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ABSTRACT

Grassland is the dominant vegetation cover of nudrige 19 Water Catchment Areas within
South Africa. The inappropriate management of sofminese grassland catchments by the
communities that depend on them for their livelidl®ooften results in overgrazed lands with
low biomass or invasive alien species. The shabsgmaintained by grazing policies of
many communities results in high storm flows theténan adverse effect on the quantity and
guality of runoff and recharge. Catchment-scaleswhtlances depend on accurate estimates
of run-off, recharge and evapotranspiration (EHisTstudy focuses on the ET component of
the catchment scale water balance and exploresfiiaet of two different grazing strategies
on ET. To achieve this, two contrasting but adjacgraternary catchments namely: P10A (a
high biomass site) and Q91C (a low biomass sitegwelected within the Bushman’s River
Primary catchment as primary study sites. Withioheeatchment, a relatively homogenous
pixel of 1 km was selected, representing contrgsémample of high and low intensity
grazing. From an eleven year MODIS leaf area ind#d) data stack (March 2000 — 2010),
8-day LAl values was extracted for each pixel ircre@atchment. Using the Penman-
Monteith equation, potential evapotranspirationdgV¥as calculated using data from a nearly
automatic weather station. Actual evapotranspinati@s estimated by adjusting &lising
the values extracted from the MODIS LAI producteTODIS LAI ET (ETwopis) obtained
for the eleven year period for both 1 km pixelsrdased consistently, reflecting a general
trend in declining LAI throughout the Eastern Capbe highest Efopis obtained from
P10A was 610.3 mm (2001) and the lowest was 3331l (8009). Then from Q91C the
highest ET obtained was 534rim (2006) and the lowest was 266.2 mm (2009). The
ETwvopis results were validated for each catchment usimeg@pen Top Chamber (OTC)
which sums the water lost from vegetation and witin the chamber. This validation was
conducted during the growing season of 2010-11.dW8peed; relative humidity and
temperature were measured both at the inlet anduthet of the chamber on five clear sunny
days for each 1 km pixel. ETor the same period was compared to the OTC ETo{g§T
using the regression analysis and a good relatiprshs observed with thé of 0.7065. The
relationship observed confirmed thatdz& closely approximates Ebpis and that the OTC
can be used as a tool to validate MODIS LAl ET @ag low winds and sunny days.

In order to demonstrate proof-of-concept for the o this modeling of Efiopis within a
Payment for Ecosystem Services framework, the amprowas applied to two other

guaternary catchments under communal tenure. Wigaich catchment, three land use



scenarios were created for each catchment to teftgential changes in the standing above-
ground biomass. For Scenario 1, tietus quo was maintained; for Scenario 2, MODIS
pixels representing 28 km in each catchment wedextszl and the LAI of these pixels was
doubled; and for scenario 3, LAl was halved.\gdis was calculated for each scenario by
adjusting the EJ data from a nearby automatic weather station \hign MODIS LAl
product. The results showed that the estimated anBilivopis obtained from the high
biomass catchment was 111 mm greater than thainebtérom the low biomass catchment.
When comparing between the scenarios, the annuabdmlobtained from scenario 2 was
the highest of the 3 scenarios for both sites. @hesults confirm that increased leaf area
results in higher annual kbpis. This has a positive long term impact on streaow flas
high grass biomass allows the rainfall to infikrahe soil and be gradually released to the
dams with reduced magnitude of storm flows. Thigrapach has the potential to quantify the

benefits to down-stream water users of improvingvakground biomass in catchments.
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CHAPTER 1
INTRODUCTION

1.1. WATER AVAILABILITY IN SOUTH AFRICA

Water is one of the most important sources of lifés a basic need for all humans, plants
and animals and is vital for sustainable social andnomic development (Muller 2009).
However over the past 100 years population growtipted with human activities such as
intensive agriculture, urbanization and industziion have increased demand for water, and
increased the impact that humans have on wateitguabuth Africa receives a mean annual
rainfall of ~450 mm, which is much less than therldis average of 860 mm, and is
categorized as a water stressed country (Ashto2;2DWVAF 2002; Otieno and Ochieng
2004; Scholes 2001). Moreover the impact of climeltanges could lead to an overall
rainfall reduction of about 20%, decreasing the meanual runoff and recharge from several
rivers in the country (Mugabi 2010; Turpie, Winkkral. 2002). The current mean annual
runoff is about 49 200 x £am® including the inflow from Lesotho and Swazilanddathe
usable yield is about 13 911 x®18° (DWAF 2002).

FAO estimates water available to be 1 154per capita § and according to International
Water Management Institute (IWMI) by 2025 this abbk reduced to less than 1008 per
capita y* (Otieno and Ochieng 2004; Seckler, Amarasingha. 1996). Malin Falkenmark,
a Swedish hydrologist who developed the concepivater scarcity index’ on the basis of
minimum water required per capita, describes ciemthat have <1700 fper capita  as
being water stressed. At <100G the country begins to experience chronic watertaler
that could harm economic development and lead tgrad@tion of the environment
(Falkenmark 1994; Falkenmark and Widstrand 1992)s Ts a situation faced by South
Africa and at the current population rates watgumement is exceeding water availability.
The current population is 49 991 300 (StatistcsSA®@ and the daily minimum water
requirement per person was estimated to be 100drfoking, bathing and cooking and five
to 20 times of this amount is required for agrigtal, afforestation, energy and mining and
industrial sectors (Falkenmark and Widstrand 1982the moment South Africa is ranking

water as the most urgent development constraintrads to be addressed and it is closely



linked to poverty, hunger and disease (Ashton aadsHroek 2002; Ashton and Seetal 2002;

Falkenmark 1994)

Water supply in South Africa relies greatly on rjedams and under ground water (Turpie,
Winkler et al. 2002). There are 320 major dams in South Africth whe total capacity of
32 400 x 16m® (DEAT 2007). The details of the five major damslinling the vegetation

types surrounding them named according to an ugate and complete overview of the
vegetation of South Africa edited by Mucina andheutord (2006) are listed in Tablel.

Table 1: Details of the five major dams of South Afca

Dams Capacity Located Rivers Co-ordinates VEGETATION TYPES
Between
Gariepdam 5341 x fan® Southof EC  Orange 30.40°S, 25.30°E  Xhariep Karroid
North of FS River Grassland; Eastern Upper
30 km from Karoo; Besemkaree
Colesburg Koppies Shrubland
(Mucina and Rutherford
2006)
Vanderkloof 3200 x 16m®  NC, NW of Vaal River 29.59°S, 24.44°E  Xhariep Karroid
dam Orania Grassland (Mucina and
Rutherford 2006)
Vaal dam 2536 x n® Gautengand Vaal River 26.53°S, 28.7°E Frankford Highveld
FS Grassland (Mucina and
Rutherford 2006)
Bloemhof 1269 x 16m®> NW and Vaal River  27.40°S, 25.37°E  Soweto Highveld
dam Gauteng Grassland; Besemkaree
Koppies Shrubland;
Eastern Upper Karoo
(Mucina and Rutherford
2006)
Grootdraai 364 x 10 m° Mpumalanga  Orange 26.55°S, 29.17°E  Kimberly Thornveld;
dam River Highveld Alluvial

Vegetation; Vaal-Vet
Sandy Grassland;
Saldanha Limestone
Strandveld; Swartland
Granite Renosterveld
(Mucina and Rutherford
2006)

Abbreviations: Eastern Cape (EC); Free State (FS); Northern Q4fg North West (NW)



Due to water loss caused by high evaporation framg] only about 62% of the average
annual runoff can be used cost-effectively (DWAR£L0 However high evaporation rates
from the dams is not the only factor affecting wateailability. Factors such as changes in
land use activities, climate change, and policy eegllation also affect the availability of
water:

o Changes ifand use activities- theseare mostly driven by humans and are one of the
major factors that affect water availability. Fonain ways that the changing patterns
of land use have affected water flow and availgb#is recorded by Department of
Environmental Affairs and Tourism — DEAT (2007) &ig urbanization which is
responsible for the reduced volumes of runoff daat recharge groundwater, because
of the solidification of most surfaces, (ii) hytbgical patterns that are greatly
affected by the construction of dams, weirs andiges and mining within the
watercourse, (iii) the misuse of land (e.g. ovexogrg and inappropriate burning
regimes) which leads to soil erosion that can tasugiltation of dams and rivers, and
(iv) invasion of alien vegetation that uses moreewvghan the indigenous vegetation
and reduces stream flow by up to 10% (DEAT 200%cakding to DWAF (2004) the
agricultural sector uses about 60% of the totalewadquirement and other sectoral
allocations are afforestation (4%), urban and rupabulation (25% and 4%
respectively) mining and bulk industrial (6%) andwer generation (2%) (DWAF
2004).

o Climate Changes- Water availability is greatly affected by lowintall and high
evaporation rates which are due to the changesnmatic patterns, resulting in low
run-off (DEAT 2007). Temperature changes may leadtl0 — 40% increase in
average river flows in some regions and a 10 — 8@#ease in others, which could
greatly affect the supply of water. A sector sushagriculture, which is the major
source of livelihoods for many households in thet&a Cape, will suffer the most
(Sadoff and Muller 2009) as a result of increasetemperature. The Second World
Climate Conference recognized that among the most important impacts of climate
change were its effects on the hydrologic cycle and on water management systems
and, through these, on socio-economic systems.” (SWCC 1990)

0 Policy and regulations- National management of water resources is infled by
the National Water Policy 1997; the National Waket No. 36 of 1998 (NWA), and
the Water Services Act No. 108 of 1997, amongsérmthDecisions taken in respect



to water management and distribution by relevarthaities of government are
determined by these policies. Land use practiceipslalso have an indirect impact
on water quality and availability (DEAT 2000; DEADQ7).

1.1.2 Water Supply in South Africa

Only 8.6% of SA’s annual rainfall is converted toaal runoff, most of which is received by
the Eastern region with the Western region being dnier part of the country. This
conversion of annual rainfall to annual runoff e tlowest in the world; the rest is lost
through evaporation and to groundwater (Walmsleglridgleyet al. 1999). The hard rock
base in most parts of this country makes it diffido have major groundwater aquifers
(DWAF 2002). Thus water is provided through thensmrvation of catchment areas
(watersheds), riparian zones and wetlands (TuMaraiset al. 2008). South Africa has 19
Water Catchment Areas that supply water to the d@tgnaut and De Wit 2004) and these
are predominantly grasslands. Grassland catchnienes an ability to act as a sponge that
catches the summer rainfall and then graduallyasslehe infiltrated water in the catchment
during the dry season (Turpie, Maratsal. 2008). However in the Eastern Cape Province
these grasslands catchments are often inapprdgriatnaged by the communities that live
in them (Hoffman and Ashwell 2001). Many of thesenmunities that occupy catchments in
the province have high livestock numbers and tigeneconsistent application of a rotational
grazing system, and this leads to overgrazing,esosion and invasion of alien plants (Fraser
1989; Fraser 2004). These three factors have agrsel\effect on water supply. Firstly, the
low biomass condition associated with intensivetiomous grazing results in high storm
flows and rapid erosion, with the resultant sitiatiof the dams (Mander, Blignaat al.
2007). Secondly, the short green grass that istaiagd by the continuous grazing policies
of many communities affects the rate and quanfitgvapotranspiration (ET). This study set
out to examine the effect of two grazing strategirsET and to quantify the effect on run-
off. At present, livestock owners are still relutttéo reduce the number of their livestock and
the answer has not been found in legislative instmts (e.g. to enforce stock reduction

through the Conservation of Agricultural Resour&es23 of 1984).



1.2. EFFECTS OF HIGH LIVESTOCK NUMBERS ON WATER QUA NTITY

Dense rural settlements, cultivation, overgrazing axcessive burning have led to severe
erosion, particularly in the former homeland aréxgergrazing and soil erosion has resulted
in reduced ground water supplies and the siltindashs and rivers (Ongwenyi, Kithiet al.
1993). High livestock numbers in particular havel lsagreat impact on the degradation of
natural rangeland. Communal farmers are often t@hicto part with their animals for
cultural and traditional obligations, resultingtive continuous heavy use of natural resources.
Reasons for keeping livestock include traditionsés, as a source of wealth, provision of
milk, draught power, manure and meat (Cousins 199vgstock ownership also gives the
owner prestige and status in the community (Ain8002). Since most communal grazing is
open access, individual livestock owners can caontiisly increase their herd size without
any consideration of the damage to the grazing lzethuse they do not bear the full cost
(Vink 1986).Each livestock owner would consider only their orivate costs and benefits
(Fraser 1989). This in turn affects the land swfaondition and ultimately quality and
quantity of runoff because overgrazed lands has® deass cover.

Some of the consequences of overgrazing as recordddcan Adrenalin (2007) are:

1. “Overgrazed agricultural land is permitted to heat up under the sun and as a
consequence, water evaporates quickly without being afforded an opportunity to
permeate the soil for slow release on a sustainable basis.

2. Overgrazed lands also permit any breeze to speed up evaporation and similarly reduce
permeation of water into the soil.

3. Thirdly, overgrazing removes grass cover on the ground, which permits water to flow in
volume over the ground after heavy rains, causing wash away of the topsoil. ” (African
Adrenalin 2007)

Also overgrazed lands are more prone to invasionABS and indigenous woody shrubs

which in most cases utilize more water and havédrigranspiration rates than the native

species. Moraet al (2009) have shown that soil evaporation contrdoutd ET was doubled
whereEragrostis lehmanniana, a southern African grasbiad invaded in the United States

(Moran, Scotgt al. 2009) .

One of the ways that could be used to meet thdesigd of overgrazed lands is for water
users to pay livestock owners directly where thay show that reduction of their livestock
numbers coupled with good management practicedelaalsto an improvement of the grass

cover within the catchments. This could be achidwedeveloping a Payment for Ecosystem



Service (PES) model which is being adopted as atwaplve problems with environmental
conservation in many parts of the world (Proctad|liker et al. 2008). The economic impact
of environmental degradation can only be recognizbén the ecosystem services have a
price. For instance, the availability of objectiggce can lead to reduction of degradation
through the use of economically efficient markesdzh mechanisms (Millenium Ecosystem
Assessment 2005). Richmomtl al (2007) attempted to answer two questions relating
ecosystems: firstly they wanted to find out if ggiems contribute economic gross domestic
production and secondly if it does contribute da@ tontributions be used to calculate the
shadow price for environmental services? To angivese questions they estimated a Cobb
Douglas production function using the net primargduction, capital and labour. Then the
positive output elasticity was used to calculate tharginal product of the net primary
production which is the shadow price for the ectesysservice (Richmond, Kaufmasehal.

2007). More details on payments for ecosystem semie discussed below.

1.3. PAYMENTS FOR ECOSYSTEM SERVICES (PES)

Degradation of natural resources has had a negatipact on development (Boyd and
Banzhaf 2007). One system that has been suggestalihteract this impact is “Payments
for Ecosystem Services” (PES). Daily (1997) desgibcosystem services as “the benefits of
nature to households, communities, and economied’paomotes the idea that ecosystems
are socially valuable (Daily 1997). Payment for satem services is a mechanism to
translate external, non-market values of the enmrent into real financial incentives that
encourage land users to provide certain servieeggl, Pagiolet al. 2008). Pagiola and
Platais (2007) provide the logical framework foe thenefits that can be derived from PES
(Figure 1).
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Figure 1: The logic of PES. Source (Pagiola and Platais 2007)

PES came about in South Africa through establistinoé the WfW programme in 1995
(Turpie, Maraiset al. 2008) and has focused on payments for services asgccarbon
sequestration, improved water supply, biodiveraitg soil conservation (Blignaut, Marais

al. 2007). In a PES program, a payment for a certaosystem service is offered by an
ecosystem service buyer to an ecosystem serviee gt has a service that will benefit the
buyer (Engel, Pagiolat al. 2008). Most ecosystem service sellers are landsyrof either
the state; private; or communal land (Turpie, Masial. 2008). Private and communal
landowners are mainly farmers that use some ofethmsosystem services for either
commercial or survival purposes. They also use dfiected areas as rangelands, and
therefore reduction of alien invasive species antieiase in grass biomass will also benefit
them and increases their production (Turpie andddegych 2000) and (Turpie, Heydenrych
et al. 2003). In cases where the ecosystem services fpaithvolve changing land use
activities, the costs are higher as opposed to vitiey are made for retaining them (Engel,
Pagiolaet al. 2008). In the Eastern Cape there is need for lsedactivities to change within
the grassland catchments that are also used a®laadg. Currently these grassland
catchments have less grass cover due to inappt®daad practices such as overgrazing.

This leads to rapid runoff that silts the dam alsd amoves the top soil.

Application of effective management regimes is reggliin order to improve the grass cover

within the grassland catchments as this can enbkatdhere is gradual supply of water to the



catchments. Also this will increase the amount atex available to meet the country’s water
demand. In the previous years water demands wetethmeugh a complex system of
engineering supply side solutions which includedjomanter-basin transfer and water
pumping schemes (Smakhtin, Ashttral. 2001). However these have become costly and the
water available for that has reduced because 13both Africa’'s 19 water catchment areas
receive insufficient rainfall (Blignaut and De W2004). This has increased the need to
explore other options for increasing and conserwater supplies (Ashton and Seetal 2002).
Therefore through the application of a payment dobsystem services (PES) approach
livestock owners can be encourage to improve tlyetedive cover in the catchments they
manage and receive direct compensation from theerwaser (e.g. dam owners, local

authorities, irrigation agriculture) (Engel, Pagiet al. 2008).

This approach requires a thorough understandinghef quantity of water that can be
guaranteed if the livestock numbers are reduced t#ed vegetative cover changes.
Hydrologists have traditionally tried to predict teasupply by using models which rely on
data from gauging weirs and a network of rain gau@eCRU (Schulze 1990); SPATSIM
(Hughes 2002) SWAP (Kroes and Van Dam 2003). Howetlese models need to be
parameterized for each catchment and this is pnuditie in un-gauged catchments, which is
the predominant situation in southern Africa. Therhg for Water Programme in South
Africa has demonstrated the importance of undedstarthe role of plant water use within a
catchment (Blignaut, Maraigt al. 2007). New techniques have been developed for
improving the understanding of the role of evapwpration in water balances within
catchments, and these can be used to drive managémerventions in gauged as well as
un-gauged catchments. Several examples of imprastighates of catchment-scale ET have
been developed and are strongly driven by inpuhfsatellite-borne sensors and programmes
(SPOT, MODIS). One of these, the MODerate Resalutimaging Spectroradiometer
(MODIS), produces the leaf area index (LAI) whiclhoyides an opportunity (Wang,
Woodcock et al. 2004) to model actual ET (BT when combined with ground-based
meteorological data.

1.5. LEAF AREA INDEX (LAI)

LAI is the total one-sided area of leaf tissue peit ground surface (Watson 1947). LAl is

frequently used to estimate ET and it the comporancrop growthanalysis that is



responsible for the ability of the crop to captlight energy. LAI also plays a key role in
canopy microclimate, water interception, radiatextinction, and water and carbon gas
exchange between global ecosystems and the atmresgplRan, Gaoet al. 2009). LAI

estimates can be obtained by using either thetdirdadirect methods.

One of the most direct methods involved physicaiaeal of the leaves from the plants (He,
Guo et al. 2007) and then the total leaf areatlod plant per unit ground surface can be
measured using instrumentation (de Jesus, do &aé 2001). This approach is however
destructive and is time consuming. Also its accyiadimited to small areas (Breda 2003).
Indirect methods that are based on light transnstirough plant canopies, making use of
the radiative transfer theory (Ross 1981) have lereloped. These include commercial
canopy analysers such as the AccuPAR Ceptometerafioe Devices, Pullman, WA) and
Li-Cor LAI 2000 (Li-Cor, Lincoln, NE, USA) and thanalysis of photographs taken upward
with fish eye lenses (Schleppi, Conedesta al. 2007) which include Hemispherical
Photography, Digital Cover photography. These ndthare usually based on the gap
fraction theory at different zenith angles (Nilsbt®71). The zenith angl®)(has an influence
on both the distance travelled by the light throdigh canopy and the angle at which the
leaves are seen at the measuring point; hence useas twice in calculations (Schleppi,
Conederaet al. 2007). In this study ET was modeled by adjustiig Esing the LAl value
obtained from MODIS LAI.

1.4. EVAPOTRANSPIRATION (ET)

ET is a process whereby water flows from the sbipugh plants to the atmosphere. It is the
essential process that enables plants to captutefilo@ the atmosphere (Teixeira 2010).
Because the process is driven largely by incomalgrsenergy, ET contributes significantly
to water loss in arid and semi-arid regions (Wartdakonsonet al. 1996). The available
energy and rainfall amounts drive the rates ofaheual mean ET, runoff and groundwater
recharge for a specific area. Runoff is usuallyhkigthan ET when the available energy and
potential evaporation rates are low. When availablergy and potential evaporation rates are
high (e.g. in arid and semi-arid regions), ET mageed runoff, except in exceptionally wet
years. Observations show that annual ET is alnessame as the annual rainfall in regions

where the available energy is much greater thanatheunt required to evaporate annual



rainfall. While in regions where available energysmaller than the amount required to

evaporate the annual rainfall, annual ET is clésgrotential evaporation (Arora 2002).

An accurate estimate of temporal and spatial 8istion of ET is an important component of
the water budget in and around a region (Dai, Yestlal. 2004).Accurate calculations of
ET can be obtained using methods such as the Boatem (BR), eddy covariance (EC)
techniques and scintillometry (Teixeira 2010). Tidely accepted standard method that can
be used for estimating potential or reference ETofHEs the Penman-Monteith equation
which was derived from the Penman equation (AllRereiraet al. 1998; Monteith 1965;
Penman 1948). Klis the evaporation (E) or transpiration (T) thatild occur if the surface
is well watered (Allen, Pereiret al. 1998). When coupled together, methods for estirgati
ETo and ET provide an understanding of what the regiarater budget will be after loss of
water through the ET process (Briney 2010).Thislstset out to explore the effects of the
different grazing management systems on ET anchatély on run-off within the grassland
catchments of the Eastern Cape and it was envishgedhe outcomes will pave a way for

the establishment of a PES model.

1.6. AIMS OF THE STUDY

1) To examine the possibility of using a PES system iwral rangelands as a possible
solution to degradation and water issues (quantityand quality). Over the previous years
new rangelands management approaches have beeundd to reduce rangeland
degradation, however these have not been as stidcas®nvisaged. It is believed tjat land
users usually over exploit the rangeland becausefiiee and they are not paid to conserve it
or simply for survival. Therefore the applicatiohtbe PES can offer a solution to this issue
by ensuring that the livestock owners receive dicecnpensation for reducing their livestock
numbers and improving the condition of their raagels. However this approach will require
a thorough understanding of how to quantify therisrpments made by the livestock owners
and how much water they can guarantee in ordexd@ive the compensation.

2) To identify suitable models for predicting ET usingMODIS LAI and other possible
products (SPOT), MODIS ET, from the literature. ET describes the soil-water-plant
interactions and is one of the key components & datchment-scale water balance and

accurately modelling ET can help in the determoratif the water budget in and around the
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region. Over the years many different techniques dstimating ET based on ground
meteorological parameters have been developedhase include the Penman Monteith (P-
M), Bowen Ratio (BR), and Eddy Covariance (EC),deaAperture Scintillometer (LAS).
However these techniques are expensive and canestilmate ET on homogenous surfaces
at micro-scale (Tsouni, Kontoesal. 2008). Recently, remote sensing techniques hase be
developed, and though these cannot measure ETitlgithey provides synoptic surface
information, that makes it possible to estimatdasigr ET at large scale (Carlson, Capebart
al. 1995; Kustas and Norman 1996). The MODIS databsansed with other ET models to
predict actual ET and the reason it is a prefeteetinique in this study other than the fact
that it is free, is because it has high temporsbligion, moderate spatial resolution and high

radiometric sensitivity (Zhang and Wegehenkel 2006)

3) To explore and compare ET between two land use s#tewith contrasting biomass
states.
In order to understand the effects that the changé&md-use activity have on the ET rates

and ultimately on runoff, it was necessary to espland compare ET estimates from two
different biomass states (high and low biomass$. drgued that high biomass cover is better
for water conservation because water from the summaiefalls is allowed to infiltrate the
soil (Turpie, Maraiset al. 2008). Whereas low biomass cover which is usuadigociated
with intensive continuous grazing may result inthggorm flows leading to soil erosion and
dam siltation (Hoffman and Ashwell 2001). Dam gitia has a negative effect on both the
quality and the quantity of water. The land-usenseios show how an increase or decrease

in leaf area affects the rates of ET.

4) To apply the selected model for predicting ET to thse sitesApplying the model to the

selected sites would allow for accurate estimatibBT.

5) To validate the predictions of the model using th®pen top chamber (OTC).Due to
some uncertainties in remote sensing ET data, alviys necessary to develop validation
techniques that will give ground truthed measurdasmehET. The open top chamber is one
such instrument and the advantage of using it pssgd to other ground based techniques is
the fact that it is easy to construct, portablglicable and inexpensive (Marion, Heratyal.
1997).
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CHAPTER 2

REVIEW OF TECHNIQUES USED TO MEASURE AND ESTIMATE
EVAPOTRANSPIRATION

This chapter reviews some of the methods that aegl fior estimating ET and provides an
explanation of their characteristics, applicatiofigjitations and successes. It has been
necessary to prepare this review because varigtrsiments and approaches used to measure
ET have been sourced to provide validation datathiar project. Although it strives for a
comprehensive treatment of the methods, it doe<laogh any degree of completeness and
aims to provide the reader with general backgrauatkrial for the other components of this
study. Estimation of ET began a little more thawo centuries ago when Dalton in 1802
proposed a mass transport equation for estimatihgkairu 1991; Savage, Eversahal.
2004). Since then different methods for estimagiighave been developed. Factors such as
the weather parameters, soil water availability gape of plants affect ET and also influence
the quality of ET obtained from different techniguAllen, Pereiraet al. 1998). For the
purpose of providing background, some commentshenrole of various factors in the
control of ET are presented. The processes conyalhe passage of water from the soil to
the atmosphere are complex and their comprehersinew is not the aim of this study.
Weather Parameters: The main weather parameters are temperature, velatimidity
(RH), wind speed (U) and solar radiation.

i) Temperature - Generally, when the air temperature is warm, €gatcrease and
this causes the stomata (the openings where watezlaased) of the plants to
open releasing more water to the atmosphere. Hawiéwbe air temperature
becomes too hot the stomata will close. Cooleneximperature also causes the
stomata to close, releasing less water and deogedise T rates (Briney 2010;
USGS 2010).

i) Relative humidity (RH) - At high RH, T is expected to decrease. This isabee
as the RH increases, the air becomes saturatethianmulakes it difficult for water
to evaporate. Consequently when RH is low T ratesease.

iii) Wind and air movement - When the wind speed is increased, the, rate of T b
plants also increases and this is because wheraithes moving, it is less
saturated. As the wind moves, the saturated aiumakrthe plants is replaced by the

drier air.
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Soil-moisture availability - Lack of soil moisture causes the plants to traesf@ss water
and they may even lose some leaves.

Type of plant: T by different plants can occur at different rad@sl things that count for this
may be differences in resistance to T, crop heigtap roughness, reflection, ground cover
and crop rooting characteristics. For example deotsi and cacti transpire less water than
other plants so that they can conserve some (USIA8)2Management and environmental
conditions: ET rates may decrease under these tcamgli- soil salinity, poor land fertility,
and inadequate application of fertilizers, hard korizons, lack of control of diseases and
pests and poor soil management. All of the aboe#ofa must be considered when one is

assessing or developing procedures to measure ET.

Methods that estimate ET have been grouped in tneethey are: water balance methods,
micrometeorological (energy balance) methods arahtpphysiology methods. The most

commonly used water balance method is the weiglyisigneter. Methods such as Penman-
Monteith equation, Bowen ratio method and Eddy davee method are widely applied

micrometeorological methods. Chamber method, trem#mique and cut-tree method belong
to the plant physiology method group (Xiong, @ual. 2008). Recently, remote sensing
measurements have been developed, though thesat caeasure ET directly they extend the
above methods which can only estimate ET from hamnogs surfaces at micro scale to

larger areas (Tsouni, Kontoeisal. 2008).

2.1. WATER BALANCE METHODS

Water balance methods determine ET by measurifgrelift aspect of the soil water balance.
These measure the incoming and outgoing waterifitocthe crop root zone and give ET
estimates over a week or ten days (Allen, Pemgiral. 1998). The most commonly used

water balance method is the lysimeter (weighingrigser and microlysimeter).

Weighing lysimeters are large containers filledhwsbil, water, other chemicals and entire
plants. The weighing lysimeter provides direct nueas of ET fluxes from the vegetation
surface and it is regarded as the standard metraddasuring latent heat flux (Aboukhaled,
Alfaro et al. 1982). Weight measurements are made at regularititarvals. The evaporation
rates are obtained by dividing the weight diffeeeper unit time difference by the density of

water and by the cross-sectional area of the Iygime The rate of water lost from the
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containers can be measured either for very shddng time intervals. The results obtained

from the lysimeter can be used as a standard tdatalother methods; however these results
cannot be used to confirm ET estimates from othethods at regional scale because they
only provide point data. Also the weight lysimeteethods are expensive to construct, they

are destructive to the soil and not easy to mair(teairu 1991; Savage, Everseral. 2004).

2.1.2. Microlysimeter

A microlysimetric is relatively inexpensive to congt, and mostly used to measure soil
evaporation rates over a short time interval. Tidislue to the fact that they have a much
small surface area than the weighing lysimeter afteh cannot contain the whole plant
(Savage, Odhiambet al. 2010).

2.2. MICROMETEOROLOGICAL METHODS

Obtaining accuracy when estimating ET in the fisldlifficult and the instruments that are
constructed for that are either expensive, labauenisive, disruptive to the natural
environment or only limited to specific conditionEhis has lead to the development of
micrometeorological methods which compute ET edtimdrom weather data and these
methods include: Penman Monteith (P-M), opticahsitation methods, eddy covariance
(EC), Bowen ratio (BR) energy balance, surfaceweheand flux variance. The advantage of
the meteorological methods is that there are nturtiances to the microenvironment and
they incorporate fluxes over a big area therebycedy sampling errors (Mengistu and
Savage 2010).

2.2.1. Penman Monteith Method

The P-M method (Monteith 1965) has been adoptedhbyUnited Food and Agriculture
Organization (FAO) as the standard method for edtmg ETo. ETo is what would be
evaporated from the surface if it is well wateread at was introduced to study the
evaporative demand of the atmosphere without cenisigl the crop type, development and
management regimes. B not affected by the soil factors because iliraatic parameter
that is estimated from the weather data. The crép(ET;) under standard conditions is
determined by the crop coefficientsfKhat relates it to Ejfwhile ET; under non-standard

conditions is adjusted by a water stress coeffic{&g) and/or by adjusting the KAllen,
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Pereiraet al. 1998).

The FAO P-M, referred to as FAO-56, has been saiefdr use in this study because of its
close estimation of grass E@t the site being estimated, and it integratel pbysiological
and aerodynamic parameters (Allen, Peradtaal. 1998). The FAO-56 standards for
application of the P-M model require daily maximyif,a) and minimum temperature
(Tmin), solar radiation (B, maximum (RHay and minimum (RH,) relative humidity or
dew point temperature, and wind speed (U). Howaveases where only daily temperature
data is available, generalized temperature-baseatedures to estimate the other
meteorological data required, can be provided bpF% through ClimGen (Castellvi and
Stockle 2002; Stockle and Nelson 1999). ClimGea vgeather generation program that can
give estimates of several climate parameters basgelbcal input data. ClimGen can give
daily estimates of Rand vapour pressure deficit (VPD) fromafand T, data, and produce
statistically correct U values though it is notki to other weather parameters. Therefore,
P-M ET, can be calculated using only the temperature dscé®tockle, Kjelgaarat al.
2004). In this study FAO Penman-Monteith was coraguising weather data obtained from
the Automatic Weather Stations close to the salestees which provide all the required

parameters.

2.2.2. Scintillometer

The scintillometer is described as an optical uregnt that measures the intensity of
fluctuations of visible or infrared radiation, aftpropagation above the plant canopy of
interest through a turbulent medium, to work oudtedent meteorological parameters (Hill,
1992; (Savage, Odhiamiab al. 2010). The scintillometer methods rely on Moninu®iov
similarity theory (MOST) and when they are combindtey provide path-averaged
measurements of sensible hdd}f &and momentum fluxes over distances of betweem 50d
250 m up to 350 m (Savage, Odhiangbal. 2010; Thiermann and Grassl| 1992).

There are three different types of scintillometist are used to measure water fluxes. The
surface layer scintillometers (SLS) comprises twagel beams and either two or four
detectors and has a wavelength of 670 nm. The St&sumes sensible heat flux denskly (
and momentum flux density over a path distance of about 50 35@d m and areas of about
0.25 to 5 ha. They have the receiver aperturetbaeis less than the Fresnel zoRg. (The
large aperture scintillometers (LAS) and extra éaggperture scintillometer (XLAS) are for

measuring refractive index structure const&f only and they use a near infrared beam
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wavelength together with horizontal wind-speed raeaments required for the estimation of
H using MOST. The LAS operate over distances of aB60tm up to 3 km and areas that are
over 6 ha with receiver aperture size that is gretitanF (Savage, Odhiambet al. 2010)

while the XLAS operate over longer distances oftaid0 km and have a receiver aperture
size that is nearly double that of the LAS (Odhiamdnd Savage 2009). One of the

limitations of using a scintillometer is its highge.

2.2.3. Bowen Ratio Energy Balance Method

The Bowen ratio/Energy balance (BREB) method prssen simple and inexpensive
alternative to weighing lysimeter which give actarmeasures of ET. BREB is widely used
for estimating latent heat fluxE) over a wide range of natural surfaces suchragied
wheat, forest, bare soils and some non-ideal fifeisand Foken 2001). The BREB method
is based on Bowen ratio (Bowen 1926) and the enkeaignce equation and determines ET
using only temperature and humidity measuremengs, radiation, and soil heat flux
(Rosenberg, Bladt al. 1983). The Bowen ratio is the ratio of the semsi¢at flux (H) to
water vapor flux (H/LE) and it can be estimatedniragemperature and vapor pressure
gradients by:
B =y (AT /Ae)

Where:y is the psychrometric constand] is the air temperature gradient axelis the vapor
pressure gradient. The basic energy balance medetn calculated from:

Rhn+G+H+LE=0
Where: Rn is net radiation, G is soil heat fluxistsensible heat to the atmosphere, and LE is

the evaporative flux.

BREB method was found to be accurate and can lwkurster semi-arid conditions, however
due to recent observations of an imbalance of tihlase energy budgets, this accuracy has
been questioned (Foken, Kukharetsal. 1999). To avoid these imbalances Liu and Foken
(2001) proposed a modified Bowen ratio method (MB&)measuringd andAE using a
sonic anemometer together with temperature and ditymheasurements at two levels (Liu
and Foken 2001). Their results showed that humatity velocity transformations with errors
of < 10%, and the latent heat flux with errors 80% are acceptable when the buoyancy flux

is measured with a sonic anemometer (Liu and FEK&1).
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2.2.4. Eddy Covariance

The EC method is applied in many micrometeoroldgitas to measure G@nd HO fluxes
(Mammarella , Werleet al. 2010) and depends on the turbulence of the airibave and
through a canopy. Air travelling over the canopy laalarge number of eddies which are
small chaotic currents of wind, and these can netvany direction; at any time. The EC
system is usually located several meters abovepiesi@nd it is made up of an open path
infra-red gas analyser (measures ,C@nd HO concentrations); a 3-dimension sonic
anemometer (determines the velocity in 3-dimengiamsl a temperature sensor (measures
the air temperature) (Eamus, Hattral. 2006). EC technique is still the only techniquatth
directly measure gas fluxes to and from the canbpyever like the BREB method they do
not discriminate flux from the soil. One of the wajimitations of this technique is the
complexity of its design, the difficulty to implemieand the large volumes of data that it
processes (Burba and Anderson 2007). However B@iggee has had success in addressing
issues like the water and @Budgets of the catchments (Eamus, Ha¢tah. 2006).

2.3. PLANT PHYSIOLOGY METHODS

2.3.1. Open Top Chamber (OTC)

The initial aim for designing the OTC was to usaithe field for studying the effects of air
pollutants, and then later it was modified for uselevated CQresearches (Heagletal.,
1973; Drakeet al., 1989). Eamus et al., (2006) have shown how the €ArCalso be used for
measuring the actual ET from low lying vegetatigndomming up the water lost from the
vegetation and soil within the chamber. The OT@siaexpensive, easy to construct (making
them easily replicable and replaceable) and tramspthe design of the OTC has a
cylindrical base and the cone shaped top whictcavered using Melinex® that is basically
polyethylene terephthalate film with high mechahistrength, good heat resistance, good
flexibility, excellent electrical insulating and ght transmission properties
(http://www.alibaba.com/product-tp/105582310/MeknEilm.html). A centrifugal fan
(size: 100mm; air volume flow rate varies from ®300.061 depending on the pressure; the
sound and electrical data is stated at 230V 50Mmyd air into the chamber and this air is
monitored when entering and leaving the chambergusiobes that can measure wind speed,

relative humidity, temperature and dew point (Eamtatton et al. 2006). More
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specifications of the OTC design are detailed iaflér 3. Then T from the vegetation within
the chamber is calculated from the following equati
E=Ae—Fa
Al 1)
WhereE is transpiration rate (mol fis?); e is the difference in water vapour concentration
(mol m®) between the inlet and outlet of the OTE;is the rate of air flow through the
chamber (M s') and Al is the total leaf area @nwithin the chamber at the time of

measurement (Eamus, Hatteiral. 2006).

2.4. THE APPLICATION OF REMOTE SENSING TECHNIQUES F OR
ESTIMATING ET

Most of the above-mentioned methods are betteedu homogenous surfaces at micro-
scale, and remote sensing technology was develop#t late 1970’s which provided the
option for spatial modeling of water use. Remotasg®y technology provides synoptic
surface information, making it possible to estimsieface ET at large areal extent through
empirical/statistical relationships that use reryosensed vegetation indices (VIs) (Carlson,
Capehartet al. 1995; Kustas and Norman 1996). Also there are ipalysnodels that can
estimate ET from remotely sensed data which aredas solving surface energy balance
(SEB) equations through remotely sensed land sairfamperature estimates (Kustas and
Norman 1996; Overgaard, Rosbjestigal. 2006). In general, remote sensing techniques can
only measure E or ET indirectly (AGU, 1995). Sonfgéh® new remote sensing techniques
that can assist in estimating ET include the Mo#eiResolution Imaging Spectrometer
(MODIS) sensor system on the Terra satellite (Gléfueteet al. 2007a).

2.4.1.Satellite Pour I"Observation de la Terre (SPOT)

SPOT is a high-resolution, optical imaging Eartlservation satellite system that is operated
by the SPOT Image in Toulouse, France. It was fniitated in the 1970’s by the Centre
National d”Etudes Spatiales- the French space @gé@NES) and developed in association
with the Belgian Scientific, Technical and Cultur8ervices (SSTC) and the Swedish
National Space Board (SNSB). The SPOT has a sefieptical remote sensing satellites
with the main objective to obtain Earth imagery fand-use, agriculture, forestry, geology,

cartography, regional planning, water resources@isdapplications. A single SPOT satellite
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flies over the same point within 26 days and presiglobal coverage between 87 degrees
north latitude and 87 degrees south latitude. SRBCOX and 3 were launched on 22 February
1986, 22 January 1990 and 26 September 1993 resgdgcEPOT 3 is no longer functioning
The SPOT 1 & 2 have two identical High Resolutioisibe (HRV) sensors with a 20 m
spatial resolution and three spectral bands semsmiution: two visible bands, the green
(0.5-0.59um) and the red (0.61-0.68n) and one near infrared band (0.79-Qu89. SPOT 4
was launched on the 24 March 1996 and has a Higlol®en Visible Infrared (HRVIR)
sensor with 20 m spatial resolution and has foecspl bands, two visible bands, the green
(0.50-0.59um) and the red (0.61-0.68m); one near infrared (0.78-0.86n) and the
shortwave infrared (1.58-1.748n). The most recent one, SPOT 5 was launched o@4he
May 2002 and has two High Resolution Geometric (HIRénsors that were inferred from
SPOT 4's HRVIR and has a 10 m spatial resolutioRIEP 2001; Khalaf 2010; Aboelghar,
Arafat 2011).

Spot images provide more spatial details and havgelr time series than other data sets such
as MODIS since it was first launched in 1986. Hogresome limitations in relation to their
spatial resolution have been reported that theynatealways suited for small plof&halaf
2010; Gers and Schmidt 2001).

2.4.2.Moderate Resolution Imaging Spectromete(MODIS LAl)

The MODIS instrument was first developed after Eregineering Model was completed in
mid-1995. Since then, it has become the key insgtniraboard the Terra (EOS AM) satellite
launched in 1999 and Aqua (EOS PM) satellite laedcim 2004. The MODIS instrument
has been built according to the specifications ABKW by the Santa Barbara Remote Sensing
Centre (NASA 2009) and it makes it possible to exjpground truthed ET measurements to
larger scale with satellite imagery (Glenn, Hueital. 2007a). MODIS data is useful for the
estimation of ET and surface soil water availapilitsing vegetation index such as the
normalized difference vegetation index (NDVI) an@lL(Nagler, Cleverlyet al. 2005;
Nishida, Nemangt al. 2003; Venturini, Bish&t al. 2004). These data can also be used to
estimate canopy water stress index from the refteet of MODIS multispectral bands
(Fensholt and Sandholt 2003) and provide physicatefs with remote sensing based
information such as LAl (Zhou, Liang al. 2004). MODIS began delivering 1 km global

scale LAl products at an 8 day interval after thenich of the EOS Terre satellite in March
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2000. The MODIS LAl product has been used in maaijdation studies and its accuracy is
0.66 LAl units RMSE when all plants are includeddahis 0.5 LAl units RMSE when
broadleaf forests are excluded (NASA 2009). Thedasibn of MODIS LAI product have
two parts, firstly the validation of LAl Radiativ@ransfer algorithm and secondly the
accuracy of LAl product by using empirical meth@bben, Maierpsergest al. 2003; Tian,
Woodcockaet al. 2002). These are being analysed at several srastloe world (Kim and
Lee 2003). It has been found that the earlier vessiof MODIS LAl were over-estimating
the LAI product in forest, whereas they were unelgtimating them in grasslands and crop
lands (Cohen, T.Ket al. 2006). These irregularities have been correctégbitection 4 (Tan,
Hu et al. 2005) which is an improvement on simple band pctglFuentes, Palmet al.
2008). The MODIS LAl has since been improved tol&xion 5 which gives better quality
retrievals over broad leaf forests (Hill, Senarmital. 2006).

According to Knyazikhin et al (1998) the retrievalse affected by three random variables
which are: uncertainties in surface reflectancedped (due to corrections for atmosphere
effects); landcover identification (due to biomesntification) and georegistration. Due to
variations caused by uncertainities the algoritioasdnot guarantee an accurate LAl value in
one pixel and this can be reduced by averaging @y&mogenous area or take the best value
of parameters to estimate the most probable valu&\b Since the algorithm provides the
distribution of LAI values as if they were derivéidm ground based measurements, it is
therefore important to use statistical technighes ¢an compare field measured and satellite-
derived LAls to validate the MODIS LAI product. Gmad based validation techniques play a
vital role in measuring uncertainties in the MODIAI product. Fuentegt al. (2008) used
ground-truthed measurements of canopy LAI obtausgdg gap fraction analysis of upward-
looking digital photographs at eight sites in AaBan Eucalyptus woodland to validate
MODIS LAI (Fuentes, Palmeat al. 2008; Macfarlane, Hoffmaet al. 2007).

Palmer et al (2010) validated the predictions &y MODIS LAI-Stand Water Use (MODIS

LAI-SWU) model they developed using data obtainemmf two catchments. The one in
Northern Territory (Howard River), Australia hadognd truth measurements from EC,
sapflow and OTC techniques which were compared with MODIS LAI-SWU model

predictions. From the other one which was a gaupedernary catchment in South Africa,
ET was calculated from the available rainfall andaff data and also compared with the
predictions by MODIS LAI-SWU model (Palmer, Fuenétsl. 2010). Their results showed
an acceptable comparison between the MODIS LAI-SWadlel predictions and the EC data
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which led to the conclusion that the model can muprcatchment scale estimates especially
in ungauged catchments (Cook, Hatébal. 1998; Palmer, Fuentesal. 2010).

Studies done by Leuning al (2005) showed that MODIS LAI has an ability to epppmate
the stomatal conductance componegt ¢fjthe Penman Monteith equation and it was used i
this study as an input into the Penman—Monteitraggo (Leuning, Cleuglkt al. 2005). The
MODIS LAl estimates obtained are ground truthechgshe OTC that sums up the water lost
from the vegetation inside the chamber. MODIS walscied in this study because it has a

higher radiometric resolution than any other higimporal resolution imagery (Khalaf 2010).
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CHAPTER 3
METHODS AND MATERIALS

3.1. SITE SELECTION:
3.1.1. Site selection Criteria

Sites considered suitable for this study were goatg catchments that have dams that
supply water to the urban areas and the rural veateemes. The selected sites were either of
high or low biomass cover for comparison. Riveraind and quaternary catchments were
downloaded from the Department of Water Affairs andorestry website:
http://www.dwaf.gov.zal/iwqs/gis_data/river/rivs500knl and the map of the Local
Municipalities of the Eastern Cape (EC) from theridipal Demarcation Board website:
http://www.demarcation.org.za/. These were dowrdoads ARCView shapefiles and then
imported to IDRISI (Version 132.11, Clark Labs, €a University, Worcester,
Massachusetts) where they were saved as vecta. flRvers, dams and quaternary
catchments were displayed as overlays on the MQIISroduct from the growing season
in 2009 to select quaternary catchments suitabléufther study. Images from Google Earth
were also used to visually confirm the cover amuirass state of the selected sites. Four
quaternary catchments were selected in the follgwiacal Municipalities of the Eastern
Cape, South Africa: Emalahleni, Sakhisizwe andikat¥ ethu (quaternary catchment S20C
and S50E) and Makana Local Municipalities (quatarmatchment Q91C and P10A).

3.1.2. Site Description

3.1.2.1. Kei River Primary Catchment

Two quaternary catchments were selected withirkigeRiver Primary Catchment (figure 2
and 3), S50B (31.72°S, 27.58°E) which represertgjla biomass (HB) condition and S20C
(31.69°S, 27.39°E) which represents a low bioma&y ¢ondition (Appendix 1 provides
physical details of these catchments). Quaternatghenent S50E, near Tsomo, contains the
Emalahleni and Sakhisizwe Local Municipalities whiare both under the Chris Hani
District Municipality. This catchment supplies tiNcora dam on the Tsomo River. The
Ncora dam was established in 1975; has a capatitp® x 10 m* and a surface area of
1392 ha. Quaternary catchment S20C, near Qamalte iEmalahleni Local Municipality, is

within the Chris Hani District Municipality. The tdament supplies water to the Lubisi dam
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on the Indwe River. The Lubisi dam was establisinetio68, it has a capacity of 158 x°10

m®and a surface area of 1129 ha. Both the LubisiNoata dam are maintained by DWA.
3.1.2.2. Bushmans River Primary Catchment

Two quaternary catchments (P10A and Q91C) weretselen the Bushmans River Primary
(figure 2 and 3) as they contained examples ofcjads and high intensity grazing. The
primary catchment has an area of 2675 km and 4%isfcatchment is degraded bushland,
90% is natural vegetation and comprises forest;dant thicket, shrubland and grassland.
One percent of the catchment is urban, includisgdential and industrial development. Two
1 km pixels were selected from P10A and Q91C quoatgrcatchments. The 1 km pixel
(33.29°S, 26.49°E) selected from P10A represehiglabiomass state that is lightly grazed
by domestic livestock and wild herbivores and thHaripixel selected from Q91C (33.27°S,
26°.60°E) represents a low biomass state that tensively grazed under communal
management. Both these quaternary catchmentsaattbnear Grahamstown in the Makana
Local Municipality (Cacadu District Municipality)There are two small dams that receive
water from quaternary catchment P10A, namely Miked Jameson dams. There is no dam

in the Q91C quaternary catchment; however watsupplied by the Great Fish River.
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Figure 2. Map showing the Primary Catchments of the Eas@ape downloaded from the
Enviro-Info-2001 on www.environment.gov.za/envirde/prov/ec/ecpcat.jpeg
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3.2. EVAPOTRANSPIRATION ESTIMATES

3.2.1. Actual ET (ET,) Quality Assessment

In order to ensure accuracy when estimating ET gusemote sensing techniques, it is

necessary to validate the remotely sensed ET ugiognd truthed measurements from
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instruments such as Bowen-ratio energy balance,(B&)y-covariance system (EC), Large
Aperture Scintillometer (LAS) and Open Top Chami@3¥C). (Leuning, Zhangt al. 2008)
(Tsouni, Kontoet al. 2008). The strength of the quality of the remossnsed ET depends
on the availability of these validation instrument$herefore a critical assessment of the
guality levels of ET obtained from each selected catchment was doresl lmasthe proximity
of the AWS to the catchment and the availabilityBi®, EC, LAS, or OTC equipment to
validate the modeled ET. The quality was rated:

o Very high where the AWS (inside the catchment) + &@BR or LAS or OTC +
MODIS LAI were available for validation.
High where the AWS (inside the catchment) + OTC @S LAl were available.
Moderate where AWS (outside the catchment) + OTMGDIS LAI were available.
Low where AWS (outside the catchment) + MODIS lwdre available and

O O o o

Very Low where only MODIS LAI was available.
The quality levels of EJcalculated for the selected quaternary catchmiartisis study are

shown in the in Table 2 below.

Table 2: Quality of ETa for quaternary Catchments S20C; SED&1C and P10A

MODIS
Catchment  Year AWS (in) AWS (out) EC LAS oTC LAI Rating
S20C 2009 - X - - X Low
S50B 2009 X - X Low
Q91C 2000-2008 X - X Low
Q91C 2009-2010 X X X Moderate
P10A 2000-2008 - X - - - X Low
P10A 2009-2010 - X - X X Moderate

3.2.2. Acquiring MODIS LAI Data

Eleven years of the MODIS 8-day 1 km CollectionNsOD15A2) composite LAI/FPAR

product for the period March 2000 to December 264%e been acquired from the NASA
Distributed Active Archive Centre. Images were agted from the archive using the MODIS
reprojection tool (HegTool, HDF Group, University ilinois Research Park, Champaign,
lllinois) and imported into IDRISI (Version 132.1Clark Labs, Clark University, Worcester,

Massachusetts) image processing package to crédtgear data stack with 451 layers.
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MODIS LAI has been used in previous studies tonestie ET. Cleugh et al (2007) estimated
E using the P-M equation (Monteith 1965) with agienmodel for surface conductance to E
given hy:

Gs = ¢ Lai + Gsmin (2)
Where Ly is the leaf area index obtained from MODIS remaesgng and cis a constant
and G nminis the surface conductance controlling soil E. Thaynd that these results were
more acceptable than the poor comparison they faurah the multi-seasonal time series of
E estimated using MODIS measurements of the radiatirface temperature was compared

with the resistance surface energy budget appr(2ielugh, Leuningt al. 2007).

3.2.2.1. Selecting the most appropriate model foratculating ET,

Palmer et al (2010) examined the relationship arsoRDIS LAI (Collection 5), pre-dawn
leaf water potential (a surrogate for plant wateilability), vegetation water use (ET) and
pan evaporation (kin forest, evergreen woodland, open shrublandsavdnna in Australia
(New South Wales, Western Australia and the Northeerritory) in the period of 2002 —
2008. A regression model was prepared from a maxinalue composite of MODIS LAl
and the pre-dawn water potential in the savanndoofhern Territory (Palmer, Fuentetsal.
2008). However as the present study is confinedoimogenous grasslands, the regression
model was deemed inappropriate as it only appbetiustralian woodlands (Palmer, Fuentes
et al. 2010).

A model was developed in order to improve ET ediwmaby exploring the potential of
MODIS (MOD15A2) to factorize the surface conducemerm in the P-M equation (Cleugh
et al (2007). Palmer and Weideman (2011) proposed asisysface conductance model that
can be used to predict Eih a semi-arid savanna site in the Kruger Natidpatk (KNP)
using MODIS LAl values to inform the P-M equatiohtbe surface vegetation processes. To
achieve, this hourly meteorological data from arbgaautomatic weather station was
obtained and Eg'was calculated using FAO56. Then maximum LAl (k&) values were
extracted for a single MODIS pixel retrieved in tiBIP (25.05°S 31.51°E) for year 2007.
An eddy covariance (EC) system (FLUXNET) that relsofluxes at 30 min intervals at the
KNP site was used to validate the predictedliyTMODIS LAI. Clean EC data for 173 days

of 2007 which were assumed to be the true refleaifocactual ET were extracted for both the
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wet and dry seasoithen MODIS LAI was used to parameterize the P-Magigu using the
following function:

ETa= ETo* (LA /LAl max) ®3)
Where:

LAl is the MODIS LAI for the 8-day period, LAdaxis the maximum retrieved at the site over
the whole data record (~500 records) and was calculated from an hourly meteorological
data from Malekuta AWS for 2007 using the revisemhi®an-Monteith equation (FAO56)
(Allen et al. 1998).

During the dry season, ET obtained from Eq. (3) teatde further adjusted by an optimized
scaling factor of 0.65 as it was observed that M®Bdnds to over-predict LAI during this
season. The results showed a close correlationeletithe ET obtained from the EC @)
(147.6 mm) and ET obtained from Eq. (3) (Bhis) (139.2 mm) (Figure 4)

Accumulated ET Skukuza ( k wet=1,dry=0.5)

80 7
=r /
> /-*"' i
40 .y =
20 r
0
1 19 37 55 73 91 109 127 145 163 181 199 217 235 253 271 289 307 325 343 361
Doy
|—ET (EC) - - - ET (This study)]

Figure 4: Accumulated ET in 2007 for the site in KNP. Saur(Palmer & Weideman 2011)

To further validate the model Palmer and Weiden2811) used daily estimates of Hfom

a Large Apperture Scintillometer (LAS) for two wepdriods in 2005. The LAS ETET.as)
estimates were obtained for a week in the growaassn (February) and a week in the dry
season (May) of 2005 and a strong correlation visewed when these were compared with
the MODIS LAI ET,(ETwopis) obtained from Eq. (3) (figure 5a and 5b).
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Figure 5(a): Plot of ET as, ETmopis and ET for Skukuza flux site in the
wet season of 2005. Source: (Palmer & Weideman)2011
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Figure 5(b): Plot of ET as, ETuonis and ET for Skukuza flux site in the
dry season of 2005. Source: (Palmer & Weideman 2011

As the ETopis model provided the most parsimonious result of gbhesible ET models
evaluated, Eq. (3) was used to calculate daily &Ttlie quaternary catchments selected in
the present study (Q91C; P10A; S20C and S50E)y viEgE calculated for each catchment

using the stations listed (Table 3).
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Table 3: Locations of the weather stations and the yearsi#ita was available

Weather Station Period Co-ordinates
Qamata AWS 2006 — 2010 -31.98 27.44
Bucklands MWS 2000 - 2010 -33.1 26.72
Rhodes University 07/2008 — 2011 - 33.18 26.30
AWS

Data from the AWS stations hourly data fogland Tnin; RHnax and RKain; U; Rs ; wind
direction; rainfall data and BT The accuracy of the BTalculated internally by the data
logger on these Campbell Scientific automatic weatttations was verified by manually
computing EF using the data and FAO56 computer program (AllereiPaet al. 1998).
Daily data is provided by the manual weather stafddWS) at Bucklands, and the FAO56
for daily data was used to calculate dailyoET

The ETvopis model (Palmer & Weideman 2011) was applied tduather estimates of ET
The resulting EWiopis was further validated using ET obtained from tHECQETorc) (see
details in 3.4.).

3.2.3. Mean annual ET for P10A (HB) and Q91C (LB) km pixels

Estimation of ETiopis for the 1 km pixels was done by firstly digitizirlge boundaries of
guaternary catchment Q91C and P10A as polygons Within each quaternary catchment

the selected 1 km pixels were digitized as polygéigsre 6).
) = ] [} —

: b = 1

- N m
Figure 6: MO

e - o=

DIS LAl Imége 2009017 showing the catchment lataries of
Q91C and P10A and the 1 km pixels within each quaty catchment.
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LAl was then extracted from an 11 year data stacM@DIS LAI (March 2000-March
2011) for each 1 km pixel (high biomass and lowntags). The actual annual ET for each 1
km pixel was calculated by adjusting the Elata from Bucklands MWS (2000-2008) and
Rhodes University WS (2009-2011) with the MODIS L@doduct using the Eg. (3). In
Statistica version 9, ANOVA (Analysis of Varianceps used to check if there was any
significant difference between the mean annualdpk estimates over the 11 year period.
Where mean annual bpis was significantly different the Tukey-Honestly Siggantly
Different (HSD) Post-hoc test was used.

The resulting Efiopis estimates for the growing season of September 200arch 2011

were validated using the OTC measurements obtdinedthe two 1 km pixels.

3.3. OPEN TOP CHAMBER

Ground truthed estimates of ET were obtained uamgpen top chamber (OTC) which is
small and semi-portable, constructed following methdescribed by (Eamus, Hattenal.
2006). The OTC sums the water lost from vegetasind soil within the chamber and was

used in this study to validate the \b)s.
3.5.1. Design of the Open Top Chamber:

The OTC is designed to be portable (Figure 7)ohsists of a round cross-section of clear
Mellinex® which is used because of its good ligahsmission properties, with a tapered top.
The OTC has two sections — a lower cylindrical bafs@.77 m diameter and 1.23 m height,
and a metal frame supporting a Mellinex® cone medrdn top of this base. Total chamber
height is 2 m and the volume enclosed is 0.78An.2 volt 100 Amp hour battery was used
to power the fan supplying air to the chamber. Ofe€C had one input pipe at the cylindrical
base and the cone shape top, and an exit pipe abtie shaped top and each had a vent for
instruments that measure the temperature, winddspee relative humidity. The exit pipe at
cylindrical base had an in-line valve which couldddjusted to increase or decrease the rate

of air entering the chamber.
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Figure 7: Photo of the open top chamber

3.5.2. Method

The OTC was tested from the grasslands of the tkim pixels selected from the quaternary
catchments P10A and Q91C and during the growingoseaf September 2010 — March
2011. Measurements were initially taken using ateé$8000 hand-held vane anemometer
only; however the quality of its relative humidignd temperature sensors raised some
concerns. To improve the quality of relative hurtyidind temperature, a Vaisala HMP45C
RH and TEMP probe was acquired and used togethibrthhe Kestrel 3000 anemometer. The
parameter measured by the Kestrel 3000 anemometdsrtie wind speed and Vaisala
HMP45C RH and TEMP probe was used to measure veldwiimidity and temperature.
These parameters were measured both at the idaharoutlet of the chamber at 30 minute
interval and this was done on 5 clear, low windn<& 1) and sunny days.

Transpiration was then calculated using Eq. (1):

E = (Ae)(Fa))/ (A)

WhereE is transpiration rate (mol fs™); Aeis the difference in water vapour concentration
(mol m®) between the inlet and outlet of the OTRK; is the rate of air flow through the
chamber (M s?) and Al is the total green leaf area{nwithin the chamber at the time of

measurement. Then a regression analysis was usptepare a relationship between ET
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estimates obtained from the OTC and those obtaired MODIS LAl for all days of

recording under both treatments.

3.4. LAND-USE SCENARIOS FOR QUATERNARY CATCHMENTS S50E
(HB) AND S20C (LB)

To show the impact that changes in the biomassrooave have on ET rates and ultimately
runoff/recharge rates, three scenarios were craatédRISI (Version 132.11, Clark Labs,
Clark University, Worcester, Massachusetts) Scenayi2; 3. Two quaternary catchments
were selected for this purpose a high biomass oaoh (S50E) and a low biomass
catchment (S20C).

3.4.1. Scenario 1

In the first scenario, the state of the grazing pswithin the selected quaternary catchments
was left unchanged, and the status quo was maguatairhis was achieved by extracting the 8
day MODIS LAl value (Appendix B) of each of the esetied quaternary catchments (S20C
and S50E) for the period of 2009. Quaternary cataitenS20C and S50E had high values
(40 to 255) that had to be re-classed as zeroséetdracting the 8 day MODIS LAl values.
According to the information available on (httpytbele.bu.edu/courses/estonia/modis-lab-
03-ascii.pdf) MODIS LAI/FPAR products distributedl the HDF format (raw/unfiltered), do
not only have LAl and FPAR data layers, but alseesa& quality control layers, which
include pixel-by-pixel data about cloud, aerosobhw contamination, algorithm path, overall
product quality, etc. Therefore it depends on useidesign their custom data mask that will
suit their application to filter out the undesired data

(http://cybele.bu.edu/courses/estonia/modis-lala€dt.pdf) accessed on 04.01.11.

32



=

- " z= g .
Figure 8: MODIS LAI Image 2009001 showing the differencevizetn
guaternary catchment S20C and S50E (the brownige Ipéxels are low
LAI values and the yellow to green pixels are higti values)

The mean annual ETfor each selected quaternary catchment (S20C &@E)Swas
calculated using Eq. (3). BUused in the calculations was obtained from Qama%¥s and
confirmed using PM-FAO56 and the maximum LAl valfequaternary catchments S20C
and S50E for the period of 2009 was used.

3.4.2. Scenario 2

For Scenario 2, MODIS pixels representing 28 km aadkmwere selected in catchments
S20C and S50E respectively and the LAl of theseelpixvas doubled. This scenario
represented a state where the standing above-gtmantiss would be increased.

3.4.3. Scenario 3

For scenario 3, the LAI of the pixels that werees&dd for scenario 2 was halved. This
scenario represented a state where the above-groiontass would be decreased. Then
actual annual ET for each scenario was calculated the function used to calculate Hor

the 1km pixels.
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CHAPTER 4
RESULTS

4.1. ET ESTIMATES IN TEST PIXELS IN CATCHMENTS Q91C AND P10A
4.1.1. The annual ETyopis for 2000 — 2010

The mean annual ET over a ten year period (20001:8)2was higher by 78 mm in the high
biomass km pixel (P10A) than that obtained in the biomass km pixel (Q91C). In 2001 the
P10A 1 km pixel had the highest annual ET estinoat®10.3 mm, while highest annual ET
for the Q91C 1 km pixel was observed in 2006 (53#m). Then the lowest annual ET
estimates were observed in 2010 for both 1 km piXxBILOA: 333.1 mm and Q91C: 266.2
mm). ETo was highest in 2004 with 1080.7 mm and the loviEst was 724.5 mm in 2010

the same year both P10A and Q91C 1 km pixel hatbtkest annual E€stimates (Table 4).

A consistent decrease in annual ET estimates wasedoon both km pixels starting from
2007 to 2010. The Standard Deviation of the meamalnETyopis is shown in Figure 9a and
9b for the P10A and Q91C 1 km pixels for the pend@000 -2010.

Table 4: Mean annual Ediopis, ETo and rainfall for Q91C and P10A 1K2000 — 2010)

Q91C-LB P10A - HB

Year ETwvopis (Mmm) ETyvopis (Mmm) ETo(mm) Rain (mm)
2000 345.9 448.5 1039.1 541.7
2001 460.2 610.3 1046.8 511.7
2002 450.1 566.5 1072.5 592.7
2003 3315 433.2 1076.4 318.2
2004 340 420.6 1080.7 419.7
2005 501 517 1049.2 492.9
2006 534.7 545.6 979.8 618.5
2007 445.7 510.9 1072.2 422.5
2008 376.4 462.8 1065.0 431.1
2009 304.5 385.2 924.1 545.8
2010 266.2 333.1 724.5 516.9
Mean 396.01 475.79 1011.84 491.97
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Figure 9(a): Standard Deviation of the mean annual ET of P10B)(Hkm pixel for the
period of March 2000 — December 2010.
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Figure 9(b): Standard Deviation of the mean annual ET of Q91B) (L km pixel for the
period of March 2000 — December 2010.

The ANOVA indicated that the mean annualkhs estimates for the period of 2000 — 2010
were significantly different (p< 0.05) for both PA@nd Q91C 1 km pixels. The results for
the Post Tukey-HSD Post-hoc test are shown in Taaefor PLOA 1 km pixel and in Table
5(b) for Q91C 1 km pixel. The p values in bold shahich years the mean annual\his
estimates were significantly different for a pastar year. For example in Table 5 (a), in year
2000 the mean annual kdpis was significantly different to the mean annualyigdis
obtained for 2004, 2009 and 2010.
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Table 5(a): p values showing significant difference for PLOAB(HL km pixel for the period of 2000 -2010

Years 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
2000 0.208511 0.976649 0.069979 0.016421 1.000000.999973 0.999972 0.518326 0.000164 0.000015
2001 0.208511 0.922594 0.000015 0.000015 0.056047 0.499992 0.029073 0.000034 0.000015 0.000015
2002 0.976649 0.922594 0.000295 0.000041 0.842169 0.999773 0.719623 0.015160 0.000015 0.000015
2003 0.069979 0.000015 0.000295 0.999995 0.137240 0.006027 0.224386 0.996842 0.866163 0.045676
2004 0.016421 0.000015 0.000041 0.999995 0.035436 0.000881 0.067155 0.938992 0.985781 0.165636
2005 1.000000 0.056047 0.842169 0.1372400.035436 0.996625 1.000000 0.722912 0.000370 0.000015
2006 0.999973 0.499992 0.999773 0.006027 0.000881 0.996625 0.984386 0.133674 0.000017 0.000015
2007 0.999972 0.029073 0.719623 0.224386 0.067155 1.000000 0.984386 40484 0.000952 0.000015
2008 0.518326 0.000034 0.015160 0.996842 0.938992 0.722912 0.133674 0.844741 5684 0.001270
2009 0.000164 0.000015 0.000015 0.866163 0.985781 0.000370 0.000017 0.000952 0.245581 0.878458
2010 0.000015 0.000015 0.000015 0.0456760.165636  0.000015 0.000015 0.000015 0.0012700.878458

Table5(b): p values showing significant difference for Q91®BJLL km pixel for the period of 2000 -2010

Years 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
2000 0.609526  0.851274  0.133685  0.260383.013201  0.000061 0.919179  0.982827 0.004619 0.000024
2001 0.609526 0.999999 0.000029 0.000082 0.868789  0.099991 0.999968 0.028426  0.000015  0.000015
2002 0.851274  0.999999 0.000127 0.000487 0.624329 0.029981 1.000000  0.095755 0.000015  0.000015
2003 0.133685 0.000029  0.000127 1.000000 0.000015  0.000015 0.000275 0.813318  0.992407  0.331827
2004 0.260383 0.000082  0.000487 1.000000 0.000015  0.000015 0.001062 0.938400  0.953027  0.173763
2005 0.013201 0.868789  0.624329 0.000015  0.000015 0.960731 0.498884 0.000039  0.000015  0.000015
2006  0.000061 0.099991 0.029981  0.000015  0.000015 0.960731 0.016678  0.000015  0.000015  0.000015
2007 0.919179 0.999968 1.000000 0.000275  0.001062 0.498884 0.016678 0.150156 0.000016  0.000015
2008 0.982827 0.028426 0.095755  0.813318  0.938400 0.000039 0.000015 0.150156 0.149954 0.001369
2009  0.004619 0.000015  0.000015 0.992407 0.953027 0.000015  0.000015 0.000016 0.149954 0.954090
2010  0.000024  0.000015  0.000015 0.331827 0.173763 0.000015  0.000015 0.000015  0.0013690.954090

4.1.2. Validation of ETyopis with ET o1c

The ETorc obtained using the Kestrel 3000 anemometer for gh@wing season of
(September 2009 — March 2010) were negative fon bt8 (P10A) and LB (Q91C) 1 km
pixels, on most occasions it was measured in t#d.fNo positive correlation was observed
when ETorc was compared Bjopis for those days, and these results were discakifben
using both the Kestrel 3000 anemometer and thealtaidMP45C RH and TEMP probe,
positive results were obtained. Since the dailypfEstimates was a sum of £10 hours of the
day it was measured, it was deemed important © @dtculate the hourly Bjbopis for the
same hours as kfc on those same days. Figure 10(a - e) and 11 fashosv how hourly
ETorc (the actual) performed in the field compared ® hlourly ETiopis (the predicted) for

the same days.
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Figure 10(a - €):P10A (HB) hourly performance of Bfc and ETiopis On the days ET was
measured in the field with the OTC in the growirason of 2010 — 2011. The solid line
represents ET-MODIS while the dotted line repres&it-OTC.
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Figure 11(a - €):Q91C (LB) hourly performance of Bfc and ETyopis on the days ET was

measured in the field with the OTC in the growirgason of 2010 — 2011. The solid line
represents ET-MODIS while the dotted line repres&it-OTC.
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A good relationship was observed between the dailyrc and Efopis @as shown by the

linear regression analysis in Figure 12 with tHeR.7065.

3.50 - y = 0.6601x + 0.8322
R? = 0.7065
3.00 |
2.50
@)
|_
Q
— 2.00 -
w
1.50
1.00 ‘ ‘ ‘ ‘ ‘
1 1.5 2 2.5 3 3.5

ET-MODIS

Figure 12: Regression Analysis showing the relationship betwE&rc and ETfopis for all
days.

The relationship observed confirms thatdedclosely approximates ETMODIS and that the
OTC can be used as a tool to validated MODIS LAld&Tclear, low winds and sunny days.
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Figure 13(a): Daily estimates of Ejopis and Ehrc and the rainfall measured from P10A
(HB) 1 km pixel for the growing season of Octobéd@ — March 2011.
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Figure 13(b): Daily estimates of Ejopis and ETorc and the rainfall measured from Q91C
(LB) for the growing season of October 2010 — Ma26i 1.

4.1.3. The actual leaf area index

Table 6: Theactual LAI, ET-MODIS, ET-OTC and ETO

Dates Sites LAI ETO ET-MOD ET-OTC
11/11/2010 P10A 0.4423 3.35261 3.094717 2.99
15/11/2010 Q9i1C 0.3576 3.09369 2.141785 2.17
26/11/2010 P10A 0.3029 3.200624 2.560499 2.09
27/11/2010 Q9i1C 2.639897 2.233759 2.44
30/11/2010 P10A 0.3954 3.144367 2.575494 2.86
01/12/2010 Q91C 0.6423 3.12263 2.643071 2.35
15/02/2011 P10A 0.3868 3.165128 1.978205 2.36
20/02/2011 Q91C 0.4114 2.732352 2.146848 2.29
23/02/2011 P10A 0.56 2.989981 1.494991 1.66
01/03/2011 Q91C 0.3669 2.706708 1.353354 1.78
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4.2. LAND USE SCENARIOS FOR HB and LB QUATERNARY
CATCHMENTS

The mean annual bpis estimates obtained in quaternary catchments S5@B ffiomass
site) were higher by 111mm than those obtained dgwaternary catchment S20C (low
biomass site). When comparing between the scenianess observed that scenario 2 which
is the scenario in which the LAI values were dodiied higher Ejiopis estimates than both
scenario 1 and 3. Table 7 shows the differencesdrETyopis between the two quaternary
catchments (S50E and S20C) and between the scerdarzoand 3.

Table 7: Scenario 1-3 for the S50E (HB) andS20C (LB) quatsricatchments in 2009

Scenariol Scenario2 Scenario 3

Catchments ET(mm) ET(mm) ET(mm)
S50E 426.83 436.36 420.77
S20C 315.81 324.84 314.40

4.2.1. Accumulated ETopis for scenario 1-3

The accumulated rates of MODIS LAI ETor scenario 1 — 3 are shown in figures 14a and
15a. The differences between the scenarios forequaaty catchments S50E and S20C are

clearly shown in Figure 14b and 15b.
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Figure 14(a) Accumulated daily Eyopis for quaternary catchment S50E showing the
difference in ET between scenario 1, 2 and 3.

S50E-HIGH BIOMASS

460.00 -
440.00
420.00
€ —— Scenario 1
£ 400.00 - —— Scenario 2
E —— Scenario 3
380.00
360.00
340.00 : : : : : : : : : : : : : : :

R SR SR SR AR SN < S SY SR, VR S <SS R N P

ECEE U G G G SR S S AT A . S SO U S

Day of Year

Figure 14(b) Accumulated Efiopis showing only the 12 month of 2009 for the high
biomass 1 km pixel.
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Figure 15(a) Accumulated daily Egopis for quaternary catchment S20C showing the
difference in ET between scenario 1, 2 and 3.
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Figure 15(b) Accumulated Efopis showing only the 12 month of 2009 for the low
biomass 1 km pixel.
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CHAPTER 5
DISCUSSION AND CONCLUSION

In this study ET estimates of the grasslands oEthstern Cape were obtained using MODIS
LAl as an input into the Penman-Monteith equati®aliher and Weideman 2011) and
validated using an Open Top Chamber. The aim wadind out how the different
management regimes or lack thereof of the grasdatahment affected the rates of ET and
ultimately the runoff rates. It was assumed that thismanagement of the grassland
catchments of the Eastern Cape has had an adv&stan the amount of runoff received
annually as it leads to overgrazed land with lillemass cover and soil erosion. Also these
overgrazed lands lead to invasion of alien speitias usually utilize more water than the
native species and lead to high ET rates (Blignelatraiset al. 2007). The effect of these
alien species on ET rates was not explored in ghidy. Two different grazing strategies
(High and low biomass cover) were explore from quary catchments selected from
Bushmans River Primary Catchment and from Kei RRemary Catchment. First the trend
observed for the annual ET estimates over a 11 yeaod (2000 — 2010) showed that ET
has been decreasing in the last four years from th@ high and low biomass sites. It was
also observed that the high biomass sites had hi§hestimates than the low biomass sites.
These results were in agreement with the observatiade for the land-use scenarios. High
ET rates have been previously associated with doeedse in water supply; however in this
study we argue that if these ET estimates are rddairom good condition grasslands then

an improvement to the runoff rates is expected.

5.1 THE ANNUAL ET moois FOR 2000 - 2010

The results obtained showed that the mean annugbdwslobtained for the high biomass 1
km pixel was higher than the mean annual,&5ls obtained for the low biomass 1 km pixel
over the period of 2000 — 2010. When high ET edtsare obtained it is expected that the
runoff rates will be reduced. However in casesrakgland catchments though high biomass
cover results in high ET estimates which may reduceff rates as more water is lost to the
atmosphere, high biomass cover also acts as a sgbag catches the summer rainfall and
allow the water to be infiltrated in the soil amem be gradually released to the streams. Also

high biomass cover reduces the magnitude of stdomvsf Whereas in areas with low
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biomass cover, high runoff rates may result, howawitration is reduced and storm flows
are increased. This also results in soil erosiahsltation of the dams which decreases the
capacity of the dams to store water. (DWA 1986 piejrMaraiset al. 2008).

It was also observed that from 2007 up to 201Cetinexs a consistent decrease of ET for both
the low and high biomass 1 km pixel. In an idetlation decrease in ET rates would mean
that less water is lost to the atmosphere andfiirereunoff and recharge rates are improved.
However where grasslands are concerned this cautdule in cases where the high biomass
cover is moribund, and the dead grass still allaatento infiltrate the soil. Therefore in this
case the decrease of the ET rates is not seensés/@aince it was observed for both the
high biomass (representing good condition gras$land the low biomass (representing bad
condition grassland).

Factors that could have contributed to this coasistiecrease of Ebpis are at this stage
uncertain. However it was noted that for the saradod (2007 — 2010), BTwas also
consistently decreasing. The concept o B&s been used in many studies as a method for
estimating ET (Jenson full citation) and in thiadst ET was estimated by adjusting ET
using the 8 day MODIS LAI data (Palmer and Weider2@d1). Therefore the consistent
decrease in Ejlcan be viewed as one of the contributing factorthé decrease observed for
ETwvopis. Hansen (1984) defined E&s the maximum E and T from a surface with sudfiti
water available and the amount of energy availebl&T is greatly influenced by the surface
condition (i.e. whether the surface is well covevdgth vegetation and well watered or it is
lightly covered and water stressed) (Hansen 1984grefore it could be argued that over the
past four years both the high and the low biomaks bixels have experienced a consistent
change in the vegetation cover and soil water akdity.

Reynolds et al., (2000) stated that in semi-argiores where plant growth is limited by water
availability, variations in ET rates can be corlgdlby variability in precipitation at daily to
inter-annual timescales (Reynolds, Kermapal. 2000). The lowest annual rainfall was
obtained in 2003 and the ETates obtained for that year are higher than tlodsained for
2007 — 2010 and this complicates the effects offadlion ET,. However an answer may be
found in the study done by Ferretti et al., (2008t examined the effect of precipitation
variations on the separate fluxes of E and T intsip@ass steppe. They estimated the average
daily E and T fluxes for each time interval by npliting the fraction of each flux by the
total moisture for that interval. The results thaytained showed that for two consecutive

years (2000 and 2001) that had similar annual a#ljnthe rates for one year were almost
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double the rates obtained for the other year. Higiputed this to the timing of precipitation.
The dry spring led a decrease in biomass and wiemain finally came in late August of
2000 it was not used by the short grass. Whereassphing rains of 2001 increase the
biomass leading to high T rates. This then ind&dteat vegetation growth is not only
affected by the rainfall amounts but also by whes occurring (Ferretti, Pendadt al. 2003;
Overpeck, Bartleiret al. 1991).

5.2. VALIDATION OF ET yopis ESTIMATES
5.2.1. The variations in the hourly ETorc

It was observed that for most of the days ET waasueed in the field with the OTC, the
curve of Erc was not as smooth as the one plotted fondok. ETvopis was obtained by
adjusting ET (a climatic parameter that is estimated from tleatver data) by MODIS LAI
data (a Remote Sensing technique that measureadi€dtly) and therefore it represented
the predicted ET in this study. While &% represents the actual ET as it was measured
directly using a micro-meteorological method (Allétereiraet al. 1998; Breda 2003). ET is
the sum of two processes, the direct E of watenfapen water bodies and moist soils and
transpiration through the stomatal pores of legi#snus, Hattoret al. 2006). According to
Glenn et al., (2007) T of the plants accounts f@rd0% of the terrestrial ET. Transpiration
depends on the opening and the closing of the dtomikich is affected by the increase or
decrease in air temperature, RH and U. The decirdssnspiration means that less water is
released through the stomata and this also meandhth rate of ET will decrease (Eamus,
Hattonet al. 2006; Glenn, Huetet al. 2007b). Therefore as the air temperature RH and U
fluctuate throughout the day, the same occurs @ B rates. This would explain the

fluctuating rates of the hourly Bfc.
5.2.1. Comparison between Edrc and ETvopis

ET estimations were obtained in this study using BAODIS LAl as an input into the
Penman-Monteith equation (Palmer and Weideman 28dd)validated using the Open Top
Chamber. The relationship between theubdis and ETrc observed from the linear
regression analysis?(e 0.7065) showed that ¥ closely approximates Eibois and thus
the OTC can be used to validate MODIS LAI ET. ETaisnajor component of water cycle

and obtaining improved estimates of ET is importimtdetermining water budget in and
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around a region. (Leuning, Zhaegal. 2008; Tsouni, Kontoest al. 2008). Remotely sensed
data is one of the best ways to determine spatilyibuted E fluxes due to their spatial and

temporal continuity.

The model of estimating ET using MODIS LAl dataaasinput into the P-M equation was
first proposed by Cleugkt al., (2007) in a study where the 8-day evaporation-&ml
resolution was estimated using gridded meteorotddields and the P-M equation, in which
the surface conductance Gvas a function in the MODIS LAl (Cleugh, Leunirey al.
2007). This was later modified by M al., (2007) who revised the simple model foytG
account for the response of stomata to temperatmdehumidity deficit of the air and the
results obtained were in good agreement betweetigpiens of ET by the P-M equation and
evaporation measurements from a number of fluxoststin the USA (Mu, Heinscht al.
2007). Both models for Gvere replaced by Leuning al., (2008) with a biophysical, two-
parameter model for surface conductance that ateduor the sensitivity of the stomatal
conductance to the shortage of humidity in the aphere and to light. Excellent estimates of
evaporation were obtained from this new model fonBen tested against data sets from 15
flux station sites covering a wide range in climated vegetation types globally. These
results show that the P-M equation is a biophykicabund and robust framework for
estimating daily E at regional to global scalesngsemotely sensed data (Leuning, Zhang
al. 2008).

Then Zhang et al., (2008) examined the potentiaking remote sensing ET to predict long-
term runoff by comparing the runoff values derivedm water balance estimates with
measured runoff at the 120 gauged catchments irp¢hed of 2001-2005. Their results
showed a good comparison between the mean annuoabffruestimates calculated by
calibrated remote sensing ET and the recorded salileese results lead to a conclusion that
remotely sensed ET can be used with rainfall-rumoéfdels to improve the accuracy of

estimated runoff in ungauged catchments(Zhang,\Caial. 2008).

The model used in this study to estimate the a&WialPalmer and Weideman 2011) which is
also a modification of the model developed by Cleagal., (2007) was developed around
two different data sets (EC and LAS) from differsites (KNP and Malekutu) and in both
cases a good relationship was observed betwedaTilubtained from either data set and ET
obtained using the model. The OTC used in thisystada third instrument to be used to
ground truth the ET estimates obtained using thdahand the advantage of OTC over the
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other two instruments is that it is easy to corddtrueplicable and replaceable, easy to
transport and inexpensive. Therefore obtainingofeTresults that closely approximate
ETwvopis presents a cheaper and uncomplicated alternatidetermining the effects of the

different grazing regimes on ET and ultimately onaff rates using MODIS LAI products.

5.3. LAND-USE SCENARIOS

The results obtained for the land-use scenario sbothat the high biomass quaternary
catchment had higher ET than the low biomass guatgrcatchment and also when
comparing between the scenarios, ET estimates igher in the scenario with the pixels
that had doubled LAI values. These results aregneement with results obtained for the 1
km pixels in which high ET estimates were obtaif@dthe high biomass km pixel than the
low biomass 1 km pixel.

The purpose of doing the land use scenarios wakdw the impact that changes in land use
activity can have on ET and ultimately on runoffesa The first scenario was the original
state of the quaternary catchment. The second socestowed how ET would be affected if
a small area within the quaternary catchment cae ba increased LAl and as shown by the
results ET would be increased as well. Then thal thienario is the opposite of scenario 2
and resulted in a decrease in ET. The ideal statddibe one that has reduced rates of ET
(i.e. scenario 3) as this would result in high sadérunoff according to the equation below:
Runoff = Precipitation - ET

However in this case the reduction of LAI in thdes&ed area is assumed to mean that
degradation in that area is increasing. This degran might lead to loss of the above ground
biomass which would increase storm flows leadinglam siltation and also reduce surface
water infiltration. Therefore though in scenari@B was reduced, increased water supply is
not guaranteed instead there is a high possittiiay not only would the runoff and recharge
rates be decreased but the capacity of the damishatso be decreased due to siltation.

This then denotes that scenario 2 is an ideal, stadeigh high ET rates were obtained as in
the case of the high biomass 1 gixel, the high grass cover can act as a sponge#tehes
the summer rainfall and allows it to infiltrate theil and be gradually released to the dam.
Also if this state is maintained over the yearsdbeve grass can be moribund which could
reduce ET rates and continue to allow the infilbratof water (Turpie, Maraist al. 2008)
(Hogan 2010).
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Creating the land use scenarios using the MODISdak& was important in this study as this
has presented an opportunity to demonstrate how MQIAI data can be used to quantify
the improvements or further degradation of the taggen cover within the catchments. This
would greatly assist in the application of the papmfor ecosystem services as it a step
closer to knowing how much water can be expectednwthe grass cover is improved. The
current state of the grasslands of South Africafigreat concern; in arid and semi arid
climates overgrazing of rangelands by livestock agst other things add to land degradation
resulting in decline of the soil structure thatueed infiltration and water holding capacity
(WMO 1998). This then denotes that there is a rieethnd use activities to change within
the grassland catchments that are also used aelaadg. Livestock owners need to be
advised to apply effective management regimesderoio improve the grass cover within the
grassland catchments they inhabit to ensure gramymly of water to the catchments. Then
through the PES they can receive direct compemsétion the downstream water users for
improving the grass cover to improve water supplycases where the ecosystem services
paid for involve changing land use activities, tosts are higher as opposed to when they are
made for retaining them (Engel, Pagietaal. 2008). If the PES can be successfully applied
in areas that require change in land use actimityrder to improve the above ground biomass
which in turn will improve the rates of runoff aneicharge then the livestock owner who in
this case will be the service providers can expeche paid more. Although the aim of
developing the PES is firstly to meet the environtakobjectives and to ensure that natural
resources are well managed, the effect on incordistribution is also an important side
objective. This is more suited to developing coestwhere most of the people providing the

ecosystem services fall below the poverty line @selik, Grootet al. 2009).

In the Eastern Cape there is need for land useitsesi to change within the grassland
catchments that are also used as rangelands. @urtesse grassland catchments have less
grass cover due to inappropriate land practicels as@vergrazing. This leads to rapid runoff
that silts the dam and also removes the top smiédtock owners need to be advised to apply
effective management regimes in order to improve ghass cover within the grassland
catchments they inhabit to ensure gradual supplyaitr to the catchments and to reduce
their livestock numbers. The PES program that hailes objectives (i.e. the improvement
of water supply through change in land use acdvitgs successfully applied by the Maloti
Drankensberg Transfrontier Project (MDTP) in theuRdla and Mzimvubu catchments

where they managed to encourage the land ownethange certain land use activities in
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order to improve water supply. Their results con&d that application of proper
managements system can increase infiltration, edummer storm flow and increase winter
base flow. These results lead the MDTP to conclidé providing an incentive for land
owners for their proper management of the grasslaadchment is efficient and equitable
(Mander, Blignautt al. 2007).

Though the PES programs has shown the potentiatiémble dividend’ payoffs in terms of
biodiversity conservation and poverty reductionn(Vailgen, Le Maitreet al. 1998), studies
done in Costa Rica and Mexico have indicated tlaatigipation in the program is not easy
for most poor households (Miranda, Poreazl. 2003; Ortiz and Kellenberg 2002; Zbinden
and Lee 2005). This is due to the fact that pgiton in the PES program is limited to
households that can provide the desired servicdsoaty these household are eligible to
receive payment. Constraints such as the formalréerequirements discriminate against
poor farmers who would like to benefit from the gmram but have no formal rights to the
land (Wunder 2005). For instance in Latin Ameri8authgate and Wunder (2009) found that
the PES program was more successful where thecegpvoviders had secured land tenures
and that cooperation and good compensation wergathsAn example of this is taken from
the study by (Varga, Harwooet al. 2009). They found that in one of their case swidie
knowing who owned the property rights of land upatn, enabled the service buyers to enter
into an appropriate contract with the service pitevs (Varga, Harwooet al. 2009).

Another constraint is that in terms of payments, ¢bsts to the ecosystem service buyer are
much higher when dealing with many smallholder dard that is collectively owned by
communities compared to when paying only a fewl@mglowners (Smith and Scherr 2002).
In this study, where the land users are livestoskers, the above constraint could be
experienced since in most cases livestock owneasallysown land collectively. Secondly
encouraging livestock owners to reduce their lioelsthumbers would require the ecosystem
service buyer or downstream users to ensure thabehefits of participating in the program
are higher than the current benefit they receianfitheir livestock (Pagiola and Platais
2007).

There is another aspect that needs to be lookédibf the differences between private PES
programs and national government financed PES amagyr In private PES programs land
owners or ecosystem service providers can be pa@ttly by the users of the specific

ecosystem service due to a limited geographic sdepeexample in a single watershed the
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downstream hydrological service users can direply the upstream service providers
(Blackman and Woodward 2009). The advantage ofapiVPES programs is that the
ecosystem service buyer and the ecosystem sewliee are directly involved meaning they
can ensure the efficiency of the system and theyirama better position to renegotiate the
agreements (Varga, Harwoetlal. 2009). Then there are those that have a natiaugdes
these are financed by government who representssiérs of that specific ecosystem service
throughout the country. This type of PES program Ibeen applied in countries like China,
Costa Rica, Mexico and South Africa, while some sti# planning to implement them
(Pagiola 2007; Wunder 2005). The main advantagehef government financed PES
programs is economies of scale, where nationalrarog are able to spread costs over a large
number of agents, and reduce some costs. Howeese thire very inefficient, firstly because
as opposed to the private PES programs the natgmedrnments are not directly involved
and do a poor job of identifying providers of imfaort ecosystem services and monitoring
the efficiency of the program. Secondly, they depesn national tax revenues and
international funds they cannot guarantee long témancing (Blackman and Woodward
2009). One way that could correct this is if theliwdual service users of a specific
ecosystem service would voluntarily contribute be tsystem by paying for them to the
government administrators.

There is a lot in the literature about how the RESyrams work for different scenarios and
in this study the practical application of the pmyg has not been initiated yet. Only the
technique that demonstrate how to identify areasre/tovergrazing could lead to reduced
water supply have been explored. It is not yetrclelaether the private PES program or the

national government financed PES program will b&able in this kind of study.

5.4. CONCLUDING REMARKS

It is clear that South Africa has a major shortafyevater and the country is at a stage where
water demand is exceeding water availability duepépulation growth (DEAT 2000)
(Mukheibhir 2007). Previously water demands weret theough a complex system of
engineering supply side solutions which includedjomanter-basin transfer and water
pumping schemes (Smakhtin, Ashtgral. 2001). However these have become costly and the
water available for that has reduced because 3bath Africa's 19 water catchment areas

receive insufficient rainfall (Blignaut and De W2004). This has increased the need to

51



explore cheaper and less complicated alternatieesirfcreasing and conserving water
supplies in ungauged catchments (Ashton and See@dl). This study set out to explore the
effect of two different grazing strategies on Efesausing MODIS LAl data since changes in
ET rates also affect the quantities of water supplye results obtained showed that high
biomass sites had higher ET rates and though higihakes are associated with low runoff
rates it was argued in this study that where gaassl are concerned the opposite is true.
Since grasslands allow summer rainfall to infikrélte soil and be gradually released to the
dams, it is recommended that the grass cover neubidh. As opposed to the previous ways
of meeting water demand the use of the MODIS LAddoict as an input into the Penman
Monteith to estimate the ET rates is a much cheapdrless complicated alternative. Also
it's validation using an open top chamber thahexpensive, easy to construct and transport,
makes the process highly replicable. The findingthis study pave a way for the application
of the PES model and the approach used has thatdt® quantify the benefits to down-

stream water users of improving above-ground bienrasatchments.

5.5 FUTURE RESEARCH

In using contrasting land-use scenarios, this stigyonstrated that when LAl is decreased,
ET estimates also decrease. Although the low bisrsasnario can be viewed as a situation
when less water is lost to the atmosphere, it wgsortant to note that in most cases the
reduction of LAl is associated with increased rdf-digher silt loads and rangeland
degradation. On the other hand, increased LAI, wisaccompanied by increased ET, could
mean that the rangeland is in a healthy state andead to the reduction of storm flows and
dam siltation since infiltration of the rainfall @ars. These results high-light the challenges
associated with balancing biomass production, \&iget cover, soil conservation and water
yield (quality and quantity). Determining the incenbenefit that livestock owners can
receive through the PES model for the improvemerdsge to their rangelands will require
further research. This will require a clear undmrding of how to quantify the annual
biomass increments from the selected sites andntpact on water supply. This can be
achieved through the development of techniguesrfodelling net primary production and
then water use efficiency. Degradation or improvetrad the rangeland can be determined
by monitoring the changes in water use efficienelplfn, Watsonet al. 2003). Several
authors (Palmeet al 2010, Snyman 1986, 1994 and Holm, Watsbral. 3003) have
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prepared water use efficiency values for seleceggktation types in Southern Africa, and this

research should be pursued further.
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APPENDICES:

Appendix 1: Differences between quaternary catchmdrS50E (HB) and

S20C (LB)

Description of the veld condition of quaternaryctamhent S50E:
1. High biomass cover dominated Bragrostis plana.
2. The average disc pasture meter reading frone thites was 9.5 cm.

3. Soil is red and deep
4. Fire is used
5. No camp resting

6. There are some Black wattles and Pine plantation

The summary of the point to turf distance:

Season [2011/09/27
Co-ordinat{27.61809 -31.87008
Plot
Camp ID |Species Data 1|Grand Total
SE50E-HE |DIGITARIA Count of Distance 3 3
Average of Distance | 1.333333333] 1.333333333
ERAG Count of Distance 1 1
Average of Distance 0 0
ERAG PLANA Count of Distance 24 24
Average of Distance 0.875 0.875
FORB Count of Distance 13 13
Average of Distance | 0.846153846| 0.846153846
HYPA HIRTA Count of Distance 7 7
Average of Distance | 1.142857143| 1.142857143
SPORO AFR Count of Distance 1 1
Average of Distance 0 0
S50E-HB Count of Distance 49 49
S50E-HB Average of Distance 0.897959184| 0.897959184
Total Count of Distance 49 49
Total Average of Distance 0.897959184| 0.897959184
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Season |2011/09/28
Co-ordinat{27.68027 -31.78604
Plot
Camp ID |Species Data 2|Grand Total
S50E-HE |DIGITARIA Count of Distance 1 1
Average of Distance 1 1
ERAG PLANA Count of Distance 29 29
Average of Distance | 1.344827586| 1.344827586
FORE Count of Distance 19 19
Average of Distance | 0.526315789| 0.526315789
HETROPOG Count of Distance 1 1
Average of Distance 2 2
S50E-HE Count of Distance 50 50
SE0E-HB Average of Distance 1.04 1.04
Total Count of Distance 50 50
Total Average of Distance 1.04 1.04
Season |2011/09/28
Co-ordinat{27.68341 -31.77613
Plot
Camp ID |Species Data 3|Grand Total
S50E-HE |CYN DACT Count of Distance 1 1
Average of Distance 1 1
DIGITARIA Count of Distance 18 18
Average of Distance | 1.111111111] 1111111111
ERAG PLANA Count of Distance 4 4
Average of Distance 2 2
ERAG SPP Count of Distance 5 5
Average of Distance 1.2 1.2
FORB Count of Distance 1 1
Average of Distance 0 0
HETROPOG Count of Distance 2 2
Average of Distance 0.5 0.5
MISCENTHUS Count of Distance 10 10
Average of Distance 2.2 2.2
SPORO AFR Count of Distance 5 5
Average of Distance 1.8 1.8
THEMEDA Count of Distance 4 4
Average of Distance 1.5 1.5
SE0E-HB Count of Distance 50 50
S50E-HB Average of Distance 1.46 1.46
Total Count of Distance 50 50
Total Average of Distance 1.46 1.46
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Photos showing the biomass cover of Quaternary Cdiment S50E (HB):
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Description of the veld condition of quaternaryctathent S20C:
1. Low biomass cover dominated Byryops annae and someCynodon dactylon.

2. No disc pasture meter readings were taken fhisrguaternary catchment due to its low

biomass

3. The soil is shale and shallow
4. No fire used

5. No camp resting

6. No black wattle or pine plantations were obsérve

The summary of the point to turf distance:

|Season  [2011/09/27 |
Plot
Camp ID |Species Data 1|Grand Total
S20C-LEB |ARIS CONG |Count of Distance 12 12
Average of Distance | 9.666666667| 9.666666667
CYM PLU Count of Distance 38 38
Average of Distance 4.5 45
CYN DACT  |Count of Distance 9 9
Average of Distance | 4.555555556| 4.555555556
ELIO. ARG Count of Distance 3 3
Average of Distance 4 4
ERAG CHL Count of Distance 31 31
Average of Distance | 4.516129032| 4.516129032
EURY ANN Count of Distance 3 3
Average of Distance | 3.333333333| 3.333333333
FORB Count of Distance 3 3
Average of Distance | 3.666666667| 3.666666667
HERE Count of Distance 1 1
Average of Distance 2 2
S20C-LB Count of Distance 100 100
S20C-LB Average of Distance 5.03 5.03
Total Count of Distance 100 100
Total Average of Distance 5.03 5.03




Season |[2011/09/27
Co-ordinat{27.43350 -31.75260
Plot
Camp ID |Species Data 2| Grand Total
S20C-LB |ARIS CONG Count of Distance 5 5
Average of Distance 54 54
CYM PLU Count of Distance 2 2
Average of Distance 6 G
CYN DACT Count of Distance 35 35
Average of Distance | 6.171428571| 6.171428571
FORB Count of Distance a8 8
Average of Distance 1.875 1.875
S520C-LB Count of Distance 50 50
S520C-LB Average of Distance 54 54
Total Count of Distance 50 50
Total Average of Distance 54 54
Season  [2011/09/27
Co-ordinat{27.44275 -31.74145
Plot
Camp ID |Species Data 3|Grand Total
S520C-LB |ARIS CONG Count of Distance 10 10
Average of Distance 6.3 6.3
CYN DACT Count of Distance 1 1
Average of Distance 2 2
ELIO. ARG Count of Distance 35 35
Average of Distance | 4.457142857| 4.457142857
ERAG CHL Count of Distance 1 1
Average of Distance 1 1
FORB Count of Distance 2 2
Average of Distance 1.5 1.5
S20C-LB Count of Distance 49 49
S20C-LB Average of Distance 4.591836735| 4.591836735
Total Count of Distance 49 49
Total Average of Distance 4591836735 4.591836735
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Photos showing the biomass cover of Quaternary Cdiment S50E (HB):
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Appendix 2: A Macro File showing how Scenarios 1 3 were created in
IDRISI 32

Scenario 1

I NI TI AL x

c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\l ai \ 13951. rst*1*1*0*1*c: \ gi sdat a\ nodi s
1\ east cape\ 2009\ col 5\ | ai \ 2009001. rst *

POLYRAS x c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 1395-

hca. vct *c: \ gi sdat a\ nndi s1\ east cape\ 2009\ col 5\ ai \ 13951. r st

OVERLAY X

3*c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13951. r st *c: \ gi sdat a\ nodi s1\ east
cape\ 2009\ col 5\ 1 ai \ 2009001. r st *c: \ gi sdat a\ nodi s1\ east cape\ 2008\ col 5\ | ai \ 139
51-1.rst

RECLASS x |*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ I ai \ 13951-

1.rst*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13951-

2.rst*3*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\l ai\ 1395-1.rc

RECLASS x | *c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ ai \ 13951-

2.rst*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13951-

3.rst*3*c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 1395.rc

extract x c:\gisdata\nodi sl\eastcape\ 2009\ col 5\| ai \ 13951-

3.rst*c:\gisdat a\ nodi s1\ east cape\ 2009\ col 5\ ai \ 13951- 2. rst*2*4

Scenario 2

I NI TI AL x

c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\l ai \ 13952. rst*1*1*0*1*c: \ gi sdat a\ nodi s
1\ east cape\ 2009\ col 5\ | ai \ 2009001. rst *

PCOLYRAS x c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 1395-

cat.vct*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 13952. r st

OVERLAY x 1*c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13951-

3.rst*c:\gisdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13952. r st *c: \ gi sdat a\ nodi s1\
east cape\ 2009\ col 5\ ai \ 13952- 1. rst.

extract x c:\gisdata\nodi s1\eastcape\ 2009\ col 5\ ai \ 13952-
1.rst*c:\gisdata\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13951- 2. rst *2*4

Scenario 3

NI TIAL x c:\gisdata\nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 13953-
1.rst*2*1*0*1*c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 2009001. r st *
POLYRAS x c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 1395-

hcal. vct *c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953- 1. r st
OVERLAY x 3*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953-
1.rst*c:\gisdata\nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 2009001. rst *c: \ gi sdat a\ nodi s
1\ east cape\ 2009\ col 5\ 1 ai \ 13953- 2. r st

RECLASS x | *c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ ai \ 13953-
2.rst*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953-

3.rst*3*c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai\ 1395-1.rc

RECLASS x |*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ I ai \ 13953-
3.rst*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953-

4.rst*3*c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ ai \ 1395.rc

SCALAR x

c:\ gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 13953. rst *c: \ gi sdat a\ nodi s1\ eastca
pe\ 2009\ col 5\ 1 ai \ 13953-0.rst*3*0. 5

OVERLAY x 2*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ 1 ai \ 13953-
4.rst*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953-

0.rst*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953- 5. r st

OVERLAY x 3*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953-
5.rst*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953-

3.rst*c:\gi sdat a\ nodi s1\ east cape\ 2009\ col 5\ | ai \ 13953- 6. r st

extract x c:\gisdata\nodi sl\eastcape\2009\col 5\| ai \ 13953-
4.rst*c:\gi sdat a\ nndi s1\ east cape\ 2009\ col 5\ | ai \ 13953- 6. rst *2*4
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