depth of soil heated diurnally (0.2m) by the incoming net radiation (Blight, 2002), i.e:

G=2Z,( AT )C.p.. (5.7)

where (7 is the soil heat Mux (k).m™), Z, is the depth of soil heated in meters (usually 0.2 to 0.25m),
{ AT ) is the avernge measured rise in temperature over depth Z; Cg is the specific heat of the soil
(k) kg ""C") and g is the bulk density of the soil (kpm™). The specific heat capacity of the soil was
computed using the method deseribed in Campbell Scientific (1987), ie

Co =Caq + WC, (5.8)

where C; is the specific soil heat capacity (kJ.kg'"C"'), Ciy is the specific heat of the dry soil
particles, C, is specific heat capacity of water (k) kg'."C"), w is gravimetric waler content of the soil
mass (mass of waler'mass of solids). C and C, has values of 0.85 and 4.19k) kg™ "C' respectively
The soil bulk density, measured at three sites in the catchment where soil moisture measurements were
undertaken, was found to be 1417, 1439 and 916.4kg. m”, and hence the average soil bulk density for
the catchment was estimated to be 1257kg.m™.

553  Meteorological data

As highlighted in Chapter 2 and 3, two weather stations, 4 km apart, were equipped with a set of
standard meteorological instrumentation to monitor the climatic parameters in the Potshini catchment,
Figure 5.1 shows the location of one of the weather stations and other instrumentation to monitor the
hydrological parameters in the catchment, This weather station was installed in early 2005 in the
midst of the Potshini community and upstream of an existing telemetric weather station which has
been operational since 2002 on & nearby commercial farm and managed by the Agricultural Research
Council {ARC) of South Africa. The community weather station was located close to the measurement
path between the transminer and the receiver of the LAS and close to one of the flow gauging stations
(H-Flume) in the catchmeni as shown in Figure 5.1. The community weather station had two
radiometers that measure the incoming shortwave (facing upwards) and outgoing longwave radiation
(facing downwards) and logged imto a Mike Cotton System (MCS) data logger. The MCS radiometers
were calibrated agamst a Net radiometer (Kipp and Zonen) with data logged to a Campbell Scientific
CRI000 data logger. The calibration exercise took two weeks, from 21* February to 4™ March 2007,
and the MCS system was calibrated at a time step of two minutes, It is useful to note that the
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calibration exercise could not be done earlier than this due to logistical challenges including
availability of a Net radiometer. Figure 5.3 shows a scatter plot of calibrated estimates of net radiation
from the MCS system and the measured values from the Kipp & Zonen Net radiometer, from which a

good fit was obtained.
5.5.4  Satellite data

In this study, the MODIS-AQUA Level IB images, with a pixel size of lkm x lkm, were freely
obtained from the NASA’s Level 1 Atmosphere Archive and Distribution System. The images were
selected to cover whole or most of the Thukela river basin while taking into account cloud
contamination over the area of interest. A total of 38 MODIS AQUA cloud free images were obtained
between June 2005 and September 2006. It is useful to note that the SEBAL methodology requires
cloud free satellite images and which is a challenge in the southern Africa region especially during the
cloudy summer season. The time of capture of nine of these images coincided with field measurement
of sensible heat flux using the Large Aperture Scintillometer (LAS), which started in May 2006. This
study is based on the comparative analysis of the various surface flux estimates from the nine MODIS
images compared to the LAS and other field measurements. Table 5.1 indicates the date and time of

acquisition of the nine MODIS.

Net radiation-MCS (W/im*2)

Net radiation-Kipp & Zonen (Wim*2)

Figure 5.3 Calibration curve for the MCS radiometers (21* February to 4™ March 2007)
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Table 5,1 Acquisition of the MODIS L1B images in the year 2006

No Dhate Time of capture
| 10 May 12h35
2 27° May 11h40)
3 4% June 12h30
4 19" June I 1hd5
5 21¥ June 1Th3s
6 3 July 12hi0
7 10% July 12h05
5 28% July MEE
9 L™ Aug 12h05

SEBAL, like other similar surface energy-based algorithms, requires clousd free satellite images for the
computation of the surface encrgy balance on the earth’s surface. From each image, the reflectance of
bands 1-7 was computed logether with the thermal emission of band 31 and 12. Their respective geo-
location attributes were obtained from the accompanying geo-location data files. The general attributes
of the sub-set bands that were subsequently used for the SEBAL analysis are as indicated in Table 5.2.

Table 5.2 Band attributes of the nine bands from MODIS AQUA images that were used in
SEBAL computation

Band | Spatial Wavelength Band type
. resolution {mj (e ron )

l 250 0645 Reflectance
2 250 0,866 Reflectance
3 500 [ Dna70 Reflectance
4 500 0555 Reflectance
5 500 124 Reflectunce
6 500 1.64 Reflectance
7 500 213 Reflectance
3l 1000 1103 Emissive

2 1000 | 1202 Emissive
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5.5.5 Surface albedo

Surface albedo is the ratio of reflected to incident solar radiation at the earth’s surface and is a critical
variable affecting the earth's climate (Cess, 1978; Dickinson, 1983; Kiehl et al., 1996). In semi arid
regions, an increase in albedo leads to a loss of radiative energy absorbed at the surface, and
convective overturning is reduced (Liang, 2000). Brest and Goward (1987) and Wu et al., (2006)
indicated that the reflectivity of a surface is wavelength dependent, with few natural surfaces being

uniform reflectors across portion of the electromagnetic spectrum of interest.

In this study, the broadband surface albedo (a;) was computed by integrating band reflectances within
the short-wave spectrum (band 1-6) as highlighted in Starks et al., (1991), Liang (2000), Tasumi et al.,
(2000) and Wu et al., (2006) and as described in Equation 5.9.

@, =0.1604 +0.291s2, +0.24341, + 0.1161, +0.1122, +0.0811, —0.0015  (5.9)

where y; is the reflectance of the respective band.
5.5.6 Normalized Difference Vegetative Index (NDVI)

The Normalized Difference Vegetation Index (NDVI) is commonly used to provide information on
vegetation density, colour of surface and cultivation practice due to the property of the chlorophyll,
which strongly absorbs radiation in the red parts of the electromagnetic spectrum and reflects it in the
near-infrared part (Farah and Bastiaanssen, 2001). NDVI was computed using the difference in

reflectance in the red and near infra-red region of the spectrum as indicated in Equation 5.10

NDpvi=t2 A (5.10)
Mt

where u, and y; are the spectral reflectance of bands 1 and 2, respectively.
5.5.7 Surface emissivity

The ratio of the thermal energy radiated by the earth’s surface to the thermal energy radiated by a
black body at the same temperature, i.e, surface emissivity (£), was computed using the relationship

developed by Van de Griend and Owe (1993), i.e:
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£=1.009+0.047Inf NDVI ) (5.11)

It should be noted that this method s applicable in the NDVI range of 0.16 10 0,74, This equation is
hence not valid for water bodies with negative NDVI values. Therefore, the water bodies were masked
and constrained to an emissivity value of 0,999,

558  Surface temperature

The land surface temperature was computed from the radiant temperature, which was obtained after

atmospheric comection of the brightness temperature using the surface emissivity as highlighted in
Tosumi et al., (2000). The brightness temperature was derived from the thermal bands (31 and 32)
through the inversion of the Plank’s function as indicated in Equation 5,12

T, = 2 (5.12)

where T, is the band's brightness temperature ("K), C; and C; arc constants, r is the respective
waveleogth (um) and B, is the radiance value (W.m™ steradian™). The surface lemperature was then
computed using the “split window™ technique as described m Kerr et al., (1992) and Tasumi et al.,
(2000).

559 Instantancous shortwave radiation

The incoming instantancous shormwave radiation, K., (W.m™), was computed using the astronomical
relationship between the sun and the carth as highlighted in Igbal (1983), Tasumi et al., (2000} and
Farrah & Bastiaanssen (2001), ie:

x
R, =r G, r:u-[ —-E]J,
l"' I m

H
=f07542%10" DEM]* r;,_cm[ = esr] o[ 140.033Cos| 2™ | (513
180 365
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where where 7, is the one-way transmittance, Gy, is a solar constant (1367 W.m™) and d, is the
inverse squared relative earth-sun distance, DEM is estimate of height above sea level (m), d is Julian

day and @ is the solar zenith angle (Radian).
5.5.10 Net radiation

This was computed using the methodology described in Bastiaanssen et al., (1998a), Timmermans et
al., (2007) and Koloskov et al., (2007), i.e:

R,=(1-a)R,+R,~R,—-(1-€)R,

=(1-a,)R  +£0T," —eol,' ~(1-£)¢ 0T, (5.14)

ar air
where Ry, and Ry, is the incoming and outgoing longwave radiation respectively (W.m?), ¢ is the
apparent atmospheric emissivity (air emissivity), € is the surface emissivity, o is the Stefan-

Boltzmann constant (5.67%10®° W.m?K™), T,,;, is the air temperature (K) and 7}, is the land surface

temperature (K).
5.5.11 Soil heat flux

The soil heat flux was computed using a relationship between the net radiation, surface temperature,

surface albedo and NDV1 as described in Bastiaanssen et al., (1998a), i.e:

T =ZI315

Go = Rn[
o

}(0.0032% +0.0074a,” f1-0.987NDVI*) (5.15)

¥

Koloskov (2007) observed that, over a 24-h period, the soil heat flux could relatively be small and can
be ignored without introducing significant errors in the computation process. Nevertheless, in this
study, the soil heat flux was incorporated in the surface energy balance calculations in order to

complete the energy balance with a higher degree of confidence.
5.5.12 Surface roughness height

This is a fraction of the vegetation height used as a physical reference for momentum and heat flux
calculation (Parodi, 2002). It affects the shear stress between the vegetation and atmosphere which
influences the turbulent characteristics near the surface including the momentum of heat and water

vapour exchanges between land and atmosphere. There are several methods in literature for retrieving
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this parameter. The applicability and suitability of either of the methods depends primanly on the
availability of the required data. In this study, the method described in Maran (19940) and Rastizanssen
et al., (1998a) was used, i.e:

2, =exp(~5.54 + SRTNDVI ) (5.16)

where 2., is the surface roughness height (m)
5.5.13 Sensible heat Mux

Sensible heat Mux, H {W.m™>), is the rate of heat loss to the air by convection and conduction, due to a
temperature difference. Sensible heat flux is a function of the temperature gradient, surface roughness
and wind speed and thus difficult to compute due to the fact that temperature gradient and surface
roughness are & function of each other and hence at any time there are two unknowns in this functional
relationship. The classical expression for sensible heat flux is given as (Farah and Bastinanssen, 2001 ):

H-F;f’-ﬂ‘r_ (5.17)
r-
'I | v L[ Z
r, = — | — 4] (5.18)
o . K [hu. ”[2_ :|

where p, is the moist air density (Kg m™*), C, is the specific heat capacity of air at constant pressure (J
Kg' K'), ra is the serodynamic resistance 1o heat transport (s m™') and 47, is the temperature
difference between two heights Z,... and Z_, (m), K, is the eddy diffusivity for heat transport, u- is the
friction velocity (m s”) and k is the von Karman's constant. Lhome et al., (1994) and Carlson et al.,
(1995} noted that Equations 5.18 and 5.19 above are only applicable on land surfaces with similar
vegetation height and biophysical conditions due to the fundamental assumption made when using
thermal infrared images that the radiometric surface temperature (T,,) is equal to the acrodynamic
surface temperature (T..) which does not apply in composite terrain. Bastinanssen et al., (1998h)
suggested another approach where it is assumed that, T, # 7, and taking an arbitrary value of Zuw,
then the temperature difference 4T, between Z., and Z_ can be established from r, and H without
involving radiometric surface temperature T, and air temperature T, through an iterative process. In
this study, the initizl stage of the main iteration process involved establishing 8T, through calibrating
an image's surface temperature differences to the energy balance by deriving a linear relationship,
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through an intermediate iterative process, between the “wet” and “dry” pixels from an image as
described in Bastiaanssen et al., (1998a, 1998b), Bastiaanssen (2000) and Farrah & Bastiaanssen
(2001). This relationship was then applied to all pixels after computing the friction velocity from the
wind speed at the blending height and the estimated local surface roughness height as outlined in
Bastiaanssen (2000), i.e:

1.1 ;,,[_@J (sm™) (5.19)

U, kuyy | z

om

where u- is the friction velocity (m.s"), w0 is the area-average wind speed at the blending height of
200m elevation (m.s™) and z,, is the surface roughness height (m) for momentum transport. The
friction velocity was then used to compute the aerodynamic roughness length, 7, using Equation 5.18
before computing the initial estimate of H using Equation 5.17. The initial estimate of H was then used
to estimate the initial integrated stability correction on the temperature profile for buoyancy effects on
the momentum and heat transport as a result of surface heating. This was achieved through using the
Monin—Obukhov Similarity Theory (Bastiaanssen, 2000; Mohamed et al., 2004 and Koloskov et al.,
2007) where the initial Monin-Obukhov length, L, was estimated as:

=z - pacp u‘]?—;
kgH

L (m) (5.20)

where g is the acceleration due to gravity (m.s™) and 7, is the surface temperature (K). This allowed
the second improved estimation of the frictional velocity, ., using Equation 5.21 by incorporating the

stability correction factor for buoyancy effects on the momentum flux, y,,, i.e;

. zn[@-—%J (sm™) (5.21)
U, kuy, \z

oam

The new and second estimate of u« was then used to compute an improved estimate of r,, in another

version of Equation 5.18, i.e;

r, = ZT Ldz—[ . ln[ 2 -y H (sm™) (5.22)
5 K kuo \ Z,,,
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where g, 15 the stability correction for heat transport. Details on the determination and computation of
stability correction factors are highlighted in Kimura et al,, (2007), The iteration process was repeated
in all pixels until a convergence was achieved in the computation of sensible heat flux.

55.14  Algorithm for determining “wet” and “dry™ pixels

Through the principle of conservation of mass, evaporation is related directly 1o the availability of
water, L¢ minfall, runoff, irrigation and ground water movements and fuctuation (Farrah and
Bastinanssen, 2001). Jackson et al., (1977) showed that the surface temperature, T,, 1s an indicator of
evaporation while Nemani and Running (1989) demonstrated the relationship, as reflected on a scatter
plot of T, and NDVI, of the spatial variation of fractional vegetative cover, soil water content, and
surface resistance to evaporation. Menenti et al, (1989) proved the usefulness of applying the
relationship between T, and the surface albedo (@) in determining dry and wet land surface types. In
this study, the NDVI, T, and a, values of all the pixels in an image were plotted in o three-dimensional
space from where a qualitative approach and interpretation, as described in Farrah and Bastiaanssen
(2001), was used to determine the “wet™ and “dry™ pixels as: low T, low NDVI and low a, indicated
bare wet soils and where as high 7., low NDVI and high o, represented warm, dry, bare soil pockets.
Low T, high NDV1 and low o, represent healthy vegetation in good conditions having unstressed
transpiration whereas high 7., high NDVI and high &, represent vegetation under water stress. The
pixels that satisfied the second and third condition were categorized as “dry™ and “wet™ pixels,
respectively,

5.5.15 Latent heat Nux

The general expression for latent heat flux (W.m ™) is given as (Farah and Bastisanssen, 2001 ).

C
p'—'][f..[?l}-f..]i“‘m’l (5.23)

s rle., +v,

where 7 is the psychrometric constant (mbar K'), r,, is serodynamic resistance to waler vapour
transport (s.m"' ), r, is the bulk surface resistance 1o evaporation (s.m'), 2. is the saturated vapour
pressure at surface temperature (mbar), ¢, s the actual vapour pressure (mbar). Siewari ( 1998)
highlighted the difficulty to quantify », due to its variability with respect to soil moisture, solar
radiation, vapour pressure deficit and air temperature. An easier approach is 10 compule lalent heat
Nux as a residual of the surlace energy balance (Equation 5.1), for each pixel as highlighted in
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numerous authors including Bastiaanssen et al., (1998a&b); Hemakumara et al., (2003);

Timemermans et al., (2007); Kimura et al., (2007), from which the evaporative fraction for each pixel

can then be computed as:

LE LE 1

R -G LE+H 1+p

(5.24)

where £ is the Bowen ratio (H/LE). The advantage of using the evaporative fraction over the Bowen
ratio is that the former shows less variation during the daytime than Bowen ratio (Farah and
Bastiaanssen, 2001; Mohamed et al., 2004) and is equal to its daily value integrated over a period of

24hours. The daily total evaporation was then estimated using Equation 5.25.

AR, —G,)
Ap,,

ET = 86400*10° (5.25)
where ET is actual evaporation (mm.d’), R,,, is the daily (24 hours) net radiation (W.m?), A is the

latent heat of vaporization (J.kg') and p,, is the density of fresh water (kg.m™).
5.6 Results and discussion

The pixels values of the desired SEBAL outputs that coincided with LAS transect, were compared
with the field measurements for the same period of time, i.e 10" May to 11" August 2006. Nine
MODIS-AQUA images were obtained and analysed within the 90 days period of field measurements
reported herein. The LAS path length more or less coincided and fitted into one pixel of the respective
MODIS images given the fact that the resolution of the MODIS bands used in this study was lkm x
Ikm and the path length was 1.03km. It is useful to note that only cloud-free images were used in this
study as a requirement for the SEBAL analysis. Figure 5.4 shows a comparison between the SEBAL

estimates of ET and field measurements.

For convenience and consistency in this section, the estimates of total evaporation (ET) obtained
through the analysis of field measurements, i.e net radiation from weather station, soil heat flux from
soil temperature sensors and sensible heat flux obtained from the Scintillometer will be referred to as

LAS estimates.
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Figure 5.4 SEBAL and field estimates of total evaporation, potentinl evapotranspiration and
hiophysical parameters

From Figure 5.4, it can be observed that the SEBAL and LAS estimates of ET were comparable and
followed the same paticrn, with verance being observed on the low ET values. The lowest LAS ET
value, 0.972mm.d" was observed on 3™ July of which SEBAL estimate was found to be 0.712mm.d ",
This transiates to an underestimation deviation of 26.7% (0.26mm.d '), with the deviation calculated
as the depature of SEBAL cstimates relative to LAS. The difference between the highest LAS estimate
and its corresponding SEBAL estimate was found to be 0.4 1mm.d . This occurred on 27° May where
LAS and SEBAL values were observed to be 2.712 and 3.117mm.d" respectively and hence an
overestimation deviation of 14.9%. It was observed that there was a relatively good comparison for
both SEBAL and LAS estimates of the range between 0.7 and 2.5mm.d”. The LAS and SEBAL
estimates were compared against the potential evapotranspiration (ET,) estimates for the study area
{Figure 5.4) and which were computed using meteorological data measured at one of the Potshini
weather stations and the FAO-56 methodology (Allen et al, 1998, Allen, 2000). The comparison
showed that the ET,, estimates were all above the LAS and SEBAL estimates, even though there was
relatively less difference on 10® May. In agricultural planning, ET estimates have been computed by
multiplying the ET, with a crop coeflicient of a respective vegetation tvpes ol different growth stages.
Such an approach may not be directly applicable in o composite vegetative cover of different stages of
growth. Such a challenge 15 further compounded in land surfaces with both bare soils and composite
vegetative covers ie in the Potshini catchment. The lowest estimate of £T, was observed on 3™ July,
2.29mm.d", which coincided with the lowest values of both SEBAL and LAS during the study period.
The NDVI values for the nine pixels that overlay the measurement transect were plotted against the
ET values as indicated in Figure 5.4. NDV] is a good indicator of the vegetative condition, with low
NDVI1 values indicating poor vegetative condition. The rain season in the study area usually starts in
mid September and ends in April. From Figure 5.4, it can be observed that the NDVI values over the
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Potshini catchment were relatively high on 5" May, 0.452, and reduced to 0.259 by 11" August.
There was a sharp decrease of the NDVI values between 5" May and 4™ June, from 0.452 to 0.343,
and this could be attributed to the progressive depletion of vegetation on the smallholder farms in the
catchment by the freely grazing livestock, during the winter season (May to August), after harvesting
of the main maize crop. The area had received relatively heavy rains and well distributed in the
summer season (September to April), with 780mm being recorded between January and April, and
hence the vegetative condition in early May was relatively good and hence the high NDVI value. Few

rainfall events occurred during the study period as indicated in Table 5.3.

Table 5.3 Rainfall in the Potshini catchment, 2006

May June July August
Date Rain (mm) Date Rain (mm) Date Rain (mm) Date Rain (m)
7" L5 1® 3 18" 2 2% 7
i 23 2 5 24" 10 15" 30
24" 14 23rd 5.5 L3 15
Total 38.5 13.5 27 37

From Table 5.3, the months that received the least rainfall were June and July, with 13.5 and 27mm.m’
' respectively, while May and August received approximately the same amount of rainfall. A
correlation between the ET and rainfall observed at least 5 days before the date when the LAS and
SEBAL estimates were computed did not indicate direct association save for three rainfall events
recorded in May (23™ & 24™) and July (24" & 25"). These rainfall events were of higher magnitude
than the others observed during the study period and it is possible to argue that these events were
responsible for the relatively higher SEBAL and LAS ET estimates that were obtained within 5 days
after the rainfall events. The Potshini catchment is characterised by high shallow ground water table
ranging between 1 and 3m below surface (cf. Chapter 4), with a seasonal wetland on the upper slopes
of the catchment that contributes significantly to the stream flow especially during the winter period.
Hydraulic conductivities of the soils in the catchment range from 8 to 120mm.h"' for the upper 300mm
of soil. It is useful to note that the each of the MODIS pixels (1km x 1km) that overlay the field
measurement transect covered more than 80% of the 1.2 km® Potshini catchment including the wetland

(cf. Figure 5.1), which could have contributed to the relatively high ET estimates from SEBAL and
LAS as shown in Figure 5.4.
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Several authors, including Allen (1998), have indicated that wind speed is one of the main factors that
significantly influence the evapotranspiration process through the enhancement of the atmospheric
demand. A plot of the wind speed against the SEBAL and LAS ET estimates, Figure 5.4, revealod the
correlation of wind speed on occurrence of ET, especially in the months of July and August. The
rather high ET values in July, with low manthly rainfall, may be attributed to the stroag winds that
prevail in the area between June and August. Such winds have been reported in the past 1o have
enhanced the spread of wild fires in the area leading 1o destruction of property. The prevailing wind
direction in the catchment is South-Easterly, thus blowing from the epper 1o lower slopes of the
catchment across the seaconal wetland and perpendicular 10 the transect (LAS pathlength) on which
ficld measurements were carmied oul. The “erosive™ and turbulent power of such winds could have
lead 10 the enhancement of the evapotranspiration process over the wetland and whose signature could
have been captured by both LAS and SEBAL. Hence, there is a possibility that the fetch over the LAS
transect may have influenced the LAS results.

5.6.1  Components of the surface energy balance

A comparison was made on the various components of the surface energy balance obtained from field
measurements and the SEBAL estimates. The field net radiation data was obtained from a weather
station as described in the methodology section of this Chapter. It is worth noting that the LAS
estimates of net radiation and soil heat flux are basically point measurements estimated from different
methodologies, whereas the comesponding SEBAL estimates are pixel values for an area covering
lkm x lkm. It showid also be noted that there are errors in the LAS estimates doe 1o the inherent
limitations associated with the various methods used to compute the respective values and this may
account for some of the differences in the LAS and SEBAL estimates. Figures 5.5 show a comparison
of net radiation, sensible and latent heat Muxes from SEBAL estimates and field measurements {LAS
estimates ).

‘There wax o relatively good comparison of the SEBAL and LAS estimates of net radiation as depicted
in Figure 5.5, even though the field measurement overestimate relative 1o the SEBAL estimates on
most of the days. The highest measured average daily net radiation was found to be 437.2 W.m®,
which was recorded on 27" May. The corresponding SEBAL estimate was found to be 3762 W.m™
and hence the estimation deviation, relative 1o ficld messurement, was found to be -13.95%, The
lowest relative deviation was observed on 19® June, when SEBAL underestimaied the field
measuremnent by 0. 315%.
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Figure 5.5 Energy balance components at Potshini from SEBAL und LAS
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Table 5.4 shows a summary of the relative deviation of SEBAL estimates for the vanous components
of the energy balance including surface temperature (T,) and the evaporative fraction (£/) which are
derivatives of the SEBAL analysis. There were only two days when SEBAL overestimated the

measured net radiation, |.e on 10™ May and 4™ June, though at an appreciable leve! of deviation of 3.3
and 1,01% respectively. More varfance was observed in the field and SEBAL estimates of soil heat

fux as indicated in Table 5.4,

Tahle 5.4 Components of the energy balance

No  Date T. T, “'4 E; Relative deviation (%) |
('K) (‘K) | (ms’) 3 | 5 =
I | 10%May | 295012 | 2925 126 | 0430 | 332 2376 | 973
(2 [ 2™ May [ 297001 | 29722 | 300 | 0566 | -1395 | 4226 | 2152 |
3 | 4%June | 205823 | 290.83 132 | 0509 1.01 -1.90 1.78
4 [ 19%)June | 298426 | 29381 | 131 | 0500 | 038 | -254 | 1200
S 21" June | 301667 | 29578 | 182 | 0293 | 133 | 477 | 831
(6 | 3 July | 302206 | 2947 | 213 | 0135 | -139 | -13.74 | 6.1%
7 | T0®July | 301497 | 20402 | 202 | 0468 | -796 247 | 447
8 | 28"July | 306668 | 29863 | 170 | 0519 | 854 | 1574 | 940
"0 | 11™Aug | 307.280 | 293.76 | 448 | D522 | -792 | 196 | 2237
Averuge relative deviation Al 110 | 644 |

The highest and lowest relative deviation in soil heat flux was found 1o be 42.26 and -1.9%, on 27%
May and 4" June, respectively. Relatively high variance in net radiation and sensible heat flux
estimates was also recorded on 27" May, i.e <13.95 and 21.52% respectively, Such a variance could be
attributed 10 ¢cloud cover sessions during the day given the fact that SEBAL computes instantanecus
components of the surface energy balance before integrating for o dav based on the evaporative
fraction | Bastisansseen, 20007, It was observed that SEBAL overestimated the sensible heat Mux on 6
out of the 9 days. The relative deviation in H ranged from |78 to 22.37% on 4™ June and 11™ August
respectively. Again, it was observed that more variance was exhibited in Kn and  on 11" August and
hence the cause of the variance could be attributed to cloud cover sessions in the Potshini catchment.
The average relative deviation in Rm, G and H SEBAL estimates for the 9 discrete days used in this
analysis was found 10 be <4.11, 3.10 and 6.44%. Figure 5.6 shows the hourly variation of Rn, G and H
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as measured in the field on 10" June in the Potshini catchment. 10" June was a typical day in winter

with no cloud cover in the catchment, and South Africa at large.
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Figure 5.6 Variation of the surface energy balance components on 10" June 2006 in the Potshini

catchment

Winter is characterised with shorter daylight and longer dark hours. The variation of the net radiation
and sensible heat flux indicate a steady increase and variation from early morning and reaching the
peak between 12h00 and 13h00. A similar trend was observed by Hemakumara et al., (2003). In this
study, the maximum soil heat flux was 95.4W.m™ while net radiation and sensible heat flux were
554.1 and 267.5W.m™ respectively. It was observed that the soil heat flux maintained a relatively
constant level after reaching the peak value until 15h00 when it started to drop down to a negative
value at 17h00. Negative values for soil heat flux indicate change of direction of heat flux flow, from
lower levels to the upper surface. Such a phenomenon occurs when the upper soil surface is cooler
than the lower soil layers. This was not the case with sensible heat flux and net radiation where a sharp
decline was observed after reaching the peak value. It is recognised that soil has more capacity to store
heat energy than air and hence the relatively constant soil heat flux that was observed after attaining
the peak value. A declining trend for net radiation and sensible heat flux was observed to start after
13h00 and reaching very low levels at 17h00. During winter, it is common to have sunset before

18h00 as is depicted in Figure 5.6. Nevertheless, it is useful to note that the magnitude and trend of the
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respective fluxes as portrayed in Figure 5.6 will be different during summer where longer daylight is
observed (with sunset being as late a8 19h00). Hemakumara et al., (2003) noted the effect of cloud
cover and rainfall to the variation of sensible heat flux and net radiation in a day, where very low
values of M and R, were recorded on a cloud and or miny day, It is unfortunate that measurement of
sensible heatl fMuxes could not be cammied out during the wet summer season due o breakdown of the

LAS as a result of frequent lightning strikes.
5.6.2 SEBAL estimates of ET over the Thukela river basin

Figure 5.7 presents the spatial varistion of SEBAL ET estimates over the Thukela river basin on |"
August 2005 mdiﬂMﬂMumﬂ.Mﬂm:wﬂmimn{m
evaporative water use over the river basin during the dry winter season (May to September) and wel
summer season (October 10 April), respectively. A more detailed analysis of the evaporative water use
of various land uses in the Thukela river assessed from satellite imagery is presented in Chapter 6. The
maximum ET on 1* August and 29" March was found 1o be 5.3 and 6.2 mm.d"', respectively. Such a
variation was expecied due to the rainfalls in summer. A sharp contrast can be observed from Figure
5.7 with regard to the spatial variation of ET over the basin for the two days. The dominant E£T in
winter and summer ranged between | to 2 mm.d” and 2 to 4 mm.d” respectively. During winter, the
highest ET levels were observed to occur on the northern and southern part of the river basin, the later
bordering the Drakensberg mountains and is chamcterised by commercial smigated farming and

commercial forest plantations.

Figure 5.7 Spatial variation of ET on 1 Angust 2005 and 29™ March 2006 over the Thukela
river basin
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5.7 Conclusions

The LAS was used to measure sensible heat flux over a mixed vegetation land cover in the Potshini
catchment where soil heat flux and net radiation measurements and other meteorological parameters
were monitored. The actual evaporation was computed using the surface energy balance equation
based on | minute data statistics and compared to the remote sensed SEBAL estimates of actual
evaporation in the catchment, derived from MODIS satellite data, and the potential evapotranspiration
estimates computed using the FAO-56 method. Generally, the LAS and SEBAL estimates of ET were
comparable with a relative deviation ranging from -14 to 26%, indicating a reasonable agreement
between the two methods. These results compare well with results from similar studies in other
countries of different climatic conditions. All the FAO-56 estimates were above the SEBAL and LAS
ET values, an indication that the latter were within the measurement range considering the fact that the
experiment was carried out during the dry winter season. SEBAL estimates of net radiation, sensible
and soil heat fluxes were comparable to the field measurements with reasonable relative accuracies. It
could be more interesting to compare the ET estimates with data from Class A-pan or Lysimeter as
another validation strategy for the methods discussed in this Chapter. Nevertheless, it is recognised
that no single method of measuring ET is without problems and uncertainties due to the many factors
influencing its occurrence especially on large spatial scales. However, the ability of the SEBAL
methodology to produce reasonable estimates of ET provides the potential for practical application on
a river basin scale water balance studies by providing estimates of ET over large spatial extents. It
would be interesting and useful to carry out a detailed analysis, applying both the scintillation and
remote sensing techniques, to determine the evaporative water use by the various landuses in the
Thukela river basin. Such a study would generate useful information with regard to water productivity

and equity in water resources in the basin.
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6.0  Evaporative water use of different land uses in the Thukela river
basin assessed from satellite imagery

Summary

Evaporative water use of varnious land use classes {often called Green Water Flows) in the Thukela
river basin was estimated using the Surface Encrgy Balance for Land (SEBAL) methodology and
public domain Moderste Resolution Imaging Spectroradiometer (MODIS) satellite images. Twenty-
ei;htim:gﬁnmmlgmdmﬂﬂhghpnhdhﬂmluemlﬂdﬂcﬂ:nﬁrlﬂﬂﬁ.Thﬂmﬂﬂ
Africa land use map developed in the year 2000, together with the map of Quaternary Catchments for
the Thukela river basin were used to compute the evaporative water use of the respective land uses in
13 Quaternary Catchments on the upper Thukela river basin.

There was a good comparison between the SEBAL estimates of total evaporation and ground
measurements from a Large Aperture Scintillometer installed at a site n one of the Quaternary
Catchments in the study area. It was observed that the land wses that genersted relatively large
volumes of green water flows in the study arca were forestry (Eucalyptus, Pine, mixed species and
indigenous), water bodies and wetlands. Total evaporation rales for all land use classes were high
during the wet summer season, with Eucalyplus ranging between 3 mm.d” during the dry winter
season to about Smm.d”' during the wet season, Bare rocks and eroded soil surface land use class had
the least evaporative water use. The relatively low evaporation rates over water bodies during the dry
winter season could be attributed to the averaging of mixed pixels (wet and dry) due to change in areal
coverage and which could not be captured in the Tkm x 1km low resolution MODIS images. Thus, the
potential for applying remote sensing techniques, using low resolution satellite images, to quantify
water use by various land uses in the Thukela river basin was explored with promising resulis.

6.1 Introduction

Sustainability in water resources management is achieved, when consumplive uses (including
abstractions and changes of land use) do not threaten the short and long-term status of the water
resource ( WaterWatch, 2006), Such a halance can only be achieved through a good understanding of
the dominant hydrological processes ot the managerial scales in a river basin. In South Africa, for
example, the Thukela river basin {Eq.mﬂhm?} is delimited into 86 Qualernary Catchments, which
form the lowest level ot which waler rescurces strategies are formulated. In spite of the importance of
entrenching water resources management principles and practices at the operational scales, the
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available database of information on water use by various land uses at these scales is inadequate
(Bastiaanssen and Chandrapala, 2003). In sub-Saharan Africa, this is further compounded by the poor
state of hydrometeorogical networks and decline in capital investment in their maintenance, despite
the importance of establishing “up to date” catchment monitoring networks with the capacity to
capture the spatial and temporal variation of dominant hydrological processes in support of decision
making in water resources management at the operational scales. Total evaporation is the dominant
component of the hydrological cycle in sub-Saharan Africa accounting for over 60% of the incident
precipitation, and is thus a major determinant of the net flow in rivers and percolation into aquifers
(Rockstrom et al., 2001). There is little doubt that the success of current and future water resources
management strategies in semi-arid regions will include a pragmatic approach of managing the
evaporative water use from various landscapes and is thus a challenge to both researchers and policy
makers (Jewitt, 2006). The relationship between land use, water use and water supply must be
described quantitatively, however this is not straightforward due to the natural heterogeneity and

interacting hydrological processes in catchments.

Given the complex nature of mixed vegetation and different land use patterns in a river basin, it is
extremely difficult to assess the validity of evaporation and transpiration losses extrapolated from
point measurement to catchment scale (Hemakumara et al., 2003). Nevertheless, measuring and
monitoring trends in evapotranspirative consumption on the scale required to support judgment about
sustainability is feasible through remote sensing techniques, which offer the potential to monitor at
river basin scale (thousands of square kilometers in a single satellite image) (WaterWatch, 2006).
With remote sensing, it is possible to assess the spatial variability of fluxes, and if the observations are
made repeatedly, their temporal variability as well (Schugge et al., 2002). Furthermore, it has been
suggested that remote sensing offers the basis for developing and making public indicators of
equitable water resources by investigating the intensity of evaporative use and production of biomass
at various scales, e.g per unit area or per respective landuse (WaterWatch, 2006). Satellite remote
sensing, using the Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen et al., 1998a,
1998b), to compute the evaporative water use of various land uses has successfully been applied in
several countries under different climatic conditions worldwide, e.g Egypt, Pakistan, Kenya, Sri
Lanka and Sudan. Some initial applications of SEBAL in South Africa include studies by WaterWatch
(2006) and by the author as illustrated in Chapter 5 of this thesis, with previous studies having
assessed the water use by different land uses based on point measurements, small catchment studies or
simulation model applications. It is well recognised that these methods have major limitations in
assessing water use by different land uses in different parts of a river basin, because of the spatial and

temporal scale complexities that arise when trying to extrapolate point measurement to provide
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estimates of evaporative water use (o the basin as o whole, Nagler et al., (2007) further highlighted the
complexity associsled with obtmning representative flux measurements n vegelalion covers,
especially natural vegetation, due to inhomogeneity in both canopy height and spatial distribution.

In this study the remote sensing SEBAL methodology for computing total evaporation on each pixel
of a satellite image was applied in the Thukeln river basin using the Moderate Imaging
Spectroradiometer (MODIS) images for the period between June 2005 and September 2006. The
MODIS images have been archived since 1999 and are freely available through the National
Agronautics Space Administration (NASA) and have a daily coverage with pixel resolution of 1km,
with some bands having a resolution of 250 and 500m as well. Such a pixel resolution is well suited
for monitoring fluxes st regional scale spanning to hundreds of km” and is thus considered appropriate
for the 29,036 km® Thukela river basin.

6.2  Study area

The Thukela river basin is located in the KwaZulu-Natal province in South Africa and extends from
27°25'S 10 29°24'S and 28" S¥E 1o 31°26'E. The river basin covers an area of 29,036 km’ from which
the state Department of Water Affairs and Forestry (DWAF) has delineated 86 Quaternary level
operational subcatchments (QCs), while other researchers delineated the QCs further into a total of
113 meso-subcatchments (Jewitt et al., 1999) and more recently into 235 subcatchments (Schulze et
al., 2005), In this study, the headwater Quaternary Catchments of the upper Thukels river basin, in the
vicinity of QC VI3D (Figure 6.1) were the main focus of this study due to the availability of
comparative data from a Large Aperture Scintillometer installed in the QOC V13D as well as the
variation in land uses that occur there. The main land uses in the QC are as shown in Figure 6.2 and
the areal extents of the QC"s used in this study are shown in Table 6.1,

The main land uses covering the 1028 km® areal extent of the 13 Chuaternary Catchments, as obtained
from the National Land use map, developed in the year 2000 by the South African Council for
Scientific and Industrial Research (CSIR), are as indicated in Table 6.2 “Unimproved™ (natural)

Girassland covers T1% of the total arca while urban arcas and woodlands occupy the smallest area,
000 1%.
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Figure 6.1 Quaternary Catchments in the study area

Table 6.1 Areal extents of the QC. The ID numbers reflects the numbers in Fig. 6.1

1D No. QC No Area (km®)

1 VI3B 295.83
2 VI13C 257.52
3 VI3E 282.98
4 VIIM 155.47
5 VIIL 313.84
6 VIIF 161.74
7 VIl 145.00
8 V13D 285.35
9 VIIH 133.81
10 VI1IE 193.84
11 V11B 254.15
12 V11G 315.52
13 VI3A 233.30

TOTAL 3028.35
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Figure 6.2 Land uses in the Quaternary Catchments and major towns in the study area

6.2.1 Climate

The Thukela river basin exhibits a large variation of minfall, with Mean Annual Precipitation (MAF)
ranging from around 2000 mm.a’ in parts of the Dimkensberg mountains, with an altinede of 3000m
above sea level, to as low s 550 mm.a' in lower drier valley regions (Lynch, 2004). An overview and
spatial vanation of Mean Annual potentinl evaporation and Mean Annual Precipitation, as highlighted
in Schulze et al,, (1997) and Dent, (1989) is provided by Figures 6.3 and 6.4, while Figures 6.5 and
6.6 shows the spatial variation of altitude and ecological zones in the river basin respectively.
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Table 6.2 Land uses in the 13 Quaternary Catchments

Area Fercentage of
Land use (km®) | total ares (%)
1. | Unimproved (natwral) Grasstand 2161.743 71373
2. | Thicket, Bushland, Bush Clumps, High Fynbos 63,39 2.093
3. | Cultivated, temporary, commercial, dryland 246.196 8129
4. | Cultivated, temporary, subsistence, dryland 214925 T.096
5. | Bare Rock and Soil {erosion - sheet) 0.568 0.019
6. | Urban / Built-up (smallholdings, grassiand) 3.501 0.116
7. | Bare Rock and Soil (erosion : domgas / gullies) 12,631 0417
8. | Wetlands 6.197 0.205
9. | Waterbodies 40,449 1335
10. | Cultivated, temporary, commercial, irrigated 1062009 1507
11. | Degraded Unimproved (natural) Grassland 76,309 2519
12 | Urban / Built-up (residential) 2271 0.075
13. | Shrubland and Low Fynbos 21,607 0.779
14, | Urban / Built-up (residentinl, formal suburbs) 1.372 0.045
15. | Urban / Built-up, (commercial, mercantile) 0.237 0.008
16. | Improved Grassland 1.041 0.034
17. | Forest Plantations (Eucalyptus spp.) 35529 1.173
I8 | Urban / Built-up (residential, formal township) 0,331 0.011
19. | Woodland (previously termed Forest and Woodland) 0,331 0.011
20. | Forest Plantations (Other / mixed spp.) 5724 0.189
21. | Forest {indigenous) 12300 0.a0a
22. | Forest Plantations (clear felled) 3.595 0.119
23. | Forest Plantations (Pine spp.) 3879 0.128
24. Urban / Buill-up (residential, informal township) 6.434 0.212
Total | 3028354 100
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6.3 Material and methods

In this study, twently-cight MODIS Level |B images were obtained from the National Aeronautics
Space Administration (NASA) Level | Atmosphere Archive and Distribution System
[http-//ladsweb nascom nasa gov/data/scarch html| for the period between June 2005 and Scptember
2006. Most of the images were from the MOIDIS-AQUA imager except for one MODIS-TERRA
image, captured on 06/01/2006, Good quality clowd-free satellite images in the southern Africa region
are only assured during the winter season (May to Seplember), with the summer season being
characterized by huze, clouds and rainfall. This was the case during the months of February and March
2006, when all MODIS (AQUA and TERRA) satellite images covering the study srea were
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contaminated with clouds. Table 6.3 shows the date of acquisition and time of capture of the 28
MODIS images used in the study.

6.3.1  Field measurements

Hydrometeorological parameters were monitored in a small rural catchment, the Potshini research
catchment (E 29.3679" § 28.8145") located in QC V13D in the upper Thukela river basin, operated by
the Liniversity of KwaZulu-Natal; School of Bioresources Engineering and Environmental Hydrology
as part of the Smallholder Water System Innovations (SS1) research programme (Rockstrtm et al.,
2004} in the Thukela river basin. A Large Aperture Scintillometer (Scintec BLS 900), installed over a
transect of |.03km, for measuring sensible heat flux formed part of the monitoring equipment in the
calchment. The net radiation and soil heat flux were also measured in the calchment thus enabling the
computation of the latent heat flux, and subsequently ET, as a residual of the surfsce encrgy balance
equation. The structure and details of the surface energy balance equation are highlighted in the
subsequent section. The ET measurements from the field were compared with SEBAL resulls as
discussed in the resulis section of this Chapler,

63.2 The Surface Energy Balance Algorithm for Land (SEBAL)

The SEBAL. procedure comprises twenty-five steps for computing a complete radiation and surface
energy balance along with the resistances for momentum, heat and water vapour transport for each
pixel of a satellite image (Bastiaanssen, 2000). Equation 6.1 describes the surface energy balunce, the
basis of the SEBAL methodology

AE=R -G -H (6.1)

Where AE is the latent heat flux (W.m ™), &, is the net radiation (W.m™ ), Gy, is the soil heat flux (W.m
)y and H is the sensible heat flux (W.m™). The latent heat flux is the amount of encrgy used to
evaporate water from surfaces including vegetative landscapes and is calculated as a residual term of
the energy balance on the surface. SEBAL requires saicllite images with spectral radiance in the
visible, near-infrared and thermal infrared pan of the spectrum.

146



Table 6.3 MODIS images used in the study

2005 2006

Day of the Date Time of Day of the Date Time of
year capture year capture
161 10" June 12h20 16 16" Jan 08h30
170 19" June 12h15 95 5™ April 12h05
183 2" July 1 1h45 106 16" April 11h45
192 117 July 12h20 116 26" April 12h20
210 29" July 11h25 118 28" April 12h10
213 1 Aug 11h55 125 5" May 12h15
225 13" Aug 12h20 130 10® May 12h35
238 26" Aug 11h50 147 27" May 11h40
245 2" Sept 11h55 155 4" June 12h30
254 11" Sept 11h50 170 19" June 11h45
273 30" Sept 12h20 172 21% June 11h35
328 24" Nov 12h25 184 3 July 12h00
337 3" Dec 12h20 191 10" July 12h05
353 19" Dec 12h20 209 28" July 11h55

In addition to satellite images, the SEBAL methodology requires a limited number of weather
parameters including wind speed, relative humidity and air temperature (Bastiaanssen et al., 1998a,
Bastiaanssen, 2000). The surface albedo, surface temperature and relevant vegetation indices were
derived from satellite measurements of surface reflectance and emissions after a geometrical
correction process of seven reflective and two thermal bands of the MODIS images, and were used
together to solve for R,, Gy and H. The evaporative fraction, A, was computed from the surface

energy balance at satellite overpass on all pixels as indicated in Equation 6.2.

AE AE 1
R -G, AE+H 1+p

EF=A= (6.2)

where £ is the Bowen ratio (H/AE). Computation of evaporative fraction is the last step in the SEBAL

algorithm from which other moisture indicators are derived. The advantage of using the evaporative

147



fraction over the Bowen ratio is that the former shows less variation during the daytime than Bowen
ratio (Farah and Bastiaanssen, 2001; Mohamed et al., 2004). The difference between the instantaneous
evaporative fraction at satellite overpass and the evaporative fraction derived from the 24-hour
integrated energy balance is marginal and may be neglected (Brutsaert and Sugita, 1992; Crago, 1996;
Farah, 2001; Farah et al., 2004). For time scales of 1 day or longer, G, can be ignored and net
available energy (R, - Gy) reduces to net radiation (R,) (Ahmed, 2002). At daily timescales, ET»

(mm.day™) can be computed as:

3
_86400x 10 A

ET.
24 Ap,

R, (6.3)

Where: Ryo4 (W.m?) is the 24-h averaged net radiation, A (J.kg™") is the latent heat of vaporization, and
P (kgm™) is the density of fresh water.

6.3.3 Monthly ET

The computation of the monthly ET involves extrapolating the SEBAL daily £7, within a particular
month, proportionally to the reference ET (Penman-Monteith) where the latter is derived from
standard meteorological measurements. The fact that the reference ET is from a specific point in the
image and does not represent the actual condition at each pixel is not significant for the extrapolation
of the daily ET image in time since the reference ET is only used as an index of the relative change in
weather (both reference £T and actual ET) for the area covered by the image (Morse et al., 2000). The
procedure involves determining the cumulative reference ET between successive satellite images
before computing the ratio, (K,), of the cumulative reference ET to the average reference ET over the

period. The monthly ET, (ET,onm1), was then computed as follows:

E 'I:nom}l."y = (E TSE&E )r' (Km ).i (64)

i=1

Where ET ggpq, is the daily ET image, K, is a multiplication factor for the representative period, » is

the number of ET images processed in the respective month.
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6.4  Results and discussion

Figxﬂﬁ]ﬂm“ﬂtipﬂiliwilﬂnf“ﬂmiﬂhﬂﬂﬂﬁvﬂhﬂhm 1" August
2005, an output of the SEBAL methodology, with the daily E7 varying from less than 1 10 S 3mm.d".
Relatively high ET is observed on the high altitude regions in the basin (cf. Figure 6.5) and on forest
and water bodies land use classes (cf. Figure 6.2)..

Figure 6.7 Spatial variation of ET in the Thukels river basin on 1" Aug. 2005

The ET images have a pixel resolution of | km, hence land uses with areal extents of less than | km’
(cf. Table 6.2) were not considered in this analysis. The time of capture of 9 ot of the 28 images
comcided with field meassurements of AT at the Potshini catchment using the Large Aperture
Scintillometer (LAS) together with Penman-Monteith estimates of reference £T (FAOQ-56) derived
from weather parameters measured in o weather station in the catchment. The ET values derived from
the MODIS Tkm pixels that coincided with the LAS transect together with the Penman-Monteith
estimates of reference ET were compared with the LAS mensurements of ET' as indicated in Figure
6.8, The land use along the LAS transect was mainly smallholder farming, the dominant land use in
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the Potshini. Crops are only grown during the wet summer season (October to April) with livestock
freely grazing on the smallholder farms during the dry winter season thus depleting the standing hay

and crop residues on the farms.

Total evaporation (mm/d)
(]
i
[+
Wind speed (m/s)
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Figure 6.8 Comparison of LAS and SEBAL with reference ET results in the Potshini catchment
(cf. Chapter 5)

The SEBAL results showed fair to good agreement with the ground measurement in the Potshini
catchment, with a deviation range of between -14% and +26% relative to the ground (LAS)
measurements, with the actual ET obtained from LAS and SEBAL being less than the potential
evapotranspiration on most of the days as indicated in Figure 6.8. The lowest ET rate of less than 1
mm.d” was observed in the month of July, which is the coldest month in the year in the study area.
The winter season (May to September) is characterized by dry weather conditions and high wind
speeds especially in the months of July to September as can be seen in Figure 6.8. Windy conditions
increase the atmospheric demand of moisture as evident in the increase of reference £7 with respect to
wind speed as indicated in Figure 6.8. Wind speeds of more than 8m.s™' have previously been recorded

in the catchment.
6.4.1 Estimating water use of different land uses

The evaporative water use of various land uses in the upper Thukela river basin was then assessed at

different spatial and temporal scales from the ET images derived from the SEBAL methodology.
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Seventeen out of the twenty four land ose classes im the stdy area were amalyred for their
consumplive water use. Figure 6.9 shows actual evaporation from five non- agricultural land use
classes in the study area. mamly forests, wihale Figure 6.10 shows ET from agriculfural land uses
including water bodies and grassland for some of the days between August 2005 and April 2006, Only
onc-good quality MODIS image was available to be analyzed for the months of Movember and
December respectively. Unforfunately, most of the images for the months of October, lanuary,
February and March were contaminated with clouds over the study area hence these moaths are not
part of the analysis presented herein. The rainy season in the Thukela river basin starts in October and
ends in April (summer), and total evaporation is expected to peak in this period. From Figure 6.9 and
f.10, it can be observed that there is 0 marked difference in the variation of ET rates within land use
classes during the dry and wet season, with less vanation being observed during the dry and wet
sensons for forestry and agriculiural land use classes respectively. A likely reason for the relatively
high variation in the Forestry land use class during in the wet summer scason, apart from the free
water-siress soil conditions, could be the contribution of interception to the total evaporation rates with
canopies of respective forests plaving a crucial role in this regard,
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Figure 6.9 Estimated daily £7 rates of some non-agricultural land uses
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Figure 6.10 Estimated daily ET rates of some agricultural land uses including grassland and

water bodies

Likewise, from Figure 6.10, the probable reason for the more variation of E7 rates in agricultural land
use class during the dry winter period could be as a result of temporary irrigation practice especially
under the Cultivated, temporary commercial, irrigated land use class from which relatively high £T
rates were observed to be persistent throughout the observation period. Generally, the Cultivated,
temporary commercial dry-land farming had relatively higher and persistent ET rates compared to
Cultivated, temporary, subsistence dry-land farming land use class and the ET rates for unimproved
grassland are more or less the same as for the Cultivated, temporary, subsistence dry-land farming
land use class as depicted in Figure 6.10. The ET rate for water bodies during the dry season ranged

between 3 and 3.5 mm.d™', and 5 to 6 mm.d"' during the wet season.

It should be noted that the land use class of “water bodies” is inclusive of both natural and man made
water bodies that can consist of multiple mixed pixels falling both on land and inside water bodies as
can be seen in Figure 6.11. The spatial variation of ET during the dry winter season and wet summer
season is clearly depicted in Figure 6.11 as can be seen in the change in contrast, with relatively high
ET being observed over the entire study area during the summer season, e.g on 5™ April 2006
compared to the dry winter season, e. g on 1* August 2005. Good quality MODIS images were

captured on these dates and hence made good samples for spatial representation of variation of ET
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over the seasons. The effect of “mixed™ pixels is visible in Figure 6.11 (lower pair of figures),
especially with the “water bodies™ land use class, where it is seen to fall under different pixels with
different ET values especially during the dry winter season. This could be attnbuted 1o the fact that
many reservoirs change size during the year, becoming smaller st the end of the dry season, but the
classified land use map remain the same, hence the values shown in Figure 6.9 and 6.10 are an average
of wet and dried sreas of reservoin, otherwise the ET rates from water bodies and wetlands is likely w0

be higher.

A similar observation was noted by WaterWatch (2006), where the water bodies land use class in the
Inkomasti catchment in South Africa wos observed to have less evaporative water use during the dry
season tham agricultural land uses, notably irrigated crops. In this siudy, such an argument is
confirmed during the wet season (April), when the ET rates from water bodies is seen to be higher
than any other land use, when most of the reservoirs are ot their full capacity,

Diry winter seasaon - Wet summer season

Figure 6.11 Spatial variation of ET in winter and summer season in the study ares
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6.4.2 Monthly ET

Figures 6.12 to 6.17 shows monthly ET values for 17 land uses in the study area for the months of
June, July, August in the year 2005 and Aprll, May and June for the year 2006. It is important 1o note
that the land use classification was gencrated and based on Landsat images with a pixel resolution of
30m, while the ET images were generated from MODIS data with a resolution of | km, This has an
impact on the evaporative waler use analysis in that land uses with small areas (cf. Table 6.2) are
considered to be less accurate than when the ET is computed from Landsatl images.
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Figure 6.12 June 2005

154



Remosmnal réormal
Lot

Bare mock & scil

Cultre. Temp

Figure 6.13 July 2005

DBare rock & sl

Figure 6.14 August 2005

155



$ & B8R &2 E -
(ww) 13 Appuon

Bare rock & ok towrahip!
B roce & seil
Degraced Grasstand
Urimproved Grasstand
Culw Temp. suba
irban - residential erylana
Residential {informal Unimpreved Grasusng
et
Impraved Grassiand Lin + ISy
Woodnd Thicks, i
Briublard Bnd Low
Thcket. Bushiand Fynbos
Srmutiard ard Los Improwed Grassinnd
Culv. T
v Tamp
Cuftiy Targ s
P cemem mgaied drylang
Cults: Temg Weterdy
mrT o dmia-a
Bgancus frest Woodiand
(O | s 2o e ma
i Chier | rasad spp
P g i indganous forest !
-
E
VeEETOOES w \‘ oo . e
& a &
i gggrgzssear
,Ev (uanss) 13 Kpngansony

156



Figure 6.17 June, 2006

The suggested minimum number of ET images for computing monthly ET values is two (Bastiaanssen,
2006), Nevertheless, in this study, three or four Images wore used save for the month of June 20035
where only 2 MODIS images were available. The lowest monthly ET values were observed in the
maonth of August 2005, with the Eucalyptus forests having the highest monthly evaporative water use
of Témm while bare rocks and eroded soil land use class rmnking the lowest with a monthly water use
of less than |0mm. From Figures 6.12 to 6.17, there is progressive reduction in the monthly
evaporative water use through the dry winter season for all land use classes. Nevertheless, the relative
water use for the various land use classes for all months mimics a conservative pattern with minor
deviations, with Fucalyphus snd Pine forest being the main water users. The deviations could mainly
be anributed 1o land manapement practices within a land use and localized soil water limitations. For
example cleared forests will have less ET° rates than actively growing, with stape of growth
influencing the water uptake by the trees. The month of April 2006, within the analysis period, had the
highest monthly ET values for all tand uses as indicated in Figure 6.15, The water bodies ranked the
highest in evaporative water use, with a monthly total of 165mm. Eucalyptus ranked second, with a
monthly total of 140mm followed by pine and wetlands with 123mm each. Figure 6.18 shows the
vanation of monthly rainfall and reference ET as monitored in the Potshini catchment, located in the
Quaternary Caichment V13D. During the winler season, monthly potential ET exceeds the monthly
rainfall, with a similar trend being observed when actual ET from most of the land uses (Figure 6,12 to
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6.17) is compared to the monthly rainfall. The most likely source of water (o offset the deficit in the
water balance due to the evaporative water use of the various land uses is the soil water. This is cither
in the form of water stored in water bodies such as wetlands, and in the soil which the deep roated
land wses such as forests, are able to accoss

Even though the observed rainfall and potential ET at the Potshini catchment is not representative
across the entire 3028km’ study area, they give an indication of the temporal variation of these fluxes
in the study area. The weather station of the Poishini catehinent is locabed in the midst of smallholder
farms in a local community and hence the potential ET at this site may not be the same for other land
wses under different altitudes and soils. The month of March and April 2005 received 189 and | 6mm
of runfall respectively and bence the relatively high ET rates in April could be attribuled o the
antecedent soil moisture from the previous wet months. Hydrological measurements al the Potshini
catchment during the month of April 2005 indicated moist soil conditions with high ground water
levels, the later being a significant contributor to the stream flows in the calchment especially during
the dry season as described in Chapter 4.
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Figure 6.18 Rainfall and reference ET in the Potshini catchment
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The actual monthly ET for all land uses (cf. Figures 6.12 1o 6.17) mimics the monthly rainfall, with
Thicket and Bushland land use class ofien having higher monthly sctual ET values than the temporary
cultivated subsistence land use class. One could srgue that, the Thicket and Bushland land use class
could be changed to temporary cultivated subsistence without significant cffect on the monthly water
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balance of the arca. Nevertheless, it is recognized that there are other factors to be considered before

making such a decision.

Indigenous forests often had the lowest monthly ET value compared to other forest land use classes
{Eucalyptus, Pine and mixed species), with the lowest value being 53mm in the month of August
2005, with Eucalyptus and Pine using 70 and 75mm respectively. Maturally, indigenous forests tend to
adapt to availability of water, with less transpiration and shedding of leaves during the dry season to
cope with the water stress. This is not the case with non-indigenous tree species which are evergreen,

thus continuously abstracting water from the sub-surface,

There is a remarkable difference in the water use by the various catepories of grasslands in all months,
with, degraded grasslands having the least evaporative water use. Unimproved grassiands, with the
largest spatial coverage of 2161 km® (71%), had less evaporative water use compared to improved
prasslands which had an area of 1.04 km’. Nevertheless, it is useful to note that the unimproved
grasslands had the highest gross water use in absolute terms considering the spatial coverage, though it
is not clear from the CSIR land use map whether the improved grasslands are irrigated or not. An
interesting scenario evolves when one projects the implications of upgrading the unimproved and
degraded grasslands to improved grasslands with regard to water resources management. Similar
scenarios on impacts of land wse change to water resources at a larger catchment scale, based on
evaporative water use, could be assessed. For example, the cultivated, temporary, commercial farming
and cultivated temporary subsistence farming are the second largest land uses in the study area with a
spatial coverage of 246 and 214 km’ respectively. The temporary commercial farming had monthly ET
values of 94mm in April while the subsistence farming 63mm and a significant impact could be
registered if the areas of the two land uses were to be swapped or the subsistence agriculture to be
upgraded. Such a scenario analysis exercise could be wseful to assist water resources managers in
understanding the possible implications of land use change, or the impact of upscaling certain land
uses, to the water resources in a catchment and river basin at large, Table 6.4 indicates monthly
volume of evaporative water use for different land use classes in the study area, which was estimated
by multiplying the monthly ET by the area of the respective land uses. In absolute terms, the
umimproved grassland had the largest volume of water use followed by cultivated temporary
commercial irrigated dry land and cultivated temporary subsistence dry land farming. Although
Eucalyptus had the highest monthly evaporative water use (Figure 6.12 to 6.17), it often took a lower
rank on the hist of land uses with the largest volumetric water use due o its relatively small areal
extent. Thus, the general observation from Table 6.4 is that the areal extent of the land uses has a

significant impact in the absolute volumetric water use of respective land use classes and hence
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supporting the importance of carrying out a scenario analysis to assess the impact of land use changes,

e.g intensification, swapping of areal extents etc. to water resources in a catchment and river basin at

large.

Table 6.4 Monthly volumes of water use for different land uses in the upper Thukela river basin

Land use Area Volume of water use (x1000m°)
Km® June ‘05 | July ‘05 | Aug. ‘05 | April ‘06 | May ‘06 | June ‘06

Eucalyptus spp. 35.529 3970 3848 2683 5039 3848 3472
Pine spp. 3.879 366 343 274 475 343 343
Indigenous forest 12.3 839 1049 649 1178 1049 1049
Other/mixed 5.724 438 468 322 624 468 468
species
Water bodies 40.449 3200 2884 2662 6698 2884 3847
Wetlands 6.197 426 317 288 759 317 317
Thicket/bush land 63.394 4274 2560 2612 3524 2559 2559
Improved 1.041 48 50 36 47 50 50
grassland
Cultivated temp. 246.196

. 9494 9868 9571 23142 11818 11817
commercial
irrigated dry land
Cultivated temp. 214.925 4492 5931 2837 13498 5931 5932
subsistence
dryland
Unimproved grass | 2161.743 77823 59982 65153 63523 59982 59984
land
Shrub land and 23.607 647 975 479 1369 975 974
low Fynbos
Bare rocks and 0.568 130 135 83 219 135 135

eroded soils
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Maize, wheat and pulses are the main crops in the study area and grow actively during the wet summer
season (October to April), with harvesting taking place between May and June. This explains the
rather low monthly ET values for the cultivated temporary commercial imigated land use class
especially during the winter season when most of the land is left fallow, with imgation mainly being
used to supplement the intra seasonal crop water requirements deficits. Again it, should be noted that
changes in land management practices within a predetermined land use class could adversely affect
the surface flux signatures and consequently impact the average ET computed from the SEBAL

analysis,

Wetlands had relatively lower monthly ET values than the forest land use classes especially during the
dry winter season. The most likely explanation could be the existence and influence of mixed pixels,
dry und wet, in the delineated land use on ET images as a result of change in the arcal coverage with
time, not withstanding the low spatial resolution of the ET images.

6.5 Conclusions

This chapter demonstrates the application of 2 remote sensing technique 10 quantify the evapomative
water use of various land use classes in the upper parts of the Thukels river basin. The SEBAL
methodology was applied to the freely available MODIS images. The SEBAL ET resulis were
complemented with ficld measurements from the Large Aperture Scintillometer installed in a
catchment located in the Quaternary Catchment VI3D, of which the SEBAL estimates and field
measurements were comparable. Twenty four land uvse classes were found in the smdy area
comprising thirteen QC"s, with enimproved grassland occupying 71% of the total area, 3028km’. The
land uses with the highest evaporative water use was found to be commercial forest plantations, with
Eucalyplus and Pine generating the highest green water flows. High evaporation rates over waler
bodies were observed during the wet summer season when both the natural and man made water
bodies were likely to be at full capacity.

This stusy has highlighted the heterogencity associated with spatial variation of ET with respect to
land use classes and the possibility of applying remote sensing to overcome such a challenge, with
more prospects for assessing the impacts of land use change, e.g upscaling or intensifving certain land
uses, 0 hydrological systems. The approach used in this study to estimate the evaporative and
subsequently volumetric water use of different land use classes in the upper Thukela river basin has
the potential to predict implications on water resources from scemarios of land use changes in
catchments and river basins and which is useful in water resources planning. In particular, the ability
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to estimate the spatial variation of ET over large spatial extents using satellite images adds value to
this approach. However, the uncertainty associated with low resolution satellite images for mapping

ET over small areal extents is still a challenge as illustrated by the irregular results from wetlands and

water bodies.
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7.0 A conceptual framework for identifying the dominant hydrological

determinants across scales

Summary

There is a need to integrate knowledge and science from other relevant disciplines in the mamsiream
hydrological science especially when addressing scaling issues by establishing a pragmatic conceptual
framework which integrates data and information from other science disciplines. A conceptual
framework {s not a theory, but a means of organizing knowledge o facilitate description, explanation
and prediction of a pattern or a process. In this Chapter, a conceptual framework is proposed for
integrating geophysical measurements, isotope tracers and remote sensing &t differenl scales, 0
complement the classical hydro-meteorological monitoring, of which the latter is typified by pomm
measurements. Basically, this Chapier endevours to integrate the methodological approsch and
sclentific evidence derived from previous Chapiers in this thesis into a framework, with a potential 10
enhance better understanding of hydrological determinants across scales. Each of the above mentioned
measurement approaches has its strengths and weaknesses in identifyving the relevant hydrological
determinants at various scales as highlighted in this Chapter. The suggesied framework provides a
platfirm for incorperating such determinants, derived from other scientific disciplines, into distribured
hydrological models, thus enhancing their predictive power by reducing the uncertainty associsted
with point measurements. Its application is illustrated by a case study from the Potshini catchment and
the Thukela river basin in South Africa.

71  Intreduction

The validity of the transfer of research resufts from small to larger basins, and from one region to
another is of practical importance (Pilgrim et al., 1982; Pilgrim, 1983). A large proportion of research
has been carmed oul on small calchments, but larger calchments (nver basins} are of practical
importance and it is at this scale that the rescarch results are applied for management purposes.
Rodriguez and Gupta (1983) highlighted the need to promote the search for an appropriate level of
conceptualization of hydrological processes compatible with the scale of the phenomenon observed on
the basin as a whole. It is recognized that catchments exhibit spatial variability of land characteristics
such as geology, topography, soils, landuse and vegetation, of which govemns the partitioning ol
minfall and contribute to defining the spatial distribution of soil moisture within a catchment and basin
at large (Glntner and Broastert, 2004). In hydrology, we cannot carry out fully controlled
experiments, let alone critical experiments designed to discriminate between alternative hypotheses
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(Dooge, 1986). However, this circumstance should not lead us either to despair of discovering the
nature of the irregularities in hydrological behaviour or to a denial that such irregularities exist. The
relevance and importance of defining and providing large scale description of dominant hydrological
processes cannot be overemphasized. Such a drive comes in the advent of progressive development of
computing power, where large spatial data sets can easily be processed and archived in user friendly
computing frameworks. Advances have been made in process understanding through complementary
measurement techniques, e.g using geophysical and hydrometric measurements (Sandberg et al., 2002;
Uhlenbrook et al., 2005), applying geophysical and tracer measurements to complement hydrometric
measurements (Wenninger et al., 2007). In this study, a conceptual framework is suggested for
incorporating classical hydrometric, geophysical and tracer measurements together with surface fluxes
retrieved from remote sensed images for better understanding and appreciation of the critical processes

across various scales.

This Chapter strives to demonstrate the value of data, especially “new” data sources in the
hydrological science, thus directly contributing to the International Association of Hydrological
Scientists (IAHS) led initiative on Prediction in Ungauged Basins (PUB) (Sivapalan et al., 2003),
whose focus is to improve process understanding across scales thus reducing uncertainty in process
description and data capture. This in turn should lead to reduction in uncertainty in process model
parameterization, as highlighted in the PUB science focus. The conceptual framework presented in
this Chapter supports and encourages the integration of data and the convergence of different forms of
knowledge from different science disciplines in addressing hydrological processes, thus departing
from the conventional hydrology paradigm, where the latter has been limited to knowledge generated
from the hydrology discipline without learming from the immense information derived from the
various science disciplines. It is anticipated that this conceptual framework will, among other things,
lead to better conceptualization and understanding of hydrological processes, both in space and time,
thus defining a better representation of hydrological processes in hydrological models. This will lead
to innovative approaches in integrating of new data sets schemes and new ways of considering and
communicating uncertainties thus enhancing robustness of hydrological modeling and our
understanding of surface and subsurface water interactions among other uncertainties in the

hydrological cycle.

Most often, large scale models make use of data extrapolated from small scale measurements thus
involving some sort of extrapolation or equivalently, transfer of information across scales (Bloschl and
Sivapalan, 1995). Many authors have indicated that extrapolation of processes across scales leads to

Joss of detail and lack the credibility to depict the actual signature of the process. In this regard, there
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is a need to establish a framework capable of capluring the footprints at reasonable scale of occurrence
thus circumventing the typified extrapolation theories which has limited hydrological studies for a
long time. One of the basic questions that has, and will always, challenge hydrologists is whether it iz
possible to observe and record fluxes at the actual ocourrence scale. This is a fundamental question
that needs input from various scientific disciplines given the fact that the occurrence of the various
fluxes is influenced by many factors, some of which cannot be explained using the established theories
in hydrological science. It is generally accepted that a physical hydrological process is the same across
scales, e.g, infiltration at hillslope scale is the same to that at a river basin scale while total evaporation
af & calchment scale is the same as at river basin scale. What differs 15 the magnitude of the respective
process across scales as a result of inherent heterogeneities across these scales, of which influences the
variability of respective processes as illustrated in Figure 7.1, where the infiliration process is shown
to vary across spatial scales due to terrain and morphological changes over the landscape,
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e B Deep and regional
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Figure 7.1 Variation of infiltration across scales (Chaplot, 2007)

Figure 7.2 further highlights the temporal and spatial varation of some of the main processes
mfluencing the interaction between surface and subsurface waters. Surface mnoff occurs at spatial

scales ranging from several m’ to catchment scale at a temporal scale ranging from seconds to days,
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while discharge from shallow ground water {subsurface discharge) occurs at a spatial scale similar 1o
the surface runcff but with a temporal scale ranging from days to years.

i
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Figure 7.2 Spatial and temporal variation of some of the main processes influencing surface and
subsurface water interactions across scales (Chaplot, 2007)

The deep and regional ground water fluxes occur af a larger scale spatial and temporal scale, with a
spatial coverage from point 1o river basin scale and a temporal scale ranging from years to over
thousand yvears.

Thus, the intention of the suggested conceptual framework is 1o provide for integration of other
science disciplines in quest for captuning the dominant hydrological fluxes across scales, from
hillslope to river hasin scale, by increasing the observation prowess at the occurmence scale of the

dominant hydrological process.
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7.2  Hydrological models and scale issues

Complexity in a catchment can be modeled wsing distnbuted physically-based hydrological models
based on the partial differential equations describing surface and sub-surface flows, following the
general conceptual framework described by Freeze and Harlan (1969). A model is not a theory but a
simpler descriptive of a prototype system and which can produce some but not all characteristics
thereol (Dooge, 1986). Silberstein (2006) highlighted three main purposes of models as: (1) They give
a framework 1o assemble our process understanding and to explore the implied system behaviours that
come from that understanding (ii) as a mechanism for testing data, to check for inconsistencies and
errors, and 1o fill in missing information. They also give us a method to explore the implications of our
measurements (iii) as a ol to explore scenario options.

These may be oplions for management of a system or exploring possible outcomes under a range of
difTerent input conditions. However, it is acknowledged that models are more attractive due 1o the fact
that they are much cheaper and faster than doing real experiments, carrying out observations and
secking (or patlerns and similarities acrosa scales. They also have the ability to predict things, though
with uncertainty, that we may nol be able to do m the real world, or perhaps that would not really
happen (Silberstein, 2006). As highlighted in Beven et al, (1988), Beven (2001) there are some
scientific concerms around hydrological models, despite their data limitations, regarding their hasic
theories and boundary conditions given the fact that real catchmenis are heterogencous in nalure with
uncertain boundary condibons. Uhlenbrook and Sieber (2005) reviewed some of the fundamental
issues regarding physically based models including application of equations derived from laboratory
experiments in the model structures and more importantly the concept of equifinality. This concept is
claborated in detail in Boven (1993, 1996 & 2001) and Savenije (2001). Nevertheless, one of the main
challenges facing hydrological modeling is the tendency for the model developers to become absorbed
with details of their models and neglect the need for objective testing of the model’s ability o
represent the reality (Silberstein, 2006). Dooge (1986) highlighted that in most cases, the effors for
developing new models have not been matched by the development of criteria for the evaluntion of
their effectiveness in reproducing the relevant properties of the prototype. Similar sentiments were
earlier highlighted by Klemes (1983} when noting that most hydrological models (both deterministic
and stochastic) often develop only in the sense of scquiring more and “fancier Plolemaeic epicycles”
and “hiding more skillully their hydrological sterility”™. Silberstein (2006) further added the dimension
of datn in science by noting that science is founded on observations, that data are science and that
models are complement to them but not a replacement for them.
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It took the courage of Dooge (1986) to state that, the hydrological science is ripe for a scientific
revolution where hydrologists may need to (i) develop new, conceptually simple and radical
hypotheses (ii) carry out comprehensive observations capable of falsifying or confirming such
hypotheses (iii) develop skills and patience in analysis to bring hydrology to advanced levels similar to

the Newtonian synthesis.

Several studies and initiatives have taken up this challenge in the past two decades, most notably the
Prediction in Ungauged Basins (PUB) initiative (Sivapalan et al., 2003) through the International
Association of Hydrological Scientists (IAHS). The modus operandi in the PUB science plan is to
maximize data collection and analysis with a focus on developing new observational tools that will
enlighten the hydrological community on the inner workings of catchments and river basins; that
hydrologists may better understand and predict their responses to forcing, and thereby better manage
for environmental and human outcomes. The role of data across scales in developing hydrological
understanding has been emphasized in the PUB initiative and thus the suggested framework herein is
aligned with this initiative by providing an approach for considering dominant hydrological
determinants across scales. As models gain complexity, or expand the processes represented, the
demand for data to calibrate and validate them increases. At the same time, as technology improves
and we have the ability to measure more attributes with greater precision, models expand to make use
of these opportunities, e.g the potential to incorporat remote sensing data in hydrological models
(Schultz, 1993). The suggested conceptual framework strives to consolidate the strengths of various
science disciplines with focus on characterizing the nature of the dominant hydrological processes at
different scales thus forming a pragmatic conceptual framework upon which the hydrological

determinants across scales can be identified. This frame work draws the strength from the following:

i) Classical hydrometeorological monitoring
i) Geophysical measurements
iii) Remote sensing

iv) Isotope tracers studies

7.3  Monitoring of hydrological determinants

7.3.1  Classical hydro-meteorological monitoring

Catchment research studies using classical hydro-meteorological monitoring have been ongoing for
many years in various regions with different objectives, e.g Blackie and Robinson (2007) reported on

research catchments established in the late 1950’s in the United Kingdom (UK) and East Africa to
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investigate the impact of land use change, from grazing to coniferous plantation forestry, on waler
resources, Lorentz et al., (2007) detniled the establishment of the Weatherly research catchment in
South Africa, starting from 1995, with the objective to investigate land use changes associated with
stream flow reduction activities by improving the ACRL' model (Schulze, 1995), a deterministic
physically based model, in representing the observed hydrological processes st a mange of scales.
Chapter 2 of this thesis highlights the establishment of the Potshini rescarch catichment, which started
in 2004, on the foothills of the Drakensberg mountains in South Africa to investigate among other
things the impact of rainwaier harvesting in the catchment. The Poishini calchment was established
through a participatory approach where the local community and other stakeholders were involved at
different levels of participation. Generally, research catchments are inlended to provide quantitative
information on the dominant hydrological processes and the interaction of these processes within the
framework of waler resources management at catchment scale. The catchment response at the outlet &
integration of all the processes in the catchment, making it possible to consider flux balances,
including water quality issues even though it is difficult to determine the sources of the respective
Puxes in the catchment without applying other complementary studies, ¢.g tracer studies. Most of the
measurements under classical monitoring schemes are point measurements, eg  rainfall,
evapotranspiration, soil moisture etc. and many are the times when such information has been
extrapolated to larger spatial scales without taking into account the inhcrent helcrogencitics associated
with complexitics arising from variability of the various hydrological processes across scales and soil
properties. The question on how 1o scale up knowledge gained from monitoring st calchment scale to
larger spatial extents of managerial scales has often arisen and it has been a challenge in the
hvdrological science to overcome this using stand alone mformation and datma from classical
hydrometeological networks.

7.3.1  Geophysical measurements

Geophysical measurements provide a very aftractive method for soil characterization (Samouélian et
al, 2005). Under normal circumstances the structure of the subsurface material does not change
rapidly, with its properties mainly being infloenced by hydro-climatological fluxes. The
charactenization of the subsurfiace material using geophysical methods (e.g. Electrical Resistivity
Tomography-ERT) has gained popularity in hydrological sciences in the past decade due to its ability
o profile the properties of the subsurface material and underlying features which infleence subsurface
hydrology, something which is impossible 1o achieve with classical catchment monitoring networks.
Chapter 4 of this thesis claborates a detailed account on the application of the ERT methodology in
characicrizing subsurface material in the Potshini catchment in the Thukela river basin. It is
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noteworthy that geophysical measurements at large spatial scales are also possible now days from
gravity measurements obtained from remote sensing platforms e.g GRACE mission (Tapley et al.,

2004) and airborne mapping.

The ability to carry out resistivity surveys along transects, from few meters to several kilometers, adds
value to the collective effort by hydrologists in finding pragmatic tools to address the scale problem.
Catchment morphology is a dominant control on the spatial patterns of hydrological response under
many conditions. Thus, catchment morphology and hydrological processes are inextricably linked, and
water flow pathways depend critically upon hillslope morphology, particularly where surface water or
near surface flows are the major mechanisms by which water reaches a stream channel (Beven et al.,
1988). However, it is only in the recent past that hydrologists have started paying attention to this
interdependence through defining pathways and mapping subsurface formation along hillslopes
(Uhlenbrook et al., 2005 and Lorentz et al., 2007) using geophysical methods and linking catchment
response to such formations. For example, it is easy to map preferential flow pathways along a
hillslope using ERT, with the pathways relatively being associated with rapid response and
occasionally large magnitude of subsurface flows. However, there are inherent challenges associated
with the use of geophysical measurements in hydrology, most significantly the equipment costs and in
many places, the lack of expertise to interpret the measurements to relevant hydrological information.
Previous studies including Sandberg et al., (2002), Samouélian et al., (2005) and Lorentz et al., (2007)
have shown the successful application and interpretation of geophysical measurements when
integrated with other classical hydrometric measurements, on an event based or seasonal temporal
scale. This strengthens a recommendation that geophysical measurements need to be interpreted
against other conventional hydrogeological measurements for meaningful and successful application
in the hydrological science, as illustrated in Figure 7.3. The derivation of relationships between
classical and geophysical measurements, Figure 7.3, facilitates the interpretation and characterization

of the subsurface at spatial scales larger than those defined by the classical point measurements.
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Figure 7.3 Geophysical measurements for mapping subsurface
7.3.3 Remote sensing

The era of satellite meteorology was marked by the launch of the first satellite, Sputnik I, in 1957,
which was closely followed by the launch of a similar satellite in 1960, the Television Infrared
Observation Satellite (TIROS-1) (Menzel, 2005). Numerous authors in the past decade, e.g Klemes,
(1983), Salomonson and Choudbhury (1991), Schultz (1993), have highlighted the significant
contribution and potential of remote sensing in hydrological studies especially, the scale issues.
Currently, there are numerous satellite imagers in space, both Polar orbiting and Geo-stationary from
which the hydrologists are able to obtain the valuable data (real-time and archive), often free of
charge. However, the general inherent problems faced by many hydrologists with regard to psing
remote sensed data, and also highlighted by Schuliz (1993), are the fact that
i) The remote sensed data consist of electromagnetic information instead of the conventional
hydmo-meteorological data, and many hydrologisis do not have skills needed, including
resources, to retrieve useable information.
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ii) The resolution in time and space of the remotely sensed data is sometimes higher or lower
than required. It is appreciated that the resolution of the satellite data is attributed to

respective imagers, with coarser data having higher temporal resolution and vice versa.

One of the fundamental advantages of remote sensing is that it provides an appropriate vantage point
from which a distinct hydrological behaviour can be recognized at the occurrence scale, and which is
occasionally far much beyond our direct experience (Schultz, 1993). The continuous development of
remote sensing techniques and satellite technology has gradually facilitated the evolution of the “feel”
for hydrologic scales in a similar way as the telescope and microscope helped develop a feel for
cosmic and microcosmic scales (Klemes, 1983). Numerous authors including Shuttleworth (1988) and
Schmugge (2002) have highlighted the importance of remote sensing in hydrological sciences
including application of remote sensing in estimation of model parameters. Several vegetative and
hydro-climatological parameters can be derived from remotely sensed data, and initiatives by the
European Space Agency (ESA) and National Aeronautics Space Agency (NASA) have resulted in
various useable products, many of which are freely accessible on their respective websites. Thus, it is
possible to retrieve some of these hydro-climatological and vegetative parameters on a daily basis
from remotely sensed data by use of appropriate algorithms as illustrated in Chapter 5 and 6 of this
thesis. Figure 7.4 illustrates a schematic overview of the retrieval of surface fluxes from remotely
sensed data. The validation of such fluxes against field observations obtained from measurements at a
scale matching with the extent of the resolution of respective satellite data adds value to the
authenticity of the retrieved surface fluxes over large spatial scales. A typical example is the validation
of remotely sensed total evaporation fluxes using field measurements from a Scintillometer, e.g. Watts
et al., (2000); Meijninger (2003) and as described in Chapter 5 of this thesis and illustrated in Figure
7.5, and the comparison of Scintillometer measurements with those from an Eddy Covariance, Bowen
ratio and Class-A pan, e.g Savage et al., (2007). Such a framework forms a validation scheme at
various spatial scales linking the monitoring of total evaporation at different scales and facilitating
upscaling of total evaporation, a dynamic and difficult hydrological parameter to establish across

scales.
Scintillometers are expensive, with a Large Aperture Scintillometer costing approximately US

$50,000. Relative to analysis of satellite images, scintillometers have less time investment as far as

installation, data recording and processing is concerned.
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Retrieval of total evaporation from remote sensed images using some of the available methodologies,
e.g the Surface Energy Balance Algorithm for Land (SEBAL) methodology (Bastiaanssen et al.,
1998a), the Surface Energy Balance System (SEBS) (Su, 2002) etc. is relatively less expensive as far
as monetary investment is concerned (i.e computing hardware, image processing software etc), with
accuracy being compromised by the resolution of the satellite images. However, the time investiment

in SEBAL to analyse different images is high.

Other hydrological parameters that can be retrieved from remote sensing data include rainfall (Nezlin
and Stein, 2005), soil moisture indicators (Salomonson and Choudhury, 1991; Vischel et al., 2007),
net radiation, land surface temperature (Kerr et al., 1992 and Kerr et al., 2000), Normalized Difference

Vegetation Index (NDVI) (Farah and Bastiaanssen, 2001), interception among others.

Soil moisture indicators are mainly monitored from satellite observations using passive or active
microwave and infrared temperature sensors while most of the other hydro-climatological parameters
are mainly obtained from multi-spectral imagers on board the Earth Observation System (EOS). One
of the most common and conventional applications of satellite data, especially Landsat ETM, is in
land use classification which is an important attribute in both hydrological studies and land use
management. However, if we are to make a significant contribution to the scale issue in hydrology it is
suggested that the main thrust in application of remotely sensed data in hydrological studies should be
on quantification of spatial variation of surface fluxes rather than their identification. These spatial
estimates ultimately form better input to distributed hydrological models of which has been and
remains a challenge to achieve. Through remote sensing, it is also possible to retrieve rainfall from
satellite data thus the monitoring of its spatial and temporal variation and which is a key information
and input in most of the distributed hydrological models. Rainfall is a dynamic process, constantly
changing in form and intensity as it passes over a given area thus the advantage of remotely sensed
rainfall data over hydrometric measurements is that they provide relatively consistent spatial and
temporal coverage of rainfall information. The monitoring of rainfall, especially in the tropical
regions, is made possible through the combination of the geostationary MeteoSat second Generation
(MSGQG) (Infrared channel) and the orbiting Tropical Rainfall Measuring Mission (TRMM) Microwave
channel) satellite data (Microwave channel) through a regression function associated with a threshold
as an upper cloud temperature limit where rain occurs. The temporal and spatial resolution of the
TRIMM is 15 minutes and 3km pixels respectively. It is worthy noting that there has been progress in
developing new remote sensing strategies for monitoring of rainfall at small scales e.g Ikm? through
airborne remote sensing using X-Band rainfall radar. Nevertheless, it is acknowledged that there are

numerous challenges in using remote sensing to confidently monitor spatial variation of rainfall and

174



hence more effort is required to validate the available methods while secking for pragmatic remote

734  Isotope tracers

Numerous studies in various regions, e.g Kendall et al., (1999); Uhlenbrook and Leibundgut (2002);
Wenninger ¢ al, (2004), Wissmeier and Uhlenbrook, (2007) have shown the potential for applying
tracer techniques, notably the stable natural tracer isotopes (Oxygen-18 and Deuterium), in
hydrological studies for determining flow pathways, sources of water in a catchment and the relative
contribution of esch source to the integral stream flow (hydrograph separation). Oxygen-18 (")
belongs to the group of stable environmental isotopes, (Table 7.1), occurring naturally in water has
been widely used to separte siorm flow into its various components (Herrmann, 1996; Leibundgut,
1999), The "0 is part of the water molecule and hence behaves conservatively, with no chemical or
physical retardation during the flow in & hydrosystem, with the concentrations being given in delta
units (&) and defined by the following expression (Uhlenbrook and Hoeg, 2003 )

50 = Rt = oot * 1000 (1.1

Rl e el

WHETE Riie 800 Ry a7e the ""0/™0 ratios for the water sample and the standard respectively,
with the reference standard for water being the Vienna Standard Mean Occan Water (V-SMOW).

It is noteworthy that meteorologist have used isotope methods to carry out large scale simulations at
continental scale in climate studics and the challenge is (o downscale this information to approprisle
scales of interest to hydrologist and water resources managers. Nevertheless, such information needs a
framework 1o verify such resulis at the desired scales, e.g at hill-slope, calchmen, river basin,

Residence times, resorvoir volumes, and the hydraulic chamcteristics of subsurface flow systems can
be quantified if long-term tracer data are available (Maloszewski et ol., 1981). Tmcer methods provide
suitable tools for investigating runofl generating processes and the knowledge of process and flow
pathways is crucial for evaluating the vulnerability of surface and ground water sysiems (Leibundgut
ef al, 1998} This ultmately facilitates the development of a conceptual process model for a
catchment. The fundamental assumption of the hydrograph separation method is that the peographic
source, the flow pathway, and the residence time of a runoff component control the water chemistry.
Based on this premise. Uhlenbrook and Hoeg (2003) demonstrated the potential for applying tracer
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methods to quantify two, three and five components of a hydrograph. Table 7.1 shows available
tracers that can be used in hydrological sciences and other fields. It is important to recognize that each
isotope tracer has inherent pros and cons with regard to its practical application and hence multiple

tracers are advised for better and systematic analytical results.

Table 7.1 Available tracers (After Leibundgut, 1999)

Natural tracers Artificial tracers
Environmental isotopes | Radioactive Inactive
Stable Tritium "H | Soluble substances | Drifting substances
Deuterium ’H | Sodium-24 “Na Salts Lycopodiumspores in different colours
Oxygen-18 "0 | Chromium-51 *'Cr [ Na" CI Bacteria
Carbon-13 PC [ Cobalt-58 %Co [ KT Cr Fluorescent particles
Helium-3 "He | Bromine-82  ®Br | Li' CI Viruses
Sulphur-34 S | Todine-131 "1 | HBO, Fungi
‘Gold-198 P Au

Radioactive Activatable Fluorescence tracers | Special
Tritium "H | Bromine Uranine Magnetic tracers
Carbon-14 "C | Indium Eosine
Silicium-32 Si | Manganese Amidorhodamines
Chlorine CI_| Lanthan Rhodamines
Argon-37 “7Ar | Dysprosium Naphtionate
Krypton-81 VKr | Pyranine
Krypton-85 PKr Tinopale

Flavines
Chemical components

Conductivity uS /em
Sodium Na
Others eg. Si,
Pollution tracers e.g. Chloride, heavy metals, detergents, radioactive substances, “““Rn, etc.

Even though tracers have the potential of measuring fluxes directly, compared to geophysical
measurements and some of the classical hydrometric measurements, (e.g ground water levels, soil
moisture changes etc.), they need to be used and interpreted against other relevant field measurements,
including biogeochemical data, for better description of a process. The main challenge in applying
isotope tracers in mainstream hydrological sciences, especially in developing countries, is the cost of
analytical instrumentation which is exacerbated by lack of laboratories for analyzing samples. This is
further compounded by lack of expertise in the field of tracer isotopes in many parts of the world,
more severe in developing countries, even though good regional and global data sets for precipitation
and large rivers are available through the International Atomic Energy Agency (IAEA) and other
studies in literature (e.g Talma et al., 2004).
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7.4 Different observation scales

Observation scales are the extents which humans choose to study natural phenomenon, cg on a
temporal time step of daily, weekly etc. Usually, these scales are chosen by the observer even though
maost of the time these scales are imposed by perceptual capabilities or by technological or logistical
constraints (Jewitt and Gargens, 2000). Bltschl and Sivapalan (1995) defined an observation scale as
being characterized by a collection of finite number of samples and which can be defined i terms of
(1) spatial or temporal extfent of a data set (ii) spacing between samples (resofution) (1) the integration
volume of the sample, often referred to as the grain. Figure 7.6 illustrates the definition of
observation scale, with the extemt and grain defining upper and lower limit of resolution of a study
{Jewitt and Gidrgens, 2000).

Lemygih of time Lengih of tme

®
@
CQuantiry

{Jamniry
@

*

Figure 7.6 Three alternative definitions of observation scale in space and time: a) spatial or
temporal extent; b) spacing or resolution; and ¢) integration volume of the sample (adapted
from Ridschl and Sivapalan, 1995)

A summary of the applcability of the observation ftechniques for monitoring hydrological
determinants as highlighted in this framework, across spatial and temporal scales, is illustrated in
Figure 7.7. Remote sensing covers the largest spatial scales, with a spatial scale spanning from few
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square meters to river basin scale and a temporal scale of less than a day (ic several image scenes
capured over a day) to seasonal and annual scales.

t Geophysics
@ 1000 yrs
T s sesmmnanany
0 : .
= - H llrlglng
o : :
£ || :
o Fawm MITII s
= minuig
‘ Tracers
Spatial scale

Figure 7.7 Summary of monitoring tools across scales

Geophysical measurements are more applicable al spatial scales ranging from few m® to catchment
scale and mamnly at temporal scales above a day, e.g in distinguishing variation of subsurface over
events and seasons. Tracers have a relatively wide range of application scales, with a temporal scale
ranging from minutes to thousands of years and a spatial scale from fow m’ to Quaternary Catchment,
Bowen ratio systemns and Class A-Pans are more appropriste at spatial scales less than hillslope for
monitoring total evaporation with a temporal scale of less than a minute to seasons. Scintillometers are
well suited for intermediate spatial scales, between hillslope and catchment scales, with a temporal
resolution range between minutes and seasons, and hence a useful calibration tool for remotely sensed
estimates of sensible heat flux and total evaporation at these scales.

7.5  Conceptual framework

A conceplual framework is not a theory, but a means of organizing knowledge to facilitate description,
explanation and prediction of a pattern or a process (Dollar et al, 2006), by providing more
perspective and dmwing input from various sources. Several authors including He et al., (2000),
Thwaites et al., (2000), Jewilt and Gorgens, (2000), Niemeijer and de Groot (2007), Ryan et al,
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(2007) have highlighted the usefulness and application of conceptual frameworks in various studies
including ecology and land and water resources management. Such a framework, in the context of this
study, provides a means for identifying hydrological determinants across scales and understanding the
heterogeneity of hydrological systems and which has a direct influence on hydrological respanse at
various scales. The suggested conceptual framework provides a platform for integrating information
from remote sensing, geophysics, and tracer isotopes in mainstream hydrological science and notably
in identifying the dominant hydrological determinants across scales. Table 7.2 shows a summary of
the key issues to be addressed sl various spatial scales and the practical approaches, combining
various technigues, which can be used to address the respective issue. Figure 7.8 further illustrates the
linkages between various forms of data and their integration in defining water balance al across scales.

The proposed framework creates a platform for addressing some of the fundamental practical concerns
in hydrology and water resources management of which are influenced by scale issues as discussed in
a case study hergin.

7.6 Application of the conceptual framework: a case study of the Potshini catchment
and the Thukela river basin in South Africa

T.6.1  The Potshini catchment and the Thukela river basin

In this Chapter, the application of the supgested conceptual framework is demonstrated in identifying
the dominant hydrological determinants at different scales in the Potshini catchment and the Thukela
river basin in South Africa. In this case study, the framework has been applied on issues related 1o
land use change and quantification of surface fluxes in the Potshini catchment and the Thukela river
basin, based on analytical and scientific evidence accrued from previous Chapters of this thesis.
Parameterization of hydrological models is discussed as another possible application of the framework
based on results and information from other studies. An overview of the Potshini catchment and the
Thukela river basin has been highlighted in previous Chapters of this thesis, especially Chapters 2, 3
andd 4.
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Figure 7.8 Integration of various forms of data in the conceptual framework
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Table 7.2 Levels of application of the conceptual framewark

Spatial scale Key issues (some examples) Applicable tools Error propagation
Field scale ¥ Water balance » Geophysical
(<1 hectare) »  Land use measurements
# Process models
» (Classical hydrometric
Hill-slope * ldentification of flow paths »  Geophysical s« Electrode spacing in
o Solute transport measurements Geophysical
Soil hydraulic characteristics » [sotope tracers measurements
» Classical hydrometric s Choice of protacol in
*  Process models geophysical
measurements
Catchment » Surface-subsurface water * Remote sensing * Spatial and temporal
interactions «  Geophysical measurements resolution of satellite
o  Hydrograph separation o (lassical hydrometric g
e Water quality and selute transport | »  Isotope tracers . leﬁjl!'e sources of .
»  Soil charscterization o Distributed hydrological baseline concentration
o Land use classification models ef isotopic signatures
«  Water balance
River basin o Water respurces assessment s Distributed hydrological
»  Water quality and solute transport modeling
o ‘Water balance studies Remote sensing
¢ Land use classification Isotopes tracers
* Land use change Classical hydrometric




T.6.2  The Potshini catchment monitoring network

The Potshini catchment monitoring network comprises various gauging structures and instrumentation

as indicated in Figure 7.9, mostly automated, for measuring and monitoring vanious hydrological
parameters from field to catchment scale as deseribed in detail in Chapter 2.

Legend: M

) Catchmentboundary @ Observation bors hole 4  Fiekd axperimental sites A

— Bhrram nabeney &  Sampling piesomsstar l? Beindiilamaiae

8 Hlume O Fain gawge S Weatme bodies km

2 Otmervahon plarometer  #  Weather stafion e Village maem road '.;I_ 0.25 0.5 T
T o L

Figure 7.9 The Potshini catchment

The main parameters monitored al the Potshini catchment include stream flows and sediment load,
overland flow and volumetrnic soil moisture content from ficld experimental plots (sites A4, Md,
MDU, MT in Figure 7.9), shallow and deep ground waler tables, subsurface resistivity using Electrical
Resistivity Tomography (ERT), isotopic composition {Deuterium and Oxygen-18) in both surface and
subsurface water, volumetric soil moisture content, soil hydraulic parameters, crop transpiration rates
and metleorological parametors.
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The application of scintillation techniques (Large Aperture Scintillometer) in estimating total
evaporation in the Potshini catchment forms an intermediate observation and a validation scale for
remote sensed estimates of total evaporation from satellite images in the catchment and the Thukela
river basin at large, using the Surface Energy Balance Algorithm for Land (SEBAL) (Bastinanssen el
al, 1998a; Bastisanssen, 2000). The application and basic working principles of the various
instruments in the Potshini catchment monitoring network is detailed in Chapter 2.

7.6.3 Land use change impacts

Land use change is a major concern o the hydrological community and water resources planners,
Landscape patterns are not static but change over time. Anthropogenic activities are the main drivers
of land use change where as landscape structures are artificially manipulated often leading to altered
or damaged habitats (He et al, 2000). It is difficult to convincingly and explicitly analyze land use
change across scales based on the classical hydrometeorological networks alone, due to their inability
to capture the inherent spatial and temporal beterogeneitics that exists across scales. The impacts of
land use change (e.g change in land management practices, intensification or upscaling of land uses)
can effectively be investigated from field scale 1o river basin scale through the combination of
classical hydrometric stations, remote sensing, geophysical measurements and isolope tracers, with
additional spatial data from soil maps, aerial photographs and high resolution Digital Terrain Models,
a8 Illustrated in Figure 7.8,

In this case study, analyses were undertaken to determine the impact of different land management
practices in the Potshini catchment, ie conventional and comservation tillage systems. Classical
hydrometeorological monitoring (ef. Section 73.1) was used 1o monitor mmoff generating
charncteristics from runoff plots installed in the caichment al sites HA, M4, MT in Figore 7.9 under
different land manngement systems. Each site formed an experimental trial, with two of them i.e HdA &
MA, being managed by smallholder farmers in the Potshini catchment. A total of six runoff plots
measuring 10m by 2.45m were installed in the three sites in the caichment, two on each site and under
different tillage systems. At each site, one runoff plot was installed in a field under conservation
tillage (minimum tillage) and the other under conventional tillage. A tipping bucket was used to
measure the surface runofl intensities from each site and the data were recorded with a HOBO data
logger. Rainfall was monitored using an automatic weather station installed in the catchment while
manual min gauges installed at, or close to, the experimental sites complemenied the weather station
daily total rainfall records. Volumetric soil moisture content was monitored along the soil profile on
each runoff plot using a TRIME-TDR probe (TRIME-FM, 2003} at an interval depth of 30cm in
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access tubes to depths ranging from 1.2 to 1.5m. Time Domain Refletometry (TDR) method is a
geophysical method (cf. Section 7.3.2) that measures changes in soil water content by sending a very
high frequency (~GHz) electrical signal into the soil, and the velocity of the reflected signal is used to
calculate an apparent dielectric constant, which is a function of soil water content (TRIME-FM, 2003).

Figure 7.10 shows results from one of the field experimental sites, M7, in the Potshini catchment, with
regard to soil moisture retention characteristics of conservation and conventional tillage systems in the

Potshini catchment for the period between 21% April and 25" August 2005.

20 ——— T e e - 45

Conventional tillage | ——30cm
= ~=—§0 cm !

Conservation tillage

Rainfall (mm/d)

Volumetric soil moisture content (%)

12 3 4 56 7 8 91011 12 13 14 1516 17 18 12 3 45 6 7 8 9 1011 12 13 1415 16 17 18
Time (weeks)

Figure 7.10 Soil moisture profiles under conventional and conservation tillage systems at site

MT for the period between 21™ April to 25" August 2005

The cumulative surface runoff from the runoff plot under conventional tillage over the entire
observation period at site M7 amounted to 1.238 m® while 0.45 m® was recorded from the runoff plot
under conservation tillage practice and hence translating to a percentage reduction of close to 64%.
Such results more or less conform to observations made at site M4 and HA, where a percentage
reduction in surface runoff was found to be 57 and 46% respectively. The general observation from
Figure 7.10, is that conservation tillage system conserves more soil moisture than conventional tillage
system where a significant trend in difference in volumetric soil moisture is maintained across the soil

profile and throughout the observation period untill the last two weeks of measurements (week 16-17)
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in August, when early rains were recorded in the calchment. Relatively high soil moisture conlent was
observed at deeper depths in the plots under conservation tillage practices as compared o
conventional tillage practices, as indicated in Figure 7.11, hence raising the possibility of interaction
of the excess 5011 moisture under conservation tillage systems with shallow ground water through
recharge. Such an interaction at field scale, even though not analysed in this case study, could be
investigated through the application of both geophysical measurements, i.e, the Electrical Resistivity
Tomography (Loke, 2003) (cf. Section 7.3.2) and piczometric readings of shallow ground water (ef.
Section 7.3.1) in plots under conservation and conventional tillage peactices respectively, The ERT
measurements provide a characterization of the subsurface material (cf. Chapter 4) and hence
volumetric soil moisture content and pierometric readings (shallow ground water levels) from the
respective plots could be analyzed together to provide a better perspective on the interaction of soil
morsture and shallow ground water at field scale with regard w0 impacts of conservation and
conventional tillage systems (cf. Chapter 1).

Such an analysis could be upscaled 1o hill-slope and catchment scale (ef. Figure 7.8), where 2-D ERT
measurements along transects spanning 1o several kilometers, or 3-D surveys, in combination with
other classical hydrometrical monitoring (e.g shallow ground water piezometric readings along hill-
slope transects, soil hydraulic properties, rainfall, stream Mows etc) could reveal the inlernction of
surface and subsurface water at catchment scale as highlighted in the conceptual framework (Figure
7.8) and which was realized in the Potshini catchment. Severnl 2-D ERT surveys were carmied out in
the Potshini catchment, using the ABEM" ERT terrameter system, (cf. Chapter 4) on transects
spanning from 200m 1o 500m at different electrode spacing of | and Sm., with the lafter spacing
providing deeper measurements (>50m) at the expense of more detail and resolution of which is a
chamctenstic of the shorter electrode spacing including shallower measurements (<15m). The
fMluctuation of the shallow ground water in the catchment was monitored using B piezometers along 2
transects in the calchment while samples of the subsurface water, for isotopic compaosition of Oxygen-
I# and Deuterium, was obtained from 4 piezometers (shallow ground water) and a 120m decp bore
hole {deep ground water) (cf. Figure 7.9). Rainfall was also sampled using a rainfall collector for
isotopic composition of Oxygen-18 and Deuterium while the stream flows from the catchment was
measured using an H-flume from which samples were also obtained for analysis of suspended solids
and isotopic composition of Oxygen-18 and Deuterium.

The fluctuation of shallow ground water in response 10 rainfall m the Potshini caichment in two
piczometers, PR and PRB2 in Figure 7.9, is as shown in Figure 7.11, while Figure 7.12 shows the
response of stream flows 1o rainfall,
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Figure 7.12 Response of stream flow to rainfall in the Potshini catchment
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Figure 7.13 ERT survey across the stream in the Potshini eatchment

It is useful to note that the numbering of the piezometers in Figure 7.9 decreases lowards the siream,
with PRE4 and PLB4 being located on the upper slopes of the respective hill-slope transect. Figure
7.13 shows resistivity survey along one of the transects in the Potshini catchment. An exclusive
account on the interactions of surface and subsurface water in the Potshini catchment is detailed in
Chapter 4. It can be observed from Figure 7.11 and Figure 7.12 that the stream flow in the Potshini
catchment responds to rainfall much faster than the shallow ground water even though quick response
of the latter can be observed on days that received high rainfall intensity, The ERT survey, Figure
7.13, revealed the subsurface characterization along one of the transects surveyed in the catchment,
with low resistivities indicating saturation conditions or presence of clay material. The resistivity
values along a transect can be related to specific land uses on the same transect after carrying out a
detailed cormelation exercise, Thus, the impact of conservation and conventional tillage systems to the
hydrological regime at catchment scale could be investigated by analysing the interaction of surface
and subsurface water through the application of classical hydrometrical monitoring and geophysical
measurements (ERT) as highlighted in the fmmework and further supported by results from the
Podshini catchment. The applicabion of tracer isotopes (0 defing sources of Mow, pathways and resident

time would add more value in such an analysis.

The calchment land use change studies can be upscaled to larger scales, ie, to river basin scale
through the combination of remote sensing (cf. Section 7.3.3) and classical hydrometric measurements
{cf. Section 7.3.1} as highlighted in the framework (cf. Figure 7.8). Some geophysical measurements
covering large spatial scales can be done from remote sensing platforms e.g pravity data from the
GRACE satellite platform, and magnetism measurements from air-borne radars. High resolution
remote sensed images, e.g Landsat ETM, SPOT, ASTER, provide land use cover maps from which the
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rate and patierns of land use change can be analyzed. For example, it is possible to map arcas under
conventional and conservation tillage systems in a catchment and river hasin at large, after ground
truthing, and determine their respective mte of change with a possibility of determining the
hydrological impact associated with such a change, Thus, it 1s also is possible to quantify the rate of
land use changes by analyzing the percentage change of respective land use cover over seasons or
years. Figure 7.14 shows a land use map for the upper Thukela river basin, where the Potshini
catchment is located, developed by the South African Council for Scientific and Industrial Research
(CSIR) in the vear 2000 using Landsat images, while Figure 7.15 shows the percentage coverage of

ench land use in the same area.
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Figure 7.14 Land uses for the upper Thukela river basin derived from Landsat images by the
CSIR for ihe year 20N

A study was carried out to determine the evaporative water use of the different land uses in the upper
Thukela river basin using the Surface Energy Balance Algorithm for Land (SEBALD), a remote sensing
technique, (Bastiaanssen, 2000) and the Moderate resolution Imaging Spectroradiometer (MOIS)
satellite images (with a pixel resolution of 1km) on a monthly time scale as described in Chapter 6. 11
was observed that each land use had a different evaporative waler use as indicated in Figure 7.16
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Figure 7.15 Percentage coverage of respective land uses in the upper Thukela river basin
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Figure 7.16 Monthly evaporative water use for various land wses in the spper Thukela river
basin for the month of June 2005, The Potshini catchment is located in the upper Thukela

In June 2005, the Eucalyptus and Pine forests land use had the highest monthly evaporative waler use
compared to the other land uses in the study area with each having a monthly evaporative waler use of
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114 and 96mm respectively. Bare rocks and eroded soils had the least evaporative water use of less
than 10mm in June 2005. Hence, the above analysis shows the potential of applying the suggested
protocol as illustrated in Figure 7.8 and Table 7.2, across scales to address land use change issues
including quantifying the impacts associated with land use changes at different and across scales, e.g if
the land uses are intensified or swapped. The latter is of great concem as far as waler resources
management is concerned and hence this framework adds valee 1o the ongoing efforts in
implementing integrated water resources management strategics at different scales in the Thukela and

other similar river basins.
T.6.4  Quantification of surface Nuxes

The suggested conceptual framework advances and further creates & platform for quantification of the
spatial variation of surface Muxes from field to river basin scale through the application of classical
hydrometeorological monitoring and remole sensing techniques (cf. Figure 7.8). Cuantification of
these fluxes over large areas and over time can reveal the relative change of hydrological and
environmental indicators (He et al,, 2000), For example, lotal evaporation (ET) is a good indicator of
plants ability to use water from the environment and thus o measure of adaptation of the plants in
response to changes and shifts in structure of landscapes (Mattikalli and Richards, 1996). Thus, ET is
closely associated with land use change and is the dominam component of the water balance in most
semi-arid regions (e.g sub-Saharan Africa) and its management across scales is paramount in water
resources management (Jewitt, 2006). This section discusses the application of the suggested
framework in quantifying ET from lield to river basin scale as was applied in the Potshini and Thukela

river basin,

The Potshani catchment monitoring network comprise vanous instruments and structures, (cf. Chapter
2), including 2 standard sutomatic weather stations and a Large Aperture Scintillometer (LAS), which
measures the turbulent intensity function of the refractive index fluctuations of air between a
collimated light source (transmitter) and a detector (receiver) (Meijninger et al., 2000). The turbulent
intensity functions are then convened to sensible heat flux measured along a transect (typically less
than 10km) and which can be wsed together with soil heat flux (derived from soil temperature
difference) and net adiation mcasurements ( from weather station) to estimate total evaporation along
a transect using the surface energy balance equation, 1.e.
R=H+LE+G, {7.2)
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where R, is the net radiation (W.m™), H the sensible heat flux (W.m?), LE the latent heat flux (W.m™)
and which can be converted to total evaporation. (G, is the soil heat flux {(W.m™). The LAS in the
Potshini catchment was installed over a transect length of 1.03km and the soil heat Mux mensurements
were done at three sites along this transect. Net radiation was measured ot one of the weather stations
in the catchment, which also measured and recorded other meteorological parameters including air
temperature, relative humidity, wind speed, wind direction, soil temperature and rainfall. The Surface
Energy Balance for Land (SEBAL) (Bastiaanssen, 2000), a remote sensing methodology for retrieving
total evaporation and other surface fluxes from satellite images was used to compuie £T from MODIS
images {(with a pixel resolution of 1km x1km) over the Potshini catchment and beyond. The values of
the MODIS pixels that overlay the LAS transect at the time of satellite overpass were compared with
the ET estimates derived as a residual of the surface energy balance equation, (Equation 7.2), using
fleld mensurements us varables, i.e sensible heat flux from LAS, soil heat Mux estimates from soil
tempersture difference, and net radiation obtained from a weather station. It is noteworthy that
SEBAL uses the surface energy balance equation to estimate latent flux on each pinel of a satellite
image ond hence the basic principle goverming the cstimation of ET using LAS and other field
measurements (field £7) and the SEBAL methodology is the same. A good correlation was obtained
between the ficld ET and the SERAL estimates as shown in Figure 7.17 and hence provided good
grounds 1o scale up the estimation of ET using the SEBAL methodology to cover the entire Thukela
river basin as shown in Figure 7.18
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Figure 7.17 A comparison of daily SEBAL ET estimates and LAS measurements in the Potshini
catchment
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Figure 7.18 Spatial variation of in the Thukela river basin derived from a MODIS satellite
image on 5 April 2006

However, it was not possible to validate the remotely sensed estimates of ET st other locations under
different land uses in this study due to logistical problems associated with moving and operating the
LAS in such new sites. Otherwise future research should compare concurrent ET measurements from
at least two scintillometers under different [and uses with SEBAL results for a given satellite overpass
It is noteworthy that there are several remote sensing techniques for quantifying ET reporied in
literature, with all techniques employing the concept of energy balance and mass transfer by
associating the evaporative fluxes to the latent heat fluxes, the latter being a residual of the surface
energy balance. Some of the documented methodologies include the Surface Energy Balance for Land
(SEBALY, (Bastiaanssen et al., 1998a); The Surface Energy Balance System (SEBS), Su (2002); Two-
Sowrce Encrgy balance (TSEB) (Kustas et al, 2004, Mapping EvapoTranspiration with high
Resolution and Internalized Calibration (METRIC) (Allen et al., 2005),

7.6.5 Parameterization of hydrological models

Hydrological models are representation of real hydrological systems. The interal functioning of such
systems 58 characterized through field and laboratory measurements from which parametric
mathematical relationships, e.g in conceptual physical models, are defined 1o describe the interactions
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of the various hydrological processes. In the real sense, each of the model parameters has physical
meaning associated with a particular process hence the need for a robust framework for estimating
these parameters with less uncertainty. The proposed framework creates a platform for realistically
estimating the respective model parameters given its potential to integrate data and information from
various science disciplines across scales but limited to remote sensing, geophysical measurements,
tracer studies and classical hydrometric measurements. The platform further has the potential to enable
modelers to restructure their models to capture the real structural description of the prototype (field,
hillslope, catchment or river basin) given its potential to capture dats and characterize a hydrological
determinant across scales. It is arpued that modeling in the absence of adequate data is not science
unless the modelling exercise is meant to develop hypotheses that are to be tested by observations
(Silberstein, 2006). Extending this view, it can also be argued that model parameters that are estimated
without a robust data-enriched framework to determine their uncertainty and authenticity are flawed.
Geophysical measurements (e.g ERT) and isotope sampling, interpreted agpinst hydrometnc
observations, enable the explicit characterization of the subsurface and subsequently defining the
components of discharge in a catchment and hence making it possible to restructure a physical model
accordingly including better estimation of its parameters, as demonstrated in Lorentz et al., (2007), It
is a challenge to parameterize models at larger spatial scales (meso scales) using hydrometric
observation alone and hence the most practical approach is to complement these with remote sensing
data, Remotely sensed data such as Landsat-ETM and SPOT in combination with equally high
resolution Dhigital Elevation Models (DEM’s) facilitate the spatial estimation of model parameters
related to vegetation, infiltration, slope, aspect etc. DEM’s have conventionally been created from
topographic contour maps and of late from satellite imagers which provide high resolution terrain
maps, and which have been used extensively in hydrological studics in defining flow accumulation,
channel network, length of channels, slopes, delineating calchments, computing temperature lapse
rates, aspect ete. (Schultz, 1993), thus contributing significantly 1o model parameter estimation. Figure
7.19 shows some of the fluxes and hydrological parameters that can be retrieved from remotely sensed
data and a DEM respectively, Other studies e.g Chaplot and Walter {2003) have shown the potential
for retrieving a spatial distribution of soil wetness indicator from a DEM, ie the Compound
Topographic Index (CT1),
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1.7 Conclusions

The main shortfall of classical hydrometric observation is the fact that the observation scale, (in space
and time) does not necessarily maich the scale of the dominant hydrological determinants. The
conceptual framework discussed herein gives an insight for potential of applying various techniques
derived from other related science disciplines to increase the effectiveness of monitoring and
whentifying the hydrological determinants across scales, but largely spatial. This provides a
contribution 1o the scale isswe, by highlighting and appreciating the fact that hydrological processes
vary in space and time while providing a pragmatic platform for better description of these processes
which integrates concepts and theories from various science disciplines, and thus making use of data
from various data sources including remote sensed data, geophysical measurements and tracer isotope
sampling.

The contribution of the framework to hydrological modeling is highlighted, especially the possibility
of using the framework o realistically estimate model parameters and incorporation of other data
sources in process orented physical models. There is no doubt that the future of the hydrological
science will be determined by innovative approaches im both monitoring and modelling. with the latter
being the ability to directly integrate and make use of data from vanous science disciplines. Already,
some offort has been made in this innovative approach, e.g. Uhlenbrook ot al., (2004), where a process
oriented conceptual distributed catchment model incorporates tracer data, Hydrologists have made
significunt progress in hydrological modelling research, especially in the past two decades. This has
been linked to the advent of powerful computers able 1o make numerous simulations with the capacity
to handle lnrge data sets ( Silberstein, 2006). This is evidenced by the fact that many publications in the
hydrological sciences today emanate from rescarch that applies hydrological modeling tools (at field
scale, hillslope, catchment or river hasin scale). It can be argued that hydrological modeling has taken
a central position in the hydrological science, a position which is better reserved for improved
understanding hydrological processes. Such an offset could be linked to the computer era, with rather
slow progress in characterizing and understanding of hydrological process, conceptualization of new
theories, uncoordinated effort in innovating new paradigms, and lack of integration of other science
disgiplines in the hydrological science.

The future of the hydrological science will be determined by our departure from preconceived ideas on
hydrological processes, our willingness o search for better understanding and conceptualise these
processes while defining pragmatic frameworks for identifying their footprints at vanious spatial and
temporal scales. Nevertheless, as much as we encounter and overcome challenges in our innovative
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thinking as we apply various techniques and tools in addressing the rather complex scale issue in
hydrology, we should not be preoccupied with pointing out our strengths and achievements but rather
weaknesses and failures as a way of provoking new ideas from the various disciplines of science in an

attempt to understand and conceptualise the complex labyrinth of hydrological processes across scales.
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8.0 Conclusion and recommendations

This research is a culmination of 4 years field studies carried out in the upper Thukela river basin in
South Africa under the Smallholder water Systems Innovation (S51) research programme and which
resulted in the setting up of a “ficld hydrological laboratory™, a research catchment, in the midst of the
Potshini community in Bergville district of KwaZulu-Natal province. The main aim of the research
study was to characterize and determine the dominant hydrological determinants across scales in the
Thukela river basin river and hence appropriate techniques and (ools were tested and apphied at
various scales in due process from which a conceptual framework with a potential for enhancing better
identification and characterization of the main hydrological determinanis across scales was devised.
The field studies were carmied out with the involvement of the local Potshini community and relevant
stakeholders at various levels of participstion, including provision of labour and resource materials.
Such an approach provided an opportunity for fostering good working relationships, with numerous
benefits being realised for both rescarchers and other stakeholders and hence this participatory
approach is recommended for any similar rescarch studies.

Process hydrological studies were carried out at field and catchment scale by camrying out classical
hydrometric measurements and complemented with geophysical measurements (Electrical Resistivity
Tomography-ERT). Field studies on comparison of soil moisture and runoff generating characteristics
of conservation and conventional tillage systems in the Potshini catchment highlighted the impact of
the respective tillage systems to partitioning of rainfall. There was enough field evidence 1o suppornt
the fact that conservation tillage systems significantly reduces surface runoll and increases soil
muoisture retention especially at deeper depths. However, this study did not clearly establish whether
the increase in soil moisture under conservation tillage practices has any implication or interaction
with shallow ground water including solute transport of nutrients into the ground water. Also, the
impacts of upscaling these tillage practices on water resources at catchment and river basin scale were
not analysed in this study. Thus, this study recommends further rescarch to establish whether
conservation tillage practices have any significant impact on shallow ground water dynamics and the
hydrological impact of wider adoption of conservation tillage practices to water resources al different
management scales. It is recognized that the latter will require agro-hydrological moedelling 1o develop
appropriale scenarios.

The ERT measurements al calchment scale facilitated the characterization of the subsurface structure
along 9 transects in the catchment, spanning between 150m 10 600m, with shorter transects (<200m)
having an electrode spacing of 1m while longer transects (>200m) an electrode spacing of Sm. The
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subsurface structure of a catchment has an influence on both surface and subsurface hydrological
processes thus directly influencing the catchment response. The ERT measurements were interpreted
against hydrometric measurements, i.e ground water levels, where it was observed that low resistivity
values occurred in saturated zones of the subsurface. Such understanding and interpretation was then
used to map saturated and unsaturated zones, subsurface preferential flow paths and subsequently the
connectivity of the subsurface water (shallow ground water) with the stream flows in the catchment.
The resistivity survey revealed the stratification of the subsurface structure including identification of
preferential flow paths towards the Potshini stream and the connectivity of shallow ground water with
the Potshini stream. The hydraulic conductivity of the stratified subsurface layers, obtained from in-
situ and laboratory measurements, and shallow ground water levels were used to compute the relative
contribution of shallow ground water into the stream flows in the catchment of which it was found to
be significant especially during the dry winter season. Such analytical information is useful for
assisting the wise implementation of current and future anthropogenic activities in the catchment,
especially those that may impact negatively on the occurrence of shallow ground water in the
catchment, for sustainability of stream flows throughout the seasons. Thus, the integration of
geophysical methods into mainstream hydrological studies was explored with success in this study.
However, it is useful to note that the resolution of the ERT measurements is affected by electrode
spacing, with detailed and finer resolution ERT measurements resulting from shorter electrode spacing
at an expense of deeper measurements. This is a compromise which one has to make depending on the
objectives of carrying out any ERT measurements. In this study, the inherent limitations associated
with the application of Darcy’s methodology in quantifying subsurface fluxes and relative contribution
to the stream flow was highlighted, especially the inability of the methodology to account for
preferential flows and contribution from macro pores. Thus, this study recommends complementary
application of tracer studies, notably Oxygen-18 and Deuterium, in similar studies in future given their

potential in quantifying and identifying end members of a hydrograph.

Remote sensing techniques were used to integrate the catchment process studies to the larger Thukela
river basin scale through the evaporative term of the water balance. Total evaporation is a main
hydrological determinant in arid and semi-arid regions in southern Africa although its occurrence is
influenced by many factors including meteorological parameters and land surface attributes. In this
study, the Surface Energy Balance Algorithm for Land (SEBAL) methodology was used to retrieve
the main components of the surface energy balance (net radiation, sensible and soil heat fluxes) and
ultimately total evaporation fluxes from the freely available Moderate Imaging Spectoradiometer
(MODIS) images, with the latter having an inherent pixel resolution of 1km. SEBAL estimates of net

radiation, sensible heat flux, soil heat flux and total evaporation compared well with ground
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measurements, obtained from an awtomatic weather station and a Large Aperture Scintillometer (LAS)
installed in the Potshini catchment. The comparison entailed comparing the ground measurements
with the respective remote sensed estimates for pixels overlaying the 1.03km LAS transect. The raster
images of total evaporation covering most of the upper Thukela river basin, on which the Potshini
catchment is located, were used together with a South African land use classification map  to

compute monthly evaporative water use of different land uses over an area of 3,028 km* covering 13

Cuaternary Catchments.

The analysiz indicated that forestry, water bodies and wetland land use classes consistently had the
highest evaporative water use compared to the other 24 land uses in the study area. The estimation of
the monthly volumetric water use of different land uses in the upper Thukela river basin highlighted
the implication of land use changes including the possible impact of swapping or intensification of
respective land uses to water resources, Such information, derived from scenario analysis, is useful in
water resources planning at different management scales and hence this study recommends further
research to establish and generate this useful information that apparently was not fully covered in the
study reported herein. Mevertheless, it is useful to note that the resolution of the respective satellite
images is imparted into the remote sensed cstimates of surface fluxes and hence coarse resolution
images like MODIS may not be useful at catchment seale (less than 10km’) but at larger spatial scales
with regard to detailed analysis on water resources management, a similar sentiment is also shared in
WaterWatch (2006). Thus, it would be prudent to combine high and low resolution sateflite images in
similar research endeavours in future in an effort to maximize the potential of applying remote sensing
techniques at both catchment and river basin scale. Such a recommendation is further supported by the
fact that the irregular results of evaporative water use from water bodies is more attributed to the low
resolution MODIS images, with the latter being unable to merge with the fine details from the land use
map which was derived from high resolution 30m Landsat images. Field measurements of total
evaporation from other land uses using scintillation techniques is recommended for better comparative
analysis and as a validation strategy of remote sensing estimates of evaporative water use from the

same land wses,

Lastly, the opportunity to develop a pragmatic conceptual framework with the patential to address and
contribute to the scale issue in hydrological processes across scale by taking advantage of the
complementary role of geophysical measurements, isotope tracers and remote sensing to the classical
hydrometeorological measurements is suggested and discussed. Each of these techniques has their

inherent weaknesses and strengths which together form a useful ool for enhancing our understanding
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and conceptualisation of hydrological determinants across scales, with the added benefit of

constraining hydrological models to reflect reality.
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