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Abstract

ABSTRACT

OPTIMISING RUNOFF TO BASIN RATIOS FOR MAIZE PRODUCT ION WITH
IN-FIELD RAINWATER HARVESTING

by
WELDEMICHAEL ABRAHA TESFUHUNEY

Ph.D. in Agrometeorology at the University of the& State
January 2012

Food production in semi-arid areas principally defgeon the availability of water. Consequently,
improving rainwater productivity and modifying thesailable energy for unproductive water
losses is an important and necessary step towawwoting rainfed agriculture in dryland
farming. It has been convincingly argued that wat@nagement strategies on rainfed semi-arid
areas, including in-field rainwater harvesting (IRYVdeserve considerable attention. However,
integrated studies of water and energy balancé@nRWH technique in particular in optimizing
runoff to basin area ratio and mulching levels (Miups not comprehensively appraised.
Therefore, in this thesis, the two main researadstions concern: (i) what is the optimal runoff
to basin area ratio to sustain maize crop yield® @h how do the microclimatic conditions
change under wide and narrow runoff strip lengt8IL(R

Field experiments were conducted (2007/08 and 200&4 the Kenilworth Bainsvlei ecotope
associated with high evaporative demand of 2294 pemannum and relatively low and erratic
rainfall (528 + 155.6 mm). Topographically the area had a gertpes(< 1%) with reddish
brown in colour (Amalia family) a fine sandy loaexture soil, thus was classified as a Bainsvlei
form. The soil is regarded as very suitable fodairg agriculture, because it is deep (2000 mm)
and drains freely in the top and the upper sub-Sailthe study was performed by quantifying and
evaluating the soil-crop-atmosphere parameterghénfirst part of the thesis, the soil water
balance components and different efficiency pararsetere assessed. In the second part of the
thesis, the micrometeorological variable profileghm and above the maize canopy for the heat

and water vapour exchange processes were charadteRurthermore, comparison of available
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energy for evapotranspiration (ET) was evaluated@ih wide and narrow runoff strips through

the quantification of energy balance components.

A multiple regression model was developed to ptedidield runoff by combining the effects of
rainfall event characteristics and surface treatmefRrom the results of runoff-rainfall (RR) ratio
a lower efficiency was observed from full mulch eced wide runoff strip length (RSL-3) i.e.
only about 4% of the rainfall, while the highestaneRR was about 27% from bare, narrow RSL-
1. From the estimation of rainfall canopy intereapt(RCI) it was revealed that the highest
interception was in the range of 4.5% to 9.0% ef pinecipitation. The RCI capacity of a maize
field under IRWH reached a plateau at about 0.55-n@m for narrow RSL and 1.0 — 1.1 mm for
wide that would be evaporated eventually from tlamopy. Furthermore the cumulative Es
(YEs)was evaluated as influenced by both mulctryf*mulci) and shading @reen-mulch)
effects. Thus, the proportion of water loss by Esnf seasonal rainfall is about 62%, 64% and
66% in the bare treatments and as low as 28%, 3a32% for full mulch cover treatments
under full shade, (FC), partial canopy shaded @) unshaded (UC) respectively. This implies
that, reduction of runoff and evaporation loss@sugh surface treatments can promote improved
water use efficiency, of the stored available watethe root zone and thus, enhance yield. The
final grain yield decreased slightly as an ordeinafeasing the length of the runoff strip. The
performance of the harvest index (HI) was slighliyriable among the treatments due to more
water for yield being collected from bare plots rthaulch covered plots. The higher mulch
conserves much water by suppressing the soil eaipor In expressing grain yield per unit ET
(WUEgr) and transpiration, Ev (W&) the RSL-2 m and RSL-1.5 m at lower mulch covevatd
significant higher values than RSL-1 and RSL-3ttremts. However, the transpiring water for
yield and unproductive evaporation losses more utid#&/H should be evaluated in terms of
micrometeorological profile characterization anditable energy.

With regard to micrometeorological variables, tmevgh stage had a strong effect on the vertical
profiles of climatic variables. In wide runoff gis lapse conditions extended from lowest
measurement level (LP) to the upper middle sec{Mty) of the canopy and inversion was
apparent at the top layer (UP) of the canopy. Témsaon for the extension of temperature

inversion into the upper part of the wide RSL cane@s as a result of higher air movements
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compared to narrow strips. From this result it wasfirmed that the effect of wind on water
vapour removal decreased downward from wind flowhimithe canopy. This had an influence on
the resistance of the boundary layer and canopy samdsurface resistance. This is a clear
indication that wide strips supply more drying pove respond to evaporative demand of the
atmosphere compared to narrow strips. From the umeaent of profiles within and above the
canopy, it was suggested that, the presence off dolaction in the wide runoff strips of IRWH
could be a common phenomenon causing variationsvater vapour removal under the
heterogeneous nature of IRWH tillage system. Tipusiile characteristics within and above a
plant canopy are playing a great role in deterngiriire vapour pressure deficit and consequently,
can explain the ET rate. Therefore based on micteonelogical measurements, results indicated
that the latent heat (LE) was dominant and highevide compared to narrow runoff strips (RSL)
under both dry and wet conditions. However, seasitdat (Hs) showed lower values on wide
runoff strips during wet conditions due to the adie effect of the runoff area. Thus, the wide
runoff strip with a higher basin leaf area ratioLMR) of 2.43 had higher ET and used more
energy in evaporating water than the narrow rumoth a lower BLAR of 1.42. Wide runoff
strips converted the higher available energy mdiieiently into a higher biomass production.
During wet days, the wide RSL used more than 70% tleé available energy for
evapotranspiration, while the narrow RSL respomséhé available energy (63%) was stronger
during dry compared to wet days. In general theevadd narrow RSL used the available water
and energy differently during dry and wet condifamder IRWH system.

From this experiment finding, important implicat®owere described such as better yield obtained
from narrow RSL-1, however RSL-1.5 and 2 m with miam mulch cover gave higher water
productivity compared to narrow RSL-1 and wide RBELON the other hand when quantifying
and evaluating the cause behind the effect of abiglenergy, the wide RSL converted available
energy more efficiently into higher biomass productthan the narrow RSL. Therefore, this
challenge should be addressed on the basis of tagrated approach to water and energy
resources in order to develop comprehensive managfestrategies. Furthermore, for improved
rainwater use management strategies, it is recometketo link an integrated approach of water

and energy resources with crop growth simulatiord@s The application of the crop models
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could be important by incorporating a range of ptan dates and densities along with the

selection of surface treatment management strategie

Keywords: Semi-arid, maize, in-field rainwater harvestingnoff strip length, mulch level, in-
field runoff, evaporation losses, water balancergy balance, micrometeorological
vertical profiles, evapotranspiration, latent h#ak, sensible heat flux, rainwater

productivity.
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ABSTRACT

OPTIMISING RUNOFF TO BASIN RATIOS FOR MAIZE PRODUCT ION WITH
IN-FIELD RAINWATER HARVESTING

UITTREKSEL [Afrikaans]

OPTIMISERING VAN AFLOOP TOT BAKKIE VERHOUDING
VIR DIE PRODUKSIE IN MIELIE ONDER OPLAND- REENWATER INSAMELING
PRAKTYKE
deur
WELDEMICHAEL ABRAHA TESFUHUNEY

Ph.D. in Landbouweerkunde van die Universiteit danVrystaat
Januarie 2012

Voedsel produksie in semi-aried gebiede is hootdaahanklik van die beskikbaarheid van
water. Gevolglik is verbetering van reénwaterprdukeit en wysiging van die beskikbare
energie vir onproduktiewe waterverliese ‘n belakgren noodsaaklike stap tot bevordering van
landbou by boerderye. Daar is oortuigend aangestaewaterbestuurstrategié op droéland semi-
ariede gebiede, insluitend opland reénwaterinsage('IRWH”) heelwat aandag verdien.
Nietemin is geintegreerde bestudering van waterrezrgiebalanse op die tegniek van “IRWH?”;
spesifiek by die optimisering van die afloop totgapngsarea verhoudings en deklaag vlakke.
Daarom is die twee vernaamste navorsingsvrae irdibieproefskrif as volg: (i) wat is die
optimale afloop tot bakkiestrookverhouding om n@géwasopbrengs volhoubaar te maak en (ii)

hoe verander die mikro-klimaattoestande onder vwysneal afloop strooklengte (“RSL”)?

Veldproewe is op die Kenilworth Bainsvlei ekotooptgavoer (2007/08 en 2008/9) wat
geassosieer ward met' n hoé verdampingsaanvraag2284 mm jaat en relatiewe lae en
wisselvallige reénval (528 mm, std.155.6 mm). Topografies het die gebied ‘n efferslérty (<
1%), die grond is rooibruin van kleur (Amalia fam)l met ‘n fyn sanderige leem tekstuur en
geklassifiseerd as Bainsvlei vorm. Die grond wooods gepas geag vir droéland landbou omdat
dit diep is (2000 mm) en op goeie interne dreirgsperspektief beskik. Dus is die studie
uitgevoer deur kwantifisering en evaluering van giendwater-gewas-atmosfeer parameters. In
die eerste gedeelte van die proefskrif is die gnatdrbalans komponente en verskillende
doeltreffendheids parameters evalueer. In die teegddeelte van die proefskrif is die

mikrometeorologiese veranderlike profiele binneein bokant die milieblaardak vir hitte- en
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Abstract

waterdamp uitruilingsprosesse gekarakteriseer. &fegldie vergelyking van beskikbare energie
vir evapotranspirasie (ET) vir wye- en smal afldopise deur middel van kwantifikasie van

energiebalans komponente ge-evalueer.

‘n Veelvoudige regressiemodel is ontwikkel om oplafloop te voorspel deur die kombinering
van die uitwerking van reénval kenmerke en opp&rdehandelings. Die resultate van afloop-
reénval (“RR”) verhoudings dui dat ‘n laer doeltegidheid by volle deklaag wye afloop strook
lengte ("RSL-3") waargeneem d.w.s. slegs 4% vanrdénval, terwyl die hoogste gemiddelde
“RR” ongeveer 27% vanaf die kaal-noue RSL-1 behkmgleis. Uit die berekening van
reénvalblaardak onderskepping (“RCI”) het dit a#nldy gekom dat die hoogste onderskepping
in die omgewing van 4.5% tot 9.0% van die reenwargekom het. Die “RCI” kapasiteit van die
mielieland onder “IRWH” het ‘n plato by ongeveeb- 0.6 mm vir noue “RSL en 1.0 — 1.1 mm
vir wye bereik wat uiteiendelik vanaf die blaardsdu verdamp. Verder is die kumulatiewe Es
(YEs) ge-evalueer soos beinvioed deur deklaag (“drlcini) en skadu (“green-mulch”)
uitwerkings. Dus is die proporsie waterverlies fasgisoenale reénval ongeveer 62%, 64% en
66% in die kaal behandelings en so laag as 28%, &@4632% vir volle deklaag behandelings
onder volskadu (“FC”) en gedeeeltelike blaardak dskg“PC”) en geen skadu (“UC”),
respektiewelik. Dit impliseer dat vermindering vaifoop en verdampingsverliese deur oppervlak
behandelings (“RSL” en “ML”") ‘n verbeterde waterbeniksdoeltreffendheid vanaf die gestoorde

beskikbare water in die wortelsone kan bevordetduenopbrengs verhoog.

Die finale graanopbrengs het effens verminder metame in die grootte van die afloopstrook.
Die prestatsie van die oesindeks (“HI”) is efferesanderlik tussen behandelings as gevolg van
meer water wat opgevang is in die bakkies vandfaewe as by deklaag proewe. Hoér deklaag
bewaar meer water deur onderdrukking van grondvepd®y. By uitdrukking van
waterverbruiksdoeltreffendheid (WUE) per eenheidpotranspirasie (ET) en Ev het die RSL-
2m en RSL-1.5 m by laer deklaag betekenisvolle hoéardes as die RSL-1 en RSL-2
behandelings gewys. Nietemin, behoort die transdeewater vir opbrengs en onproduktiewe
verdampingsverliese, d.w.s. ET= Ev + Es onder “IRWi¢évalueer te word in terme van

mikrometeorologiese profiel karakterisering en lidskre energie.

XXiX



Abstract

Met betrekking tot die mikro-meteorologiese veratikdes het die groeistadium ‘n sterk
uitwerking op die vertikale profiel gehad. In dieg/avafloop strook verval het toestande vanaf
laagste lesingvlak (“LP”) to by die boonste middelgedeelte (“MU”) gestrek en inversie het
klaarblyklik in die boonste lae van die blaardakgsigevind. Die rede vir die verlenging van
temperature inversie tot in die boonste gedeeltedira wye blaardak is as gevolg van sterker lug
beweging vergeleke met die smal afloopstroke. taghigi resultaat is die effek van die wind op
waterdamp verwyding toegeskryf aan ‘n afname aftsa@deur oorgeplaaste windvloei binne die
blaardak. Dit het ‘n invioed op die weerstand vame dyrenslaag en blaardak en
grondoppervlakweerstand gehad. Dite is ook ‘n dikdeserwysing na die wye stroke wat meer
verdrogingskrag t.o.v die verdampingsaanvraag varatnosfeer vergeleke met die smal stroke
openbaar. Vanuit die profiel lesings binne en aenlmkant van die blaardak is die voorstel
gemaak dat die teenwoordigheid van lokale adveksidie wye afloopstroke by “IRWH” ‘n
algemene verskynsel is, en wat tot variasie in wlatep verwydering onder die heterogene
natuur van die “IRWH” grondbewerkingsisteem lei.<Daal profiel kenmerke binne en bokant ‘n
plant blaardak ‘n groot rol by bepaling van die ‘Pen gevolglik verduidelik dit ook die “ER”
tempo speel.

Dus, gebasseer op die mikrometeorologies lesingsrdseiltate aangedui dat die latent hitte
(“LE") dominant en hoér in die wye vergeleke metasm@afloop stroke (“RSL”) gedurende beide
droé en nat toestande was. Nietemin het waarneentde (“Hs”) laer waardes by wye afloop
stroke tydens nat toestande as gevolg van advefsievan die afloop gebied gewys. Dus het die
wye afloop strook met ‘n hoér stroomgebied blaaaarerhouding (“BLAR”) van 2.43 meer ET
en meer energie verbruik by verdamping van watggeleke met smal afloop met ‘n laer “BLA”
verhouding van 1.42. Wye afloop stroke het die hbéskikbare energie meer doeltreffend
omgeskakel tot hoér biomassa produksie. Gedureatlelae het die wye afloopstroke meer as
70% van die beskikbare energie gebruik, terwylshal afloopstroke reaksie tot die beskikbare
energie (63%) sterker gedurende droé vergelek atedae voorgekom het. Oor die algemeen het
die wye en smal afloopstroke die beskikbare wateergergie verskillend gedurende droé en nat

toestande onder die “IRWH?” sisteem gebruik.
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Abstract

Uit hierdie eksperimentele bevinding is belangrikgplikasies beskryf omdat beter opbrengs
behaal is uit die wye afloopstroke RSL-1, alhoeaf@opstroke RSL-1.5 en 2 m met minimum
deklaag hoér water produktiwitet gelewer het vexigelmet die smal afloopstroke RSL-1 en wye
afloopstroke RSL-3. Aan die anderkant, by kwansifile en evaluasie van die oorsaak van die
effek van beskikbare energie het die wye afloofistrdie beskikbare energie meer effektief na
hoér biomassa produksie omgeskakel. Daarom behtiertuitdaging op die basis vafi
geintegreerde benadering tot water en energie farlpe aangespreek te word vir die
ontwikkeling van alomvattende bestuurstrategieé. rd¥e vir verbeterde
reénwaterverbruiksbestuurstrategieé, is die aatibgvem die geintegreerde benadering tot water
en-energiehulpbronne te skakel met gewasgroei asmlmodelle. Die toepassing van die
gewasgroeimodelle sal van groot belang wees indienaanplantingsdatum en plant digtheid

tesame met die seleksie van oppervlakbehandelistglmstrategieé ingelyf word.

Sleutelwoorde: Semi-aried ekotoop, mielies, opland waterinsamgeliafloop strooklengte,
deklaagvlak, opland-afloop, verdampingsverliese, tevilans, energiebalans,
mikrometeorologiese vertikale profiele, evapotrarasgie, latent hittevioed,
waarneembare hittevloed, reénwaterproduktiwiteit.
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CHAPTER 1

Introduction

1.1 General

1.1.1 Water scarcity and food security: Global and natioral prospectives

Global food insecurity remains a serious problenwater scarce areas of arid and semi-arid
climates. The world population is likely to increadsom 6.5 billion in 2005 to 7.5 and 9.0 billion
in 2025 and 2050, respectively. Based on projestminthe population growth and the increase
in standard of living, there are various views be tate of increase in food production required
to cope with rapidly increasing mouths to be fedh{8tz et al.,2005). The vision of ‘Water for
Food and Rural Development’ indicates the needdfmubling the food production over the
coming 25 years, whereas the International Footty8lesearch Institute (IFPRI) suggests that
a doubling in food production would only be reqdiia the forthcoming 50 years (Schudtzal.,
2005), whichever is true, food production must éase.

Achieving food security involves increasing accdss food and increasing agricultural
production. The majority of the world’s populatidive in emerging and least developed
countries where roughly 80% of poor people dependgriculture for their livelihood (Hatibu,
2003; FAO, 2007). Dryland crop production contrégmit95% of the food production in sub-
Sahara Africa. There may be 130 million poor subsise farmers in sub-Saharan Africa and a
substantial proportion depend on maize to a lasdene as basic staple food (Schuétz al.,
2005). According to FAO Report on the State of Fémskcurity in the World (FAO, 2000),
about 800 million people in developing countriesndd have sufficient food. Therefore, optimal
utilization of the natural resources, water and, $®icritical in order to be able to maintain more

sustainable food production practices.

Food production in semi-arid areas, principally elegs on availability of water. Future needs of
water for food are extremely high and up-to-datéewananagement systems will be required at
various scales. In different regions of the woddpending on local climatic and other factors,
different types of water management with differéewels of services will be appropriate

(Schultz, 2001; 2003). For instance, in-field raater harvesting (IRWH), based on the

collection and concentration of surface runofftie field for cultivation, has been practiced in

1
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different parts of the world for thousands of ye@Reij et al., 1988). Rainwater harvesting,
which collects runoff from short slopes, is espigiaseful in arid and semi-arid regions, where
irrigation water is not available or too costlyuse (Boerst al.,1986). Therefore, promotion of
improved rainwater management, which includes, &tample, rainwater capture and
conservation, use of mulch cover and soil improveell be important in order to reduce rural

poverty and to ensure food security.

In South Africa, as in developing countries, levalsd incidence of poverty tend to be
disproportionately high amongst the rural populatibhe Development Bank of South Africa
(DBSA, 1993) estimated that more than 50% of theupation of South Africa live below the
poverty line. The poorest of rural households nyoktle in semi-arid and arid areas and rely
heavily on dryland crop production for their livebods, often farming on marginal and fragile
soils. In dry areas, lack of adequate water posa®gjar constraint to increasing agricultural
production and attempts to develop other econowtigiaes (Twomlowet al.,2006). However,
many agricultural scientists agree that with the w§ appropriate production techniques,
especially those that encourage conservation céveatd soil resources, it is possible to increase
and sustain agricultural output in semi-arid ar@géatibu et al, 2002). Therefore, the adoption
by farmers of agricultural practices that ensufigient rainfall utilization for dryland production

of a wide variety of crops is essential for agromgneconomic and social sustainability. To
improve precipitation use efficiency (PUE) it ietefore necessary to adopt water conservation

production techniques (Hensley and Snyman, 1991).

In most arid and semi-arid climates, the commomphenon of low precipitation is aggravated
by high evaporative demand of the atmosphere. 8eh{006) showed an increase in annual
rainfall from less than 125 mm along the arid wastst to more than 800 mm on the eastern
seaboard of South Africa (Fig. 1.1). The low meanual rainfall (P, mm yed) is associated
with a high mean annual potential evapotranspinaftél,.;, mm) resulting in more than 80% of
the country having semi-arid and arid climates (Bemand Hensley, 2001; Schulze and Maharaj,
2006). These zones can be further divided intoaviahd summer rainfall regions. At least one
third of the country, particularly the central amokth-western portion, has less than 400 mm of

rain (P) annually. Most of the dryland crop prodmctoccurs in the semi-arid zones where the
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aridity indices (P/Ejo) vary between 0.20 and 0.5Dhis inadequate rainfall is the main reason
for the relatively small portion of South Africa m&idered to be suitable for rainfed crop

production (Bennie and Hensley, 2001).
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Figure 1.1 Mean annual rainfall (mm) and mean annual evaorasopleths (mm)for éouth
Africa (Schulze and Lynch, 2006).

In order to sustain the crop production in arid e®mi-arid areas, one needs to rely on
alternative and manageable conservation technithasemphasize the optimum utilization of

resources. Amongst various water conservation tqaks, IRWH is seen as having potential for
increasing available resources (in particular tamiaand water) for successful crop production.
The IRWH technique as proposed by Hengéwl. (2000) has been shown to improve maize
yield on some benchmark ecotopes in South Africa.ti@ basis of water and energy balance
studies about effective use of resources in a isadtie manner, the technique of IRWH can

increase crop yield and decrease production risleusemi-arid conditions.

1.1.2 Water conservation in the context of rainwater haresting

Rainwater harvesting (RWH) is an age old pract®edun water scarce rainfed crop production
areas. The primary objective of rainwater harvessigstems in terms of water conservation is to
facilitate “runoff farming” (van Rensburgt al, 2005). Hence, water conservation practices
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contribute in reducing erosion; improve soil quakind increasing PUE. Stroosnijder (2003)
further claims that in semi-arid Africa water corvegion can easily double PUE thus

contributing to food security.

In the semi-arid climate zone the most limitingowse is water. Rainwater harvesting was
practiced to provide additional water for cropshaisufficient rainfall for optimum yield. It
involves collecting rainwater from an area whiclmét in use and directing it to an area used for
production, i.e. to an area where in most casespis grown. Oweigt al. (2001) defined RWH
simply as “the process of concentrating preciptatihrough runoff and storing it for beneficial
use”. One way of increasing rainwater productiyRYWP) and decreasing production risk in dry
areas, is through water harvestiipe IRWH technique (IRWHgas described by Hensley al.
(2000) (Fig. 1.2) showed potential in a semi-arigbaof South Africa. The main objective of this
technique is to maximize RWP, and it is also ref@ro as “mini-catchment runoff farming” by
other authors (Owiest al.,1999).

Figure 1.2 A diagrammatic layout of the IRWH-technique, shogvithe 2 m width runoff strips
(catchment) and 1 m width basin strip (collectiosad modified as micro basins (Botha, 2006).

This innovative water conservation technique haspibtential to eliminate runoff from the field
and reduce soil evaporation considerably, resulimgpotentially increased vyields due to
increased plant available water. The techniqueistsef promoting runoff on a 2 m wide strip
between alternate crop rows, and storing runofewit soil profile under the basins between the
tramline rows. The IRWHechnique is specifically suited to many ecotopesirad South Africa
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and in other countries with arid and semi-arid sréacording to Kahindat al (2008) based on
the soil and topographic physical layers, suitdBle/H areas (categorised as high and very
high), were found to cover about 25% of South Afri¢hese include large areas of Free State,
North West and Limpopo as well as parts of Eas@ape, KwaZulu-Natal and Mpumalanga
(Kahindaet al, 2008). Therefore, over the last few decadestie has been paid to traditional
techniques of water harvesting, especially in diglarop production (Boers and Ben-Asher,
1982; Henslewt al.,2000; van Rensburgt al, 2005; Botha, 2006; Anderson, 2007).

Several studies were conducted on the biophysigstamability of the IRWH technique on
different soils and under different climatic comalits, as listed in selected research reports in
Appendix 1.1. For example, Botha (2006) evaluatesl performance of the IRWH on four
ecotopes with clay, fine sandy clay, clay loam &nd sandy loam soils (45, 38, 37 and 17%
clay content, respectively) in the central FregeStand concluded that the IRWH technique is
sustainable and superior to mouldboard ploughingventional tillage. Yields of maize and
sunflower were between 30 and 50% higher thanuhdér conventional practices. He explained
that yield advantages could be attributed to tetappage of ex-field runoff and reduction of
evaporation from the soil surface, supplying momagew for transpiration. The enhancement of
in-field runoff towards the basins induces or imges water availability to crops, thereby

increasing rainwater productivity (RWP) significgntBotha, 2006).

However, the IRWH technique was mainly field testedclay soils, with a fixed runoff strip
length (2m) to basin area (1m) arrangement, angl thay not be a sufficiently rigorous
evaluation compared to the existing productionewstTherefore, in this study different sizes of
runoff to basin area ratio have been practiced 2609 mm deep fine sandy loam Bainsvlei soil
at the Kenilworth experimental farm. In addition ttoe investigation of water balance and
rainwater productivity, a study of climatic variablprofiles and energy fluxes from

micrometeorological measurements for a maize fielder IRWH is also included.

1.1.3 Problem description
Dryland farming in arid and semi-arid cropping &yss, in the absence of irrigation, is

characterized by rainfall which is both low and elmable; therefore, farmers have turned to
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rainwater harvesting. However, a lack of technlcawledge to choose the best configuration
has been identified as one of the primary factoevgnting wide-spread adoption of rainwater
harvesting amongst resource-poor farmers in seichisend arid areas (Rockstrom, 2000; Hatibu
et al.,2002). In the system of RWH, farmers also useroth#ural practices like shelter belts,
intercropping and mulching to ensure productiorpdesenvironmental constraints (Stigter and
Weiss, 1986). Amongst other factors, the techmes¢arch of mulch combinations with IRWH
technique have been discussed in detail (van Reggbwal, 2002; Botheet al., 2003), but it
seems that the full agronomic potential has nobgen realised.

The know-how of energy balance partitioning ove¥MR for a range of runoff sizes has not
been assessed to enable optimum utilization ofuress in semi-arid areas. Furthermore, in
many cases agronomical and biophysical propertiesuch techniques (e.g. IRWH) are well
understood together with the ability to increassdyi This promising technique of IRWH is also
expanding into large portions of marginal landhe Free State (Bothet al., 2003). However,
widespread understanding and diversified knowledge IRWH has not yet been
comprehensively appraised and needs more reseauch as:

() The proportion of runoff harvested water (run-oeeded to increase maize
production according to different sizes or lengthsunoff strips, with various
mulch rates on typical sandy loam soils;

(i)  The influence of mulching and shading on soil evapon under a maize crop
for different runoff to basin area ratios. Thisdeane to investigate changes in
plant available water capacity (PAWC) and a dedladealuation of soil water
balance components. These studies will look int@ibde®n partitioning of
evaporation from the crop canopy (Ev) and evapomadf soil water (Es) from
different sections of basin and runoff areas.

(i) Moreover, the majority of IRWH studies did not inde any
micrometeorological measurements - firstly, to assar temperature, water
vapour and wind speed profiles and vertical gradievithin and above maize
canopy; secondly, to clarify energy balance comptsand energy available

for evaporation in wide compared to narrow rundrfifpsconfigurations.
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Therefore, this research will contribute towards timderstanding of the utilisation of soil water
and climatic resources under IRWH technique speadlfi, and in broad sense in other water
conservation approaches. This research study Vgl be beneficial for small-scale resource-
poor farmers in terms of clarifying risk and promgt higher sustainable yield by efficiently

using variable climatic resources in semi-arid area

1.2 Background

1.2.1 Crop production and climate of the Free State

Out of the total land surface area of South Af({it22.8 million ha), the Free State occupies 12.9
million ha. However, the potential arable area bé tFree State Province covers only
approximately 3.82 million ha, while natural velddagrazing cover approximately 8.7 million
ha (South Africa Yearbook, 2002/03). It is estindatieat of the arable land, 8% is of very low,
49% of low and 43% of medium agricultural potent{elensleyet al., 2006). Field crops
contributed an average of 54.3% to gross agriclltuncome for years 1983, 1988, 1991 and
1993 (Department of Agriculture - Free State Progjrii996).

Small-scale farmers occupy large areas of the Btae Province of South Africa (Department
of Agriculture - Free State, 1996), but they do albtexperience food security because most of
the area is marginal for crop production. Theretlaree reasons for this (Fig. 1.3):

(i) low and erratic rainfall amounting to mean of 548 per annum;

(i) a corresponding high evaporative demand of 2198p@nannum;

(i) dominantly duplex and clay soils on which the ppéation use efficiency (PUE) is low

due to high runoff and evaporation losses (Henstal.,2000).

As a result, in the Free State the most importaatof limiting agricultural production is the
availability of water (Eloff, 1984).

Crop production in the Free State generally coatab approximately 34% to South Africa’s
maize production. Statistics obtained from the Dipant of Agriculture - Free State (2006)
revealed that Free State agriculture contributeavamage 4.6% and 9.2% of gross geographical

product and agricultural production in South Afri€xoper knowledge of agricultural potential
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and a good understanding of characteristics of iBpeecotopes is therefore of utmost
importance for optimum and sustainable resourdization in practicing IRWH.

== ricH FOTENTIAL
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Figure 1.3 Map showing a) generalized crop potential of ScAfiica (Beukeset al, 2004); b)
mean annual rainfall and evaporation isolines gsaA-equivalent (Schulze, 1997) in the Free
State and c) Bainsvlei Form-Bv, soil profile ofetlexperimental site (Kenilworth Bainsvlei
ecotope) (Soil Classification Working Group, 1991)
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The rainfall in Free State varies considerably franest to east and has approximate annual
rainfall of 200 — 800 mm from dry semi-arid to dsyb-humid zones (Fig. 1.3b). Thus, the
climate of the Free State has a wide precipitatemge and characterized with water deficit areas
and the daily mean potential evaporation levels vag high ranging from 6 — 8 mm™d
(Schulze and Lynch, 2006) and would be much higlieing summer. In the central part of Free
State, rainfall is highly erratic and some raidsfals intensive convective storms with extreme
spatial and temporal rainfall variability. As aut#ighe semi-arid part of the Free State has a risk
for annual drought and inter-annual dry spells.sThas a serious effect on crop vyield in
particular during water sensitive stages, e.gf|laatering / tasseling. According to the aridity
index (Al), as defined by United Nations Environrt@rProgramme (Middleton and Thomas,
1992), criteria for bioclimatic zoning, the climabé the Free State is categorized as semi-arid
(Hensleyet al., 2006). Despite this the province is one of theamapntributors of agricultural

production in South Africa.

1.2.2 Characteristics of the Kenilworth Bainsvlei ecotope

An ecotope is “a class of land defined in termst®fmacro-climate, soil and soil surface /
topography characteristics” (MacVicat al., 1974; as cited by Henslet al., 2000); therefore
ecotopes with similar characteristics are genei@lysidered to have homogeneous climate, soill
and topography (Henslest al.,1997). The study area (Kenilworth Bainsvlei ecojapdocated

in the Free State Province in the 400-550 mm rHirdgion (Fig 1.3b), an area of low potential
for crop production (Fig. 1.3a). In the past, cqmpduction in the Free State Province has
generally been low in areas with mean annual rkirf®00 mm, effective rooting depth of <
600 mm and clay content of < 10 % and > 35 % (E884).

The characteristics of the Kenilworth Bainsvlei ®epe are associated with high evaporative
demand and relatively low and erratic rainfall. dgpmphic description of plots is having < 1%
slope falling Northward. The basic soil morphol@jicproperty, according to the Soll
Classification Working Group (1991), is reddish wroin colour Amalia family with a fine
sandy loam texture, thus classified as a Baindeten, and it has lower soil crust formation than
clay soils.
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Soil texture and structure, bulk and particle diesiand porosity are the major soil physical
properties that determine the extent of the wataage capacity of soil, although, probably, the
single most important parameter is texture. Allelayof the Bainsvlei soil have very low silt
contents, ranging from 4 to 5.3%, similar sand eot# (>67% in each case) and clay contents of
between 8 and 22%. Generally bulk density is fairtfform down the soil profile, ranging from
1.65 to 1.68 Mg m. The massive structure is relatively uniform thgbaut the profile as the
Bainsvlei form soil profile can be described asnberelatively homogenous with depth.
Chimungu (2009) summarized the homogeneity of tliféerdnt horizons of Kenilworth
Bainsvlei soil in terms of water contents at diéfietr suctions for different horizons. The results
showed that at different suction, particle sizdriiation was the dominant factor that controls
water retention with a slight variation in clay ¢temt and bulk density down the profile
(Chimungu, 2009). Due to the soil profile ability hold rainwater, this type of soil can play a
significant role in dryland farming, so it wouldl@k for plant growth over a typically hot

summer when evaporation exceeds rainfall.

Soil profiles with a specific sequence of diagnostorizons are considered to have distinctive
characteristics for crop production. The Bainssglgi form is a very suitable agricultural soil for
conservation tillage in this semi-arid climate ks profile is deep (2000 mm) and drains freely
while the plinthic horizon dams water within thevier part of the profile, which is within range
of plant roots during frequent dry spells (Benateal.,1994). The efforts of agricultural water
management (for example IRWH) have primarily focus® maximizing rainfall infiltration
through in-field runoff. This helps resolve the biage of how to cope with dry spells, which
cause short periods of water stress during cropviroThus, in the Kenilworth Bainsvlei
ecotope, the factors which play a dominant roleapplying IRWH are the high infiltration
capacity of A (orthic) and B1 (red apedal) and sktaw through B2 (soft plinthic) soil profile
horizons (Fig. 1.3c).

1.3 Scientific justifications
1.3.1 Rainfall-runoff processes
As runoff is an important water balance componentaiid and semi-arid areas, a critical

guestion in rainfall - runoff processes is how mughoff water is generated in response to the
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amount, intensity and duration of a rainstorm. Ungeactical dryland crop production
conditions, the theoretical relationship relatireglyl rainfall to rainfall intensity and runoff isfo
great importance as it is fundamental to the sscoésthe IRWH technique. Henslet al.

(2000) described runoff as of paramount influenteptimizing rainfall efficiency for dryland
crop production. Hence, to better understanding rtiefall-runoff processes in IRWH, one

needs a simple quantitative understanding of ttexfacce between meteorology and soil water.

The long-term rainfall intensity data to predice tamount of runoff water potentially available
and channelled onto productive land to be usearmp production is a key factor in describing
the rainfall-runoff process. In this matter, Wallkard Tsubo (2003a) tested various theoretical
relationships and developed a method to generatialtantensity data from historical records of
daily rainfall at selected bench mark ecotopes tmdredict expected amount of runoff.
Different studies also show that there are wideati@ns in the relationship between rainfall and
runoff amounts. Henslest al. (2000) used a simple method of estimating runiffnf rainfall by
linear regression analysis. Linsleal. (1982) showed an infiltration index system and i@y
(1998) used another rainfall excess model. As altreseveral models of water harvesting from

rainfall - runoff — water yield processes have bdeweloped.

For instance, Youngt al. (2002) introduced the comprehensive model simul&®arched-
Thirst”. This simulator generates 5 minute rainfatensity from incomplete long-term rainfall
data and estimates runoff and then predicts cropithrand yield. Along with rainfall intensity,
infiltration capacity of the particular soil is alsritical to facilitate the calculation of watdowv.
Morin and Cluff (1980) determined that a decreasehe infiltration rate was caused by the
formation of a crust due to direct impact of ranoms on the soil surface, increasing overland
flow. Thus, the process of rainfall - runoff fon& sandy loam soils of Kenilworth Bainsvlei
ecotope site is different from high clay contentlssoFurthermore, applications of various
organic mulch rates on runoff strip sections afdtuences infiltration capacity of the soil. These
have direct or indirect effects on plant availakger of root zone and on PUE.

11



Chapterl Introduction

1.3.2 Rainfall canopy interception
The canopy rainfall interception processes playsnaomortant role in water balance physical
processes in both sparse and densely planted cbypsng a rainfall event, water either
penetrates the canopy falling directly to the switface or is intercepted by the canopy then
some falls to the soil surface. The capacity oégetative surface or canopy to intercept rain and
temporally store water is of great importance. Ashsrainfall interception and its subsequent
evaporation constitute a net loss to the system,cam be considerable amounts under certain
conditions. During precipitation, interception &ycanopy is recognized as a component in the
hydrologic cycle that can affect the water balaota soil by altering the amount that infiltrates
into the soil (Bristowet al., 1986). In short, canopy interception is the antooinwater
remaining on leaf and stem surfaces of the platetr afirough fall and stem flow (Dunne and
Leopold, 1978). The process depends strongly on:

(i) vegetation type and stage of development, whichbeanharacterized by leaf area

index (LAI) and

(i) intensity, duration and frequency of rainstorms.

The concept of rainfall interception capacity ohopy structures was considered as an initial
process before it reaches the soil surface or medelring. Once precipitation water reaches the
soil surface the process of interception by theopgins complete and the processes of runoff or
infiltration begin. The canopy structure at difet growing stages is therefore extremely

important to interception and resulting amount e for infiltration and runoff.

1.3.3 Soil water balance and productivity

For dryland crop production in semi-arid areas aitssvithout a watertable, without significant

surface or internal lateral water movement, andafgpecific period, a simplified water balance

eqguation can be written as follows after (Beretial.,1994):
Ev=(P+AS+Ryy) — (Ross + Es + D) 1.1

where Ev = transpiration (mm), P = rainfall (mm)$ = change in water stored in root zone

(mm), Es = evaporation from soil (mm)yFfand R¢ = run-on and runoff (mm) anD = deep

drainage.

12
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Figure 1.4 is a schematic representation of amandtfluxes in the soil water balance, defining
boundary conditions of the whole physical environméor example, the volume of soil, per
unit surface area, and depth ranging from thessoface (z = 0) to the bottom of the root zone (z
= L), where z (m) is vertical position coordinas water flux is considered only in the z-
direction, in, a unidirectional approach, whichaisimplification that is best valid when the soil
is fairly homogeneous and without considering Etdlow. Water corresponds to amounts of
water that flow per unit of cross-sectional ared par unit of time (mm ). They are vectors,
assumed positive when entering the volume elengamt), and negative when leaving (loss).

z=L

P(+)
l l EV(')
+Ro (Run-on) Es ()
T -Ro (Runoff)
—

= : —_—
v 2=0
A 4 *D vA s—> AS

Figure 1.4 Schematic representation of the water fluxes twhpose the water balance
(Reichardtet al., 2007), where, z = 0 and z = L represent the rootezfrom top surface to
bottom of profile and +D and -D show the upward dodnward soil water process.

At the upper boundary, soil surface (z = 0), rdinfa considered as a gain; evaporation,
transpiration, or evapotranspiration (ET) and rfijBb) are losses. In some cases, runoff can be
the run-on water flow (Ro)into another area considered for the water balaao@ then runoff
becomes positive. At the lower soil boundary, bottaf root zone (z = L), soil water flux can be
a gain (upward, +D) into the root zone called dapjl flow, or a loss (downward, -D)
representing deep drainage (D) component. The ehiangpil water storagasS is the result of a
arithmetic balance, being positive when the prdiés a net gain of water, and negative for a net

loss during the specific time period.
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Deficit soil water is a common phenomenon for cleceaps grown in arid and semi-arid regions
due to low and erratic rainfall (Biamagt al., 1993). The low precipitation received is greatly
influenced by high evaporative demand of the atrhesp in these regions. Different studies
have shown negative consequences of water defisiini-arid ecotopes, as crops need water in
varying amounts at different stages of their growériod (Russhtoret al., 2006; Passioura,
2006). Generally, most crops have four differentmséages which require different amounts of

water,viz. initiation, development, maturity and senescdgAdien et al.,1998).

The amount of water that is needed by crops duhag whole growing season is known as crop
water requirement or in the past called consumpise (Allenet al, 1998). It comprises the
amount transpired (Ev) by plants plus that whiclapsrates (Es) from the soil surface (i.e.
together ET). Many scientists have reported retstips between crop yield and water use
expressed as transpiration or evapotranspiratiometier they discovered that water use by
plants for Ev is directly related to the total dnatter yield of the crop (De Wat al., 1978;
Ogindo and Walker, 2004; Passioura, 2006; HakaQR0d order for crops to produce optimum
dry matter, they need to receive the required amotiwater during their growing period, and it
also needs to be suitably distributed through tleevth stages. Water deficit due to different
reasons, particularly at critical growth stages|l wause a reduction in total dry matter
accumulated (Hsiao and Acevedo, 1974; AzamefRl.,1989; Haka, 2010).

Therefore, improving the soil water content in tbet zone using different water conservation
techniques (e.g. IRWH) can promote increased crigd.y In addition, by improving the

available soil water by using different culturahptices, such as mulching, fertilization, optimum
plant density etc., it is possible to maximize thidization of semi-arid ecotopes resources. In
this regard, quantification of the soil water balars of significant importance in understanding

efficient water utilization under IRWH system.

1.3.4 Effect of mulch on water use and production
Mulching is the practice of leaving or applying dgalant material as a covering on the soil
surface, and has advantages in limiting soil erodiy runoff, decreasing water loss by

evaporation and changing soil temperature (Stigtelr Weiss, 1986, Nhlabathi, 2010). It also
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shields the soil surface from solar radiation (Etzl., 1988; van Rensburg, 2010). Mulch is
used in arid or semi-arid and frigid regions fonserving soil heat and water content to improve
crop growth and productivity (Flerchinger and C|a2k03). Mulching in the IRWH technique
helps in sustaining the system by reducing thensewdliation rates that could affect the storage
capacity of the basin area. Botbegal. (2006) showed that most soil transportation o@mlion
the bare surface treatments and concluded thathnauldhe runoff area played a beneficial role

in terms of sustainability regarding surface steragpacity of the basin.

In general, the influence of mulch cover on theoftistrips can be considered as modifying soil
temperature and water content of the soil. Thisatfbf mulch arises from changes in proportion
of solar radiation energy intercepted, sensible treasferred to the atmosphere and a lower
conductance of heat into the soil. Consequenttgntaheat energy is reduced and sensible heat
flux increased under high mulch cover compared nmunts over low mulch or a bare soil
surface (Lieet al., 2004). Reducing evaporation from a crop field tigio mulching enhances
both productivity and water use efficiency (leeal.,2004) and utilizes the conserved water for
higher transpiration and improved yield (Sarkar &mtyh 2007). This agrees with the approach

proposed by Passioura (2006) and is expected tease the water efficiency of grain yield.

Therefore, different mulch rates used in the IRVEEhhique may alter the utilization of climatic
resources at the soil-plant canopy interface amah@é crop productivity. In this study, at arrange
of mulch rates on different runoff strip lengthssnavestigated as a good cultural management
strategy to promote effective utilization of clintatesources without significant decrease in

maize yield for semi-arid areas.

1.3.5 Micrometeorological characteristics in plant canoy

1.3.5.1Profiles and fluxes within and above crop canopy

Turbulence generated within a plant canopy is almmore complex process than that over a flat
bare surface or within a homogeneous boundary lamove a crop canopy. Fluxes of
momentum and heat in the atmosphere surface laggeerganerally described with non-

dimensional wind, temperature and water vapour igrasl using Monin Obukhov (M-O)

Similarity Theory (Monin and Obukhov, 1954). Thigtaresting area in micrometeorology is
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concerned with the atmospheric environment contiobuof energy (Arya, 2001), and suggests
plausible functional relationships both within aadsbve crop canopy and in the interactions with

the bulk atmosphere.

Vertical exchange of heat and water vapour are glynthrough turbulent motions in the
plenary boundary layer. Therefore, the primary dibye of various micrometeorological studies
involving crop canopies has been a better undedstgrof the processes of momentum, heat and
mass exchange between the atmosphere and theibablagtive canopy zone. These exchanges
influence the local microclimate in which plant®gr For example, in rainfed maize production,
it can be used to verify and characterize the e@rfprofiles of wind, temperature and relative
humidity as an important step towards generatinggbie heat and water vapour flux
estimations. This is done in order to evaluater@adtive agronomic management practices from

an energy and water balance point of view.

The canopy vertical profile gradients illustratee thhysical processes within and above the
canopy for heat and water vapour transfer (Fig). Hortonet al. (1984) and Horton (1989)
followed specific initial boundary conditions tosteibe soil heat and water flow in the presence
of row crops. Heat and water flow are assumed todgigible in the direction along the rows.
The x-dimension is chosen to be horizontally perpendictd the plant rows with lefk€0) and
right (x=L;) (Fig. 1.5) with a boundary occurring at the centf two adjacent rows. The
dimension is vertical and exits from the soil saefgz=0) to an arbitrary selected crop height
(z=L,=hc) and the y-dimension is parallel to rows. Diffdreow crops cause non-uniform soil
surface shading; thus solar irradiance and subsegueface energy partitioning and transfer are
directly affected by a crop canopy. The shaded wmshaded portions of the ground between
plant rows are used when determining the exchahgmergy at the various surface positions.
These numerical procedures therefore have beendeoed to provide a conceptually reasonable
prediction of surface partitioning of heat and wafleix within various sizes of row crop

canopies.
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Figure 1.5 Schematic representation of energy fluxes as gnbajance components in the
system of in-field rainwater harvesting. (Symbelbgplained in text). On the right side, an
illustration for canopy profile with horizontatdimension perpendicular to plant rows, vertical
canopy profile z-dimension aryedimension is parallel to plants rowshcis canopy height.
1.3.5.2Energy balance components
Understanding heat and water vapour fluxes witmd above a plant canopy can assist in
explaining the microclimate characteristics andirtieéfect on plant processes, for improved
management practices in rainfed agriculture (X&tal.,2006). The sun supplies virtually all the
energy received by the earth, which drives the ggs®f photosynthesis, heating both soil, and
air and for evaporation. The absorption of enetgha surfaces of canopy elements and soil and
its partitioning into sensible and latent heat imeca number of interacting processes. Jury and
Horton (2004) mentioned a one-dimensional steaatgstnergy balance at the soil surface in
canopy as follows:

Net heat energy arriving at surface - Net heat ggéeaving surface = 0 1.2
A simplified form of the energy balance equatiorhia soil or in plant canopies has been used to
assess components of energy. The process occusnpreantly by turbulent convection (bulk
flow) of air, latent heat flux by vaporization aadil heat flux by conduction as follows:

Rn—Hs—LE—-G=0 1.3
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where Rn is the net radiation, Hs is the sensibl Aux, LE is the latent heat flux and G is the

soil heat flux. All energy balance components iitaiof W miZ.

Energy balance models combine these four fluxesleasribed by Shuttleworth and Wallace
(1985) and Choudhury and Monteith (1988), for goccanopy or plant community, fluxes in
different layers such as, first layer extendingnfr@a reference height above the vegetation
(canopy) to the sink of momentum within the toptleé canopy, a second layer between the
canopy and soil surface and a third layer corredpornthe top layer of soil (Fig. 1.5).

The energy balance distributes net radiation ietesible (Hs) and latent heat (LE) and soil heat
flux (G) through the soil-canopy system. The tédéént heat is the sum from canopy (LBnd
from soil surface (LE. Similarly, sensible heat is calculated as sunsefisible heat from
canopy (Hg) and from soil surface (Hs The total net radiation results from the balaatall
incoming and outgoing radiation at the canopyfRmd soil (Rg levels and is given by Rn =
Rn. + Rn.. Horizontal gradients of potential fluxes and pbgksand biochemical energy storage

terms in the canopy/residue/soil system are coreidi® be negligible in this representation.

However, the flux of solar radiation reaching trema@py and soil surface under different row
widths varies according to a range of conditionsleffet al., 1998). The amount of solar
radiation received and reflected by the canopy switl surface strongly depends on the row
width and solar zenith angle, according to thdaudg and time of year. The combined effect of
absorbed and reflected radiation has great infla@mcthe partitioning of latent and sensible heat
over of different runoff strip lengths comparedhtie basin area with different plant densities. As
the climate becomes drier and more variable mnigadrtant to know how crops will affect and be
affected by the heat and water balance. Crop cas@fect the soil energy balance by having a
different surface albedo, decreasing the depth esfepration of radiation through canopy,
increasing the removal of latent heat by evapopiason and decreasing the rate of heat loss
from the soil surface due to different surface temafures. Thus, with the IRWH tillage system,
the main impact of surface on soil environmentaiditions is through the effects on surface

temperature and soil water content and their coxipkeraction with the surface energy balance.
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1.4 Research goal, objectives and questions
In line with the problem statement above, the feitay overall goal, specific objectives and

research questions have been addressed in this stud

1.4.1 Overall goal of the study
To contribute to the on-going research on the tegln of in-field rainwater harvesting by
investigating the atmospheric component, aimed datgaately understanding the water and
energy balance processes of a maize crop under [R&Hs to promote better production levels
in a sustainable manner. Therefore, the main afrtfeearesearch were:

(i) to establish the effect of a range of runoff toibasea ratios, with a range of mulching

levels, on the soil water balance and maize praalocand
(i) to quantify the energy and water transfer withia thop canopies of different runoff to

basin area ratios using micrometeorological methods

1.4.2 Specific objectives of each chapter

To achieve these aims and to make a contributimarts understanding sustainable maize crop
production in semi-arid areas of the Free Stateuraber of objectives were set for research
carried out in two cropping seasons, 2007/08 afi8/2®. The specific objectives were:

* to quantify the effect of surface properties (vasiounoff strip lengths (RSL) and
mulch levels (ML) in the IRWH tillage technique thy the maize growing season on a
Bainsvlei Kenilworth ecotope (Ch. 3);

» to derive a simple empirical model to predict ieldi runoff based on rainfall event
characteristics and cultural practices for IRWHteys(Ch. 3);

* to evaluate rainfall canopy interception (RCI) undéferent runoff strip lengths of
IRWH (Ch. 4);

* to quantify the effect of surface treatments (R8H &L) on runoff-rainfall (RR) ratio
(Ch. 4);

* to determine the partitioning of rainwater falling the runoff strips and basins and the
fraction of rainwater available to infiltrate intioe soil system of IRWH (Ch. 4);

* to quantify the effect of surface treatments (R8d ®IL ) on soil evaporation (Ch. 5);
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* to conduct a detailed analysis of Es from each &egtion of IRWH to quantify the
effect of crop shading and mulch levels (Ch. 5);

» to evaluate the Ritchie and Stroosnijder modelssacthe basin and runoff sections of
IRWH (Ch. 5);

» to develop empirical models to estimate cumulativé evaporation XEs) across the
basin and runoff sections beneath a maize canomyflasnced by varying amount of
stover mulch (dry-mulch) and canopy shading d¢teen-mulch) under the IRWH
technique (Ch. 6);

* to quantify the soil water balance components fachesurface treatment using the
measured rainfall and soil water content; and eicglly calculated runoff, run-on and
soil water evaporation, therefore being able t@wdate the transpiration as a residual
(Ch. 7);

* to compare the efficiencies of use and storageaiofall and productivity of the IRWH
system to produce maize grain (Ch. 7);

* to examine and characterize the vertical profilesemperature, vapour pressure and
wind, by comparing wide and narrow runoff stripgidg different growth stages (Ch.
8)

» to describe relationships between the wind spegddgrsus water vapour pressure (ea)
and virtual potential temperatur@vj versus water vapour profiles within a maize
canopy under wide and narrow runoff strips (Ch. 8);

* to characterize the vertical profiles of temperat(using virtual potential temperature
0v), water vapour pressure (ea) and wind speed ith)nnand above a maize canopy for
dry and wet conditions in wide and narrow runofipst (Ch. 9);

» to describe the water vapour pressure deficit (YBider different atmospheric and
soil surface conditions for wide and narrow rursifips (Ch. 9);

* to quantify the components of the energy balanchk;10) and

» to compare the available energy so as to estimbt®iEa maize crop under IRWH with

wide and narrow runoff strip lengths (Ch. 10).
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1.4.3 Research questions and hypothesis
The specific questions concern:
(i) What is the optimal runoff to basin area ratio sstain maize crop yield using IRWH
techniques in semi-arid areas of Free State? and
(i) How do the microclimatic conditions change undedeviersus narrow runoff section
of IRWH.
This study tests the hypothesis that, within tlelhtéeque of IRWH there is an optimal runoff to
basin area ratio that can maintain a consisterzeraioduction with reduced risk of crop failure

underKenilworth Bainsvlei ecotope.

1.5 Set-up of this thesis

This thesis comprises and discusses a practicathamdetical framework on the basis of both
the water and energy balance processes for the IRWdtem on the Kenilworth Bainsvlei
ecotope. In chapters 3 and 4 the rainfall-runolfitrenships from different runoff lengths and
mulch rates will be assessed and quantified. Chapteand 6 mainly analyze soil evaporation
from microlysimeter measurements and develop eogbirmodels for soil evaporation as
influenced by mulch rate with varying amounts of@ay cover or shading at different growth
stages in this semi-arid area. Chapter 7 provigdesxéensive account of the water balance for
different runoff lengths with various mulch rateveos to evaluate the productivity of IRWH in
terms of its ability to convert rainwater into maigrain yield and dry matter production by

minimizing unproductive losses (Es and Ro) and mi&ing PUE and RWP.

In Chapter 8, the micrometeorological measuremantfifferent growth stages of maize under
IRWH are examined to characterize the profile oteumlogical variables within the maize
canopy of wide and narrow runoff strips. Chapterag$sess the relationship of vertical
temperature, water vapour and wind speed gradfentsoth wide and narrow runoff strips, in
order to describe profiles and vapour pressurecidetlationships within and above canopy.
Chapter 10 focuses on the comparison of energyadaifor evapotranspiration on wide versus
narrow runoff strips by quantifying the energy @ components of a maize crop under the

IRWH system. Finally, Chapterl1 gives general casions and prospects for future research.
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CHAPTER 2

Materials and Methods
2.1 Description of the ecotope

The Kenilworth Experiment Farm of the DepartmentSail, Crop and Climate Sciences of the
University of the Free State is located (Latitu®B02’S, Longitude 2®9E, Altitude 1354 m
above sea level) near Bloemfontein in the FreeeRabvince of South Africa, 15 km north of the
University of the Free State. In 2007 a new IRWHbarimental plot was layout to evaluate
IRWH with various runoff to basin area ratios andilching practices on the Kenilworth
Bainsvlei ecotope

2.1.1 Climate

The climatic characteristics of the Kenilworth Bartei ecotope, as in other semi-arid areas, are
associated with high evaporative demand and aiveblatiow and erratic rainfall. Mean monthly
climatic data (ARC-ISCW Climate Data Bank) for tKenilworth Experimental Farm for 10
years up to 2009 is shown in Fig. 2.1. The studyaas categorized as a semi-arid climate with
mean annual rainfall of 528 mm (std.155.6 mm) and annual mean of minimum and maximum
temperature of 11°C and 25.8C (monthly std.+0.8 — 2.6C and+1.2 — 3.2C), respectively.
The main rain season is from October to April, @litph some rain also occurs during August,

September and May.

Rainfall during December and January is generaligtie and many of the rain events are in the
form of thunderstorms with high rainfall intensgieFrom the long-term climatic data, January,
February, March and April receive a large amountrah, but are accompanied by low
evaporative demand. March therefore, has the highredity index (Al) with a value of 0.42
although the mean Al of this ecotope is 0.22 (Fidla). In winter (May to August), low

temperatures are experienced with few occurrencesn
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Figure 2.1 (a) Long-term

Time (months)

mean monthly rainfall (RF),

referenevapotranspiration (ETo

Penman-Monteith) and Al; (b) minimum and maximumperatures climate data from UFS

Experimental Farm (Kenilworth site). Data set fra00-2009, source ARC-ISCW Climate Data
Bank. *Al calculated Aridity Index = (RF/ETO0).

During the maize growing season (Nov — Apr) theglberm mean rainfall is 350.2 mm with a
high reference evapotranspiration of 1451.5 mmudanis the hottest month with a mean
maximum temperature of 36@ and May is the coolest month of the growing seagith a mean
minimum temperature of 66 (Fig. 2.1b). The high temperature and evaporatiih low and
unevenly distributed rainfall during the growingasen often expose the crops to water deficit
causing stress, poor growth and low yields.
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2.1.2 Topography and soils

Topographically the plots are located in an areth \Wiss than 1% slope falling Northward. As
described by van Rensburg (1996) the soil profiaracteristics and morphological properties are
known as deep freely drained fine sandy loam Jable 2.1).

Table 2.1Important characteristics of the Kenilworth Bailes\ecotope Bainsvilei formhAmalia
family (after van Rensburg, 1996).

Diagnostic Horizon
Description Orthic A (AP) | Red apedal (B1)| Soft plinthic (B2) Wes";‘(t)?]‘zr‘a‘fcr;‘“d'
Depth (m) 0.00-0.35 0.35-1.18 1.18-1.40 1.40-3.00
Texture class Fine sand Fine sandy loam | Fine sandy clay | Fine sandy clay
loam loam
Structure Apedal massive| Rough, weak Apedal massive | Rough, strong,
prismatic jagged blocky
Mottling None None Grey, yellow, red | Yellow, black
and black
Colour Red brown Red brown Brown Yellow orange
Clay (%) 8.5 14 14 24
Bulk density (Mg rit) 1.66 1.68 1.66 1.67
pH (H.0) 5.2 51 6.3 6.5
P (Olsen) 14 mg kg'
Ca (NH,;0Oac) 561 mg kg
Mg (NH;Oac) 125 mg kg
K (NH40ac) 122 mg kg
Zn (HCI) 2.5 mg kg'

The fine sandy loam soils of the experimental batng to loamy acidic ustorthents. The basic
soil morphological properties, according to So3ification Working Group (1991), are reddish
brown in colour Amalia family with A-horizon of fine sandy loam texture havipgrticle size
distribution of 88% sand, 8.4% clay and 3.6% silhtent (Soil Classification Working Group,
1991). The basic concentration of certain plartients are shown in Table 2.1. The soils of the
experiment plots are slightly acidic with the pHhga of 5.1 — 6.5 down the 3 m profile. The
organic matter content in the top layer of the sodbout 0.15 — 0.18% (Woyessa, 2002). The low
clay and organic matter content in the topsoil igbpbly associated with weak surface crust
structure that develops on bare soils due to reap dmpact and heat of the sun. Detailed soil
profile descriptions for the Bainsvlei area arespréged in Appendix 2.1. A summary of the
chemical and physical properties of two soil pedilare presented in Appendix 2.2 (The Non-
Affiliated Soil Analysis Work Committee, 1990).
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2.2 Experimental approach

Field experiments were conducted in two consecigivamer seasons of 2007/08 and 2008/09 at
the Kenilworth Experiment Farm on a total area md dectare. In the first season (2007/08) after
the land was prepared for the IRWH technique, thiés svas left bare to establish a crust
uniformly all over the plot. The area was dividedoi four replicate blocks (A, B, C & D), with
each main plot consisting of four runoff strip I&€mgRSL) treatments (RSL-1 m, 1.5m, 2 mand 3
m) with rows extending from one edge of the ploth® other in E-W direction (Fig. 2.2).

a) 2m / N
i A awe |2 _
Automatic Weather
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. 100m
Micrometeorological B i
Measurement Block =3
v
b)
RSL-15 RSL-1 RSL-3 RSL2 |
| A
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Figure 2.2 Plot layout for IRWH tillage at Kenilworth experental site: a) Division of blocks (A,

B, C and D) with border sides of maize fields (diagl shaded strips) to meet fetch requirements
(not to scale); b) Each block was sub-divided intain plots (RSL treatments) and sub-plots
(mulch level).
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The five sections from top to bottom (Fig. 2.2bdlicate each sub-plot of the treatment for the
different mulch level applications. One block waed for the micrometeorological studies (Block
D). The design of the>3x5 factorial experiment was conducted as split-ggbt randomized

complete block design. Each block had four mainsplor each runoff size and each of them was
further divided into sub-plots of five mulch levabplications. Hence, the layout was performed
according to four different runoff strip length (RSas main plot and five mulch levels as sub-
plots. Each sub-plot was 10 m long; and there Vieue strips per treatments, so that the two

strips are effectively the borders (Fig. 2.2b).

2.3 Agronomical practices

2.3.1 Tillage methods

The plots were prepared by using a mouldboard pl@mgl disc in the autumn of 2007 in an E-W
direction. Basins with ridges were made againsiNe slope. The runoff strips in the plots were
raked with a laser machine on 9 Dec., 2007, to $intiee topsoil, and an even runoff slope was
formed in the runoff section by hand on 21 JanO&Ripping was initially done in the process of
land preparation to form a proper basin area, #itr a few rain events the crust had formed on
the runoff strips by the end of January 2008.

The treatments were arranged according to ratlwasin area to runoff area. The four runoff strip
lengths were 1, 1.5, 2 and 3 m and comprised aptitaarea that varied between 86 and 160
m? (Table 2.2). The basin area was standardisedriavdth, resulting in 1.1 m between the plant
rows. The main treatment area for each RSL and thébs of the basin area to runoff area
represent the ratio of 1:1, 1:1.5, 1:2 and 1:3.hHalot area was formed with four sets of runoff
strip and the adjacent basin area (Fig. 2.2).

Table 2.2Plot design according to different runoff stripdgh (RSL) to basin area ratio

Treatments Basin to runoff Basin area Runoff strip | Treatment plot size| Total plot
(RSL) ratio (m?) area (M) x reps. (M) area (M)
im 1:1* 10 10 (10+10)x 4** 80
1.5m 115 10 15 (10+15)x 4 100
2m 1:2 10 20 (10+20)x 4 120
3m 1.3 10 30 (10+30)x 4 160

*Basin area size in all treatments is standardiasdvidth of one meter.
**On each plot there was 4 sets of basin and rusefitions
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2.3.2 Mulch application

Mulching studies were done on each runoff lengtle sieatment at five different mulch levels as
a sub-plot treatment during 2008/09. The maizekstalf the previous year were used as a
mulching material. A mulching level determinatiorasvconducted prior to application, by
calculating the percentage surface cover usingatheunt of radiation intercepted through the
mulch in a sample quadrant, measured by placindobig line quantum (PAR) sensor (LI-COR
191SA) above and beneath the mulch. The rangel®f 0Oha" mulch surface coverage was used.

The percentage of mulch coverage (MC) was caladilaseng the following formula.

MC — Rabove—Rbeneath X 100% 21

Rabove

where MC is a mulch level coverage angdzand Reneanare PAR measurements in M3 s
above mulch cover and underneath the mulch, raspict Then, the amount of mulch
application (t h&) was plotted against the mulch cover percentagie the demarcation of below
and above 5 t faof mulch cover. Thus, in both cases, there amgicziships between percentage
of mulch cover and amount of mulch that were fittiedinear function giving a strong coefficient
of determination of (B of 0.98 and 86%, respectively (Fig. 2.3).
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Amount of mulch cover, MC (t hg

Figure 2.3Relationship of the mulch amount (tHaand mulching cover (%) from measurements
of radiation interception under various amountsnofch in a quadrant.
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From the relationship in Fig 2.3, for the purposehe field experiment the mulching levels of
bare (0), 1, 2, 3, and 5 t havere used to give calculated surface cover of D%, 39%, 64%
and 96%, respectively. This clearly shows that highest mulching rate of 5 t fain the
experiment represents a maximum surface coveraggr (00%) by the mulch. Fig. 2.4a shows

full mulch level cover (ML96%) on runoff strip letigof 1.5 m during early growth stage.

2.3.3 Crop management

During the first (2007/08) and second (2008/09)pping seasons the planting date was on 11
Dec., 2007 and 21 Dec., 2008 respectively. Botls@mea (2007/08 and 2008/09) had the maize
hybrid, DKC 80-30R (medium maturing variety) butias planted at a plant density of 24000 in
first season and 18000 plantsfia the second season, assuming equal plant papulaer unit
plot size. The main reason for higher plant popottaduring the first season was due to the
experimental plot remained fallow on the previowary This implies more water was stored
before planting in the profile on the first seasmmpared to the following season. In the first
season, planting was done using a planter, wharedéise second season planting was done
manually, in order to maintain the runoff structirdBecause of the differences in runoff lengths,
of the IRWH plots the spacing between plants wagptedl to obtain equal plant densities per unit
land area. Table 2.3 shows the plant density aadisp (between plants) used on each treatment
in 2007/08 and 2008/09 seasons.

Table 2.3 Plant density and spacing between plants in rowbke basin area for different RSL
treatments during both growing seasons (2007/082808/09).

Cropping seasons
Basin to Total 2007/08 2008/09

Treatments) —nof plot area| Spacing Plant Spacing Plant
(RSL) ratio (m?) between Plalrg)tt #1 sirow between Plalr(;tt#/ #irow/
plants (m) b (10m) plants (m) P (10m)

1m 1:1 80 0.42 192 48 0.56 144 36

1.5m 1:1.5 100 0.33 242 60 0.44 180 45

2m 1:2 120 0.28 288 72 0.37 216 54

3m 1:3 160 0.21 384 96 0.28 288 72

The main reason for decreasing the plant densit2d% (6000 plants) in the second season
(2008/09) was due to the fact that there was mtoeed water in the profile during the first
season as 2006/07 was fallow. The experiment wasagea intensively to ensure optimal
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resource utilization and to avoid any stress fromeas or insects or diseases by applying
chemicals when necessary. At an early stage, tignwas done to remove excess plants and some
side-growth tillers. Fig. 2.4 shows the IRWH pletgh the basin and runoff area after dry and

wet periods during vegetative growth stage.

a b

Figure 2.4 Maize crop during vegetative growth stage undé&vHRsystem with different cultural
management practices during dry and wet period882@ growing season). (a) showing full
mulch cover on the 1.5 runoff section (b) showiragev collected in basin area after rainstorm.
2.3.4 Growth stages

For the purpose of this study, the growing pericasvdivided into four phenological growth
stages. According to Doorenbos and Kassam (19B6)gtowth stages for a medium maturity
maize crop for grain production are an initial stag 15 - 30 days, development stage of 30 - 45
days, mid-season stage of 30 - 45 days and lasesesgage of 10 - 30 days. For this study, the
first growth stage (GS-I) comprised 45 days from pkanting date on December 21, 2008. At this
stage the crop canopy had expanded from the siggiminating seed and leaf appearance
processes through to vegetative growth. This stageded the gradual growth of the initial stage
into the linear leaf growth phase. In the secormmn stage (GS-I1l), from 46 to 70 days after
planting (DAP), the growth increased linearly todsrfull canopy cover, so overall the total
growth period could be expressed as a sigmoidalthreurve. In the later growth stages (GS-llI
and GS-1V) after reaching maximum canopy, cropdisg starts and proceed to grain filling and
then maturity phase, these growth stages werel®b DAP and 106 - 150 DAP, respectively.
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2.4 Field measurements

2.4.1 Weather variables

An automatic weather station (AWS) had been instialt standard height of 1.5 m by ARC-
ISCW (Agricultural Research Council of South Africinstitute of Soil, Climate and Water) from
Pretoria. The AWS consists of tipping bucket raauge, cup anemometer and wind vane; a
pyrometer and combined temperature and humiditys@enAll meteorological data (rainfall,
minimum and maximum temperatures, minimum and marimelative humidity, wind speed
and direction, and solar radiation) were recordedadCR10X data logger (Campbell Scientific,
USA) every 5 minutes and averaged over one houstiirage. The rainfall recorded from the
AWS during the season was obtained on a 5 minutéatamount basis. Thereby each rain event
can constitute several rainstorms and various atidtirations were considered for each runoff

measurement (see Chapter 3).

2.4.1.1Rainfall during growing seasons
During the two growing seasons (Dec. - May) preaipn was 282.5 mm and 249.8 mm,
respectively (Fig. 2.5). Both seasons receivedtlems the long-term mean (350.2 mm) during the

growing season.
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Figure 2.5 Daily rainfall distributions for both first (20008) and second (2008/09) growing
season with a fallow period between the two seasons
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Rainfall was erratic in nature and 35% of the aniafrrainfall was concentrated in February -
March for the first cropping season and in Janeb. For the second season. During February, the
crop received 65 mm rain in the first season andné8in the second season, being 23.5% and
25% of the total rainfall, respectively. While dugi the planting time in December, the
precipitation was low in the first cropping seasand during the second cropping season the rain
was mainly concentrated at the beginning and enthatf month. However, pre-planting was
almost the same in both seasons from August to Mbee 215.1 and 191.2 mm of rain was

received in 2007 and 2008, respectively.

2.4.1.2Reference evapotranspiration during growing seasons

The trend of reference evaporation (ETo) for eacdwmg season shows maximum daily ETo
occurred in the first 20 days during the 2007/0s8@ and between 40 and 50 days after planting
in 2008/09 season (Fig. 2.6). The maximum ETo vpmsaimately 10 mm dand 9 mm @ for

the first and second growing seasons, respectiVély.results clearly show the natural decreasing
trend of ETo over the growing season. In the fiistwing season the ETo was slightly higher
(about 8 mm d) in December compared to the second growing se@sbmm d).

10

----- First growing season (2007/08)
—— Second growing season (2008/09

A DC-1 DC-2 DC-3

ETo (mm dY)

Dec Jan Feb Mar Apr May
Growing season months (2007/8 & 2008/09)

Figure 2.6 Daily reference evapotranspiration (ETo) over tmewing period of 2007/08 and
2008/09. The arrows indicate the three drying /{BC) for the soil water evaporation
measurements during 2008/09.
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During second growth stage from 70 - 90 days the w&s 6 mm d during the first season and
about 2 mm d less during the second growing season. Howeveh $easons had similar ETo
values of about 4 mm'din the period of mid-Mar. to mid-Apr. It appedhst the variation of
ETo was controlled by the variation in the climdactors particularly in the natural progression
of seasonal temperature and rainfall. ETo genedsbtyreased with days after planting, so that the
measured Es should be affected by the decliningpgtireric demand during different drying

cycles.

2.4.2 Soil water parameters

2.4.2.1Soil water content

To monitor the soil water content of the root zéneneutron water meter steel access tubes were
inserted to a depth of 1.8 m, that is, to a dep#latgr than the expected roots. During the cropping
season 2007/08 and during the fallow period in 280&ss tubes were installed in the center of
the basin area and in the runoff section of eaoh hereas, in cropping season 2008/09 (second
growing season) additional tubes were installeccath one meter interval across the runoff
section. Soil water content was measured at anvaidtef 1-2 weeks to a depth of 1.8 m using a
neutron water meter or neutron probe (NWM) (CamipBatific Nuclear model 503, CA USA,
1994) to take neutron counts down the access t{#%5 mm internal diameter). Measurements
of 6, were carried out before and at planting periods$ during the growing season at 300 mm
depth intervals starting at 150 mm (being 150, 450, 1050, 1350, 1650 mm). This procedure
ensures that the different pedological layers & gbil have been adequately represented. More
detailed pedological layers characteristics of ¢his at the experimental site (Bainsvlei form /

Amalia family soil type) are attached in Appendig.2

The neutron probe was calibrated for the site separate study done by Chimungu (2009) for
this particular experimental farm. It was calibchfer every soil layer by using gravimetric soil
water measurementd,{) and bulk densities of the soil (Robinson and Huldlb1990). A range of
NWM counts for every soil layer, under wet and dognditions, was made, with samples for
gravimetricf,, determination taken at the same time close to N¥¢kss tubes. TH#, values

for every soil layer were multiplied by the appriepe bulk density value to give volumetric soil
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water contentd ) of that soil layer. The linear relationship beem NWM counts and , values

provided the calibration equation.

2.4.2.2In-field runoff

The runoff measurements were carried out only dutfire second cropping season of 2008/09 on
the bare, 39% and 96% mulch treatments of eacHfrtonbasin area ratio size plot during each of

12 rainstorm events. Depending on the rainfallgpattthe runoff was measured the day after the
rainstorm event occurred, whereby runoff was acdated over the whole rain event, which can

constitute several rainstorms with various raintalrations. The runoff measurement plots (Fig.

2.7) were prepared within the corresponding treatméy constructing enclosure frames. The

galvanized iron sheeting (30 cm wide) was instaffedtrained by pegs to stand upright) on three
sides, across the runoff strip and near the nextofgplants. The iron sheets were inserted into the
soil surface to 5 cm depth to ensure that runof§ weeasured only from within the enclosure

metallic frame area. A gutter was connected atotliiside edge of the basin area to transfer the

runoff water into a 200 litre collecting drum (FIg8).

Runoff width

A
Y

Runoff flow direction

Runoff
length

d------=-=-=-=-==--4

4-----------------

4------------—----—+

v 3 *— Barrel 200liters

Guttel

Figure 2.7 Schematic layout of the runoff plots used in tkpeziment. The frames were fitted
along the width of the runoff area.

After every storm event the runoff collected wasctiarged from the drum by using a small
mobile pump devise to measure the volume manualhygua graduated bucket and again weighed

using a digital scale in the field.
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Figure 2.8 Runoff plot measurement frames for bare and mudldheatments, 2008/09. Arrows
indicate the direction of runoff towards basin area

2.4.2.3Soil evaporation

Evaporation of water from the soil surface benghthmaize crop canopy was measured using
microlysimeters containing undisturbed soil samplasing three consecutive drying cycles (as
indicated in Fig. 2.6) each after a rain event.e Tperiods selected for soil evaporation

measurement were after the crop had reached itsnmaax canopy cover during the second

season of the experiment (2008/09).

Microlysimeters (MLy) were constructed accordingBoast and Robertson (1982) and Hoffman
(1997), with an inner pipe made of steel tubingg bfmm diameter and 300 mm deep and sealed
with a stopper at the bottom end. The outer linesw PVC pipe with diameter 80 mm. To
preserve the heat conduction processes betwedwadhgipes a strip of cloth was taped at the top
part of the liner pipe to stop air movement. A kata33 individual microlysimeters were used for
selected treatments (bare, 39% and 96% mulch coveing installed according to runoff strip
length. The microlysimeters were situated at thetreeof basin area and in each one meter
interval of the runoff length, in order to diffeteate between the effect of canopy shading by the

maize plants.

The MLy undisturbed core samples were taken aft@irestorm within the same plot by drilling
the core sampler into the surface at the allocptedposition, in order to place the soil layers in
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the right direction without compaction. The bottend was then covered with a sealed stopper to
prevent drainage and/or soil loss. After the vades created by the extraction of the soil core for
the microlysimeter, it was widened using a 65 manwter auger and the PVC pipe was inserted
into the hole to line the cavity. The outer linernged as a sleeve to allow the microlysimeter to be

reinserted after weighing.

The microlysimeters were weighed daily with a psem of 0.01 g and returned to their
respective sleeves (PVC pipes) in the ground iir fhlet of origin so that their surfaces were at
the same level as the surrounding soil. All measerdgs were performed between 08:00 — 09:00
local time for 7 days in succession. Thus, theyeweweighted after each 24 h time period to
determine the water loss. The differences betwkerntwo masses divided by the circular cross-
sectional area of the inner pipe (cylinder) is ¢henulative soil evaporation flux during that time
period (g nf d%). When collecting and returning the MLy to theldiecare was taken to ensure
that the site around the MLy was disturbed ald# possible in an attempt to ensure integrity of
the soil surface and canopy around the MLy. Forntlidched treatments, extreme care was also
taken to make sure that the MLy was recovered ey appropriate mulching rate for the

corresponding treatments.

2.4.3 Micrometeorological parameters

During the maize cropping season, as part of coatis micrometeorological measurements,
profiles of temperature, humidity, wind speed afiteo standard energy balance parameters were
measured for micrometeorological studies (Fig..2@¥gta from the automatic weather station
were used to calculate reference evaporation (E$wm)g the FAO-56 Penman-Monteith method
(Allen et al,, 1998).

2.4.3.1Profile of meteorological variables

Within canopy profile measurement

During these measurements, three consecutive grstagjes with specific runs were selected. The
growth stages represent vegetative growth stages Wite crop canopy had attained 1.2 m and 1.6
m height, and during the final stage with an averagnopy height of 2.2 m. The profile
measurements within canopy were performed at thghtseof 0.30, 0.60, 0.90 &1.20 m; 0.40,
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0.80, 1.20 & 1.60 m; and 0.55, 1.10, 1.65 and 22for the period of DOY 36 - 42 (5-11 Feb.),
DOY 51 - 56 (20-25 Feb.) and DOY 69 - 74 (10-15Maespectively. The sensors for measuring
air temperature, humidity and wind speed were mopedodically within the crop canopy

between wide and narrow runoff strips simultanepudlhe field layout and measurement

positioning are marked in sketch diagram in Fig. 2.

=

Figure 2.9 Sensor arrangements in the runoff section of meap@py at 1.6 m crop height on 25
Feb., 2009 for 1.5 m length runoff strip and withimd above the maize canopy up to reference
height of 4.5 m on 07 May, 2009.

Within and above canopy profile measurement

As part of the measurement plan, profiles of heetss and momentum were undertaken within
canopy and from the top canopy layer up to a referdevel of 4.5 m. The instrument set-up
used similar procedures, except the location of #Hemsors was different for different
measurement purposes. A long mast was buried deeplyattached to a tripod stand in order to
hold the sensor arms firmly at the needed height.tke above canopy measurements, sensors
collected observations every 5 minutes and averdgenly temperature, humidity and wind
speed at heights of 1.8, 2.1, 2.4, 2.7, 3.0, 38Bahd 4.5 m from ground surface (Fig. 2.9).
Precipitation measurements were obtained from AWstde the experimental plot in order to
differentiate dry and wet conditions during micrdewological measurement period. The
observations were taken in wide and narrow runofbsin 2008/09 cropping season during DOY
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107-121 and DOY 122-132 respectively, as insufficienstruments were available for

simultaneous measurements.

2.4.3.2Net radiation and soil heat flux

TheRnwas measured at a height of 1.5 m in the centtieeovide runoff strip with nearby plants

cleared to represent the bare soil surface, arejerded as positive for incoming energy. Due to

this placement of the Rn sensor, it may be recgisome reflected radiation from the surrounding

crop rows. Therefore the Rn will be calculated fromadels to be discussed later in Chapter 10.

The four soil heat flux plates of CN3 type weretatied at 0.08 m soil depth by excavating a

shallow trench, creating small slits in one sidéwadt smaller than the plate dimensions then

inserting the plate into the slit and back fillitige trench.

2.4.3.3Instrumentation

The following instrumentation were used for micraewgological studies:

Automatic weather station consists of a tippingkaticain gauge, cup anemometer and
wind vane; a pyrometer and combined temperaturénanddity sensor.

Wind speed was measured using three-cup wheelySamtmometers (Model 03001) with
stalling speed of about 0.15 f.s

Temperature and humidity were monitored using HMRBMperature and relative
humidity probes (Campbell Scientific, USA), whichontains PRT and Vaisala-
INTERCAP sensors. The HMP50 sensors were houséatkimgite plate radiation shields
(41303-5A Model).

The net radiation was measured with a NR-LITE-L Ratliometer at a height of 1.5 m in
the centre of a wide runoff strip.

The four flux plates used for soil heat flux measoents were CN3 type (Carter-Scott
Manufacturing Pty. Ltd., Brunswick) and installeddz08 m soil depth.

Hourly soil temperatures were measured using theooqges (0.511 mm
copper/constantan) at depth of 0.02 and 0.06 m.

The mass based soil water content was measuregptt df (0.08 m) using two EGB

Probe sensors.
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All micrometeorological data were recorded on a QBRIX data logger (Campbell Scientific,
USA), every 5 minutes and averaged over one haustfirage. Instrumentation was frequently
checked and data regularly downloaded with somelagvdrom the previous download. Periods
for which the measured entity was outside the Simaftthe range, were then rejected.

2.4.4 Crop parameters

Leaf area and biomass samples were taken for datlirgm rows on both the ridge and basin
side. Plant densities were assessed after emergeunicplant counts were done after full cover on
a 10 m length of row in each plot. Crop growth stags recorded regularly and visual symptoms

were used to identify the critical growth stagear(iler, 1986; Lakeet al.,1991).

2.4.4.1L eaf area and plant height

Leaf area (LA) was measured using the leaf areemistodel LI3100, LI-Cor Inc., Lincoln NE).
Leaf area index (LAI) is the ratio of the area oéen leaf surface produced by crop plants to that
of cropped area. However, in this study, the LA averpressed over the basin area ratio or the
land area between the maize row (1.1 m) and dermte¢8LAR”. This meant that the LA was
calculated from the same unit area for all RSLtinegats with varying plant densities. This helps

to effectively categorize the shading pattern eftiteatments.

During the second season (2008/09) leaf area wasuned at intervals of ten days from day 25
DAP to 65 DAP. As the leaf area for the first sea§2007/08) had only been measured once at
tasseling stage, a seasonal BLAR trend was estimeiag an interpolation of leaf area measured
during the second season from different runofpdateatments. Since different runoff strip length
treatments comprise different plant densities pat area and the two seasons had different plant
population (i.e., 24000 for the first season andQDBfor the second season). This implies that, the
plant densities were 4.4, 5.5, 6.5 and 8.5 plantfonthe first season and 3.3, 4.1, 4.9 and 6.4
plants ni for the second season.

2.4.4.2Dry matter production
The same plants as those measured for leaf area wsed for dry matter accumulation

measurements. Thus, the dry matter was measurextiijgaily from 25 days after planting until
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the plant attained maximum size (65 - 70 days @fi@nting). During sampling, the height of each
plant was recorded and then cut at the soil sudackthen separated into green and dead leaves,
stems and reproductive organs. At the beginninth®fseason, three above ground plant samples
were harvested from each replication but in laterugh stages only two plants were taken from
each basin and ridge side to determine the haxvdstemass. Samples were dried in an oven
regulated at 7T for 72 hours. Thus the biomass partitioned imtaf,| stem and reproductive

organ were calculated as oven dry material, angteroed to the unit of kg Fa

2.4.4.3Grain yield

Grain yield of maize crop was determined from figahdrant samples by harvesting 4 m length
of row along each basin and ridge side at the éridenseason from each replication. The grain
was shelled and weighed after oven drying and &sjuto 12.5% seed moisture content and

expressed as kg ha

2.5 Statistical analysis

Analysis of variance was done for the comparisorthef different treatments using different
statistical software packages: such as SAS 9.Ir3Wmdows (SAS Inst Inc., 2006), SPSS
computer programme for Windows (SPSS Inc., 2008)@raphpad Prism 5 (Graphpad Software,
2007). Means were compared using the LSD test.ifgignce levels of < 0.05, 0.001 and R
0.0001 were used, based on the variability asstiaith the type of measurements. Empirical
relationships of the parameters were derived ugggession procedures. Measured and estimated
values were compared using regression procedurksnaan statistics given by Willmott (1981;
1982) were calculated. For various experimentsha study, different statistical designs were
adopted according to the nature and magnitudeeotr#il. Thus, for each trail a detailed statidtica

analysis method is presented in each specific ehapt
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CHAPTER 3
Effect of Runoff Strip Length and Mulch Cover on In-field Runoff

3.1 Introduction

In the tillage technique of in-field rainwater hasting (IRWH), rainfall-runoff processes are
modified in a major way by the cultural managenmattices. Relating runoff to rainfall amount
is an approach widely used in many semi-arid cl@®atvhere water resources are usually the
most limiting factor. Under practical crop prodwcticonditions, the theoretical relationship of
rainfall amount, intensity and duration to runo#ishgreat importance and is fundamental to the
success of the IRWH technique. Due to this factfHe last few decades much attention has been
given to studying the rainfall-runoff processes aalhtionships, especially under dryland crop
production (Boers and Ben-Asher, 1982; Henglegl.,2000; Walker and Tsubo 2003a; Botta

al., 2003; Bothma, 2010; van Rensburg, 2010; Ibrairfd,12Mzezewa and van Rensburg, 2011).

Estimating in-field runoff is also particularly @dult, due to many options for management
practices such as different tillage techniques wadous types of mulching. Application of
different cultural practices on the runoff stripfluiences the amount of rainwater harvested. It is
also expected that it will vary through a growingason. Different studies showed that the
amount of rainwater harvested was affected by matnrer, crop residue and vegetative cover,
initial soil roughness and aggregate tension ofthie(Morin and Cluff, 1980; Fohraat al.,1999;
Cerdanet al., 2001; Ruaret al., 2001; Le Bissonnaist al., 2005; Bothma, 2010). Therefore, to
recommend appropriate techniques on the runoff atean practicing IRWH, a theoretical and
practical understanding of the relationships betweainfall and runoff is of paramount

importance.

Many studies in South Africa have revealed the irtgpwe of rainfall-runoff relationships in crop
production: Haylett (1960), du Plessis and Most{g&#65), Bennieet al. (1998), Hensleet al.
(2000). In other recent studies Walker and Tsuli®32 & b), Bothaet al. (2003), Zereet al.
(2005), Andersoret al. (2007), Welderufael (2007) and Josegthal. (2011) focused on the
relationship between rainfall and runoff. Theutesof long-term rainfall-runoff experiments are
particularly valuableBennieet al (1998), after many years of research, emphadtzatdmuch

more research is needed to estimate runoff relidbb/to the complex nature of the actual runoff
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since it is influenced by several factors includnagnfall intensity, slope of the land, initial and
final infiltration rates, initial soil water conterand roughness of the surface. Therefore, the
practical measurement of in-field runoff will bevamtageous in evaluating the relationships of
the amount of runoff water harvested from thos¢i@dar rainstorms that produced runoff.

Hensleyet al. (2000) mentioned that the adoption of a linearesgjon analysis, using rainfall as
independent and runoff as dependent variable yeldasonable relationship. Worku and Hailu
(1998) also successfully applied a multiple regoessnalysis to quantify runoff and soil loss
from different tillage methods coupled with alteima cropping systems in the Central Highland
vertisols of Ethiopia. Furthermore, with the avhildy of rainfall intensity data, Henslegt al.

(2000) suggested the possibility of developing fiinmodels to simulate runoff during rainstorm

events.

The rainfall-runoff process is well described ire thterature. Numerous papers on the subject
have been published and many computer simulatiodelachave been developed. In particular
the effect of mulch for dryland crop production e tillage system was studied in great detalil
(Lal 1998; Woyessa and Bennie 2004) and on ruriofissin IRWH (Hensleyet al.,2000; Botha

et al.,, 2001; van Rensburgt al., 2002; Anderson, 2007). For instance, the diffiesltin
accurately measuring and predicting the effectifééreent mulches placed on the runoff strip were
researched on two different soils at Glen, Bloertdon(Botha, 2006). In addition runoff amount
and sedimentation in the runoff water resultingrfrbare, stone and organic mulch on a 2 m
runoff strip was also measured on those differ@ils.s In that study, organic mulch clearly
suppressed runoff on an average of seven to testiess than from the bare plots thus enhancing
infiltration in the runoff area. But the remainimgncern is: ‘Which combination of mulching
level and runoff strip length can be the most bierafin terms of precipitation use efficiency in

semi-arid areas?’ As in the case of this studyime $andy loam soils.
None of the research studies mentioned have andwieeebasic question of how the amount of

water harvested is influenced by runoff strip léngt combination with mulch coverage of the

runoff strips. Therefore the goal of this studytds improve the understanding of rainwater
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harvesting under different surface conditions nnoff strip lengths and mulch cover. The
specific aims are:

* to quantify the effect of surface properties (vasagunoff strip lengths and mulch levels
on the runoff part) in the IRWH tillage techniquerithg the maize growing season on the
Bainsvlei Kenilworth ecotope, and

e to derive a simple empirical model to predict ieldi runoff based on rainfall event
characteristics and cultural practices under th&lHRsystem.

3.2 Materials and methods

3.2.1 Treatments

The main experimental design and treatments wewseribed in Chapter 2, Section 2.2.
Accordingly, there were four runoff strip lengthRSL) and five mulch surface cover levels
(hereafter called mulch levels, ML) each combinaticeatment replicated three times. The RSL
treatments were comprised of 1, 1.5, 2 and 3 mffdengths and the ML were 0% (bare), 12%,
39%, 64% and 96%. For this part of the study, lal RSL treatments and three of the ML

treatments, viz. 0, 39% and 96% were used.

3.2.2 Rainfall characteristics analysis

During the growing period, rainfall intensity (atndin intervals) was recorded by the automatic
weather station (AWS) at the experimental site. #os measured field runoff data analysis
during the growing season of 2008/09, the rairgattern was characterised through the growing
season, in terms of amount, duration, peak intgnsiean and median intensity, using a 5 minute

time interval data for this analysis (Appendix 3.1)

In this study, a ‘rainfall event’ was consideredaasainstorm, as a group of rain segments even if
separated by more than three hours. This is inrasinto Walkeret al. (2005) who defined a
‘rainfall event’ as continuous precipitation, withy intervals of a less than a specific length of
time, which was usually 3 hours. For this studyt tdhefinition, could give more than one rainfall
event in a 24 hours period according to the rdiméalord. However, the runoff measurement were
only done every 24h after the end of the rainfakrg, so here a number of rainstorms can

constitute each rainfall event from which runoff svaroduced, regardless of duration or
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intermittent dry period. An analysis of rainfalharacteristics was done for the long-term record
(15 years) extracted from 1-minute resolution dettasf the rainfall events at Glen (Glen
Agricultural College; 2%6'S, 2620'E, 1304 m) (ARC-ISCW Climate Data Bank). Theoasle

of this analysis is firstly, the assumption that gites are near enough to each other and they are
both influenced by the same convective rainfaltays. Secondly, that the Glen 15 year record
(1992 — 2007) measurements only available sinceofiae automatic weather station, can give a
representative statistical characterisation ofltmg-term rainfall, within this general region, in
terms of amount, duration and intensity. Therefiie comparison with observed rainfall events

during the specific growing season at Kenilwortkasid.

3.2.3 In-field runoff measurement

The method of runoff collection was described inafier 2, Section 2.4.2.2. These runoff
measurements were performed during the 2008/09 iggoseason over 12 runoff events. The
measurements were done after the rain days, tmerséweral rain storms were considered in each
event and the resulting runoff measurement. Theoagh of dividing the cropping season into
growth stages (Chapter 2, Section 2.3.4) for theffumeasurements was used to explain the

runoff processes in relation to plant canopy degwalent.

The volume of collected water (in-field runoff) efteach rainfall event was obtained from the
mass of runoff water collected in the drum. Theunod of runoff water recorded was recalculated
as runoff per unit land area (1°mThe volume () was divided by the net area of runoff
collection plot to obtain the runoff in mm to matttte units used for rainfall. To obtain the net
area of the runoff plot, the area occupied by titteg was subtracted from the total area of runoff
plot measurement enclosure (Chapter 2, Fig 2.7 @pproach used the logic that 1000 kg =
1000 litre = 1 m. Therefore the calculated amount of runoff in vo&uover the net runoff plot

area can yield the amount of runoff (in mm i.e.aasainfall equivalent) harvested by the basin

area.

Some of the runoff events at the beginning of tbasen, during crop establishment were not
measured as the measuring metallic frame was artlgmpin place 23 days after planting (DAP).

Unfortunately, two runoff measurements from a baren runoff strip length plot were not
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recorded due to broken structures after violenns$o The amount of sediment collected from the
runoff strip was minimal and considered as insigaiit in this study. However, it can be stated
that the 12 sequential practical field measuremehtsinoff from both bare and mulched (39%

and 96% mulch cover) treatments for each RSL caresent the growing season.

3.2.4 Statistical analysis

Due to the magnitude of the experiment, only ongicate was employed. In this case the
application of a two factor split plot arrangemensuited to carry out such an experiment (Sokal
and Rohlf, 1981; Box and Jones, 1992). Two wayraugon effect of RSLx ML treatment
analysis was adopted using the statistical softv&k& 9.1.3 for Windows (SAS Institute inc.,
2006). Means were compared using the LSD test.ifitignce levels of K 0.05, P< 0.001 and
P<0.0001 were used, based on the variability assstiaith the type of measurements. In-field
observed dataset from different treatments werebooed and divided equally into two, with
random selection, for deriving and verifying purpesof the model. To statistically test the
differences in runoff amount between the treatmemtswultiple regression analysis was applied
by using the SPSS computer programme (SPSS In@8)2h-field runoff was simulated using
stepwise regression models with rainfall amoungkpeainfall intensity and runoff strip length
and mulch level as agronomic practices. Willmotthod (1981; 1982) was used to compare the
simulated and measured values statistically. Thityalof the model to predict Ro was also

evaluated using the long-term rainfall event datats from Glen.

3.3 Results and discussion

3.3.1 Rainfall characteristics

Rainfall was characterized with respect to evenbam duration and peak intensity (Table 3.1).
The crop received a total amount of 249.8 mm frohrdinstorms during the 2008/09 growing

season. The mean duration of rainstorms amount&83aninutes with a mean peak intensity of
9.8 mm K. Compared to the long-term mean statistics omaresmonths; the mean number of
rainstorms per season is 76, the mean rain eveatioln is 130 minutes and peak intensity is 22.5
mm H*. In order to obtain a better understanding of tioevrainfall characteristics compare with

the long-term statistics, data was divided intossés. The comparison reveals the following:

firstly, the lowest amount category (<1 mm) forgnog season gave 23% of all identified events,
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which is higher than the long-term records (3%)wéweer this information lacks confidence
because of the consideration of all single-tip ¢év€0.1 mm). For instance, Dunkerley (2008) and
Zerizghyet al. (2012) found comparable single-tip events of al8% and 19.5% of all long-
term identified events and suggested this is dctleasacteristic of the tipping bucket measurement
technique that does not provide an indication atwime the rain starts, but only a time when the
first 0.1 mm is received. For the same site (Giaendhe statistical analysis study, Walker and
Tsubo (2003a) excluded the data of single-tip panfall event because of no specific
measurement of the starting time of each rainfahée

Table 3.1 Class range of rainfall event amount, duration ameénsity with corresponding
percentage for Glen Agricultural Institute histaticdataset (15 years) from ARC-ISCW as
analysed by Zerizghet al. (2011) and for 12 observations (Obs.) made duting project
2008/09 growing season at Kenilworth Experimentahf-

Event amount Event duration Event peak intensity
Percentage of Percentage of Percentage of
Class rangg representation Class range representation Class range representation
(mm) Obs.* | Long- (min) Obs.x | Long- (mm 1 Obs» | Long-
term term term
x<1 23.1 3.1 x1 - 1.1 x< 10 71.2 4.4
1<x<8 61.5 29.9 1<x30 21.2 6.2 10<x 25 154 28.9
8 <x<15 115 25 30 <x 60 23.1 7.4 25<x50 135 32.8
15 <x<20 1.9 10.5 60 <x 90 3.8 6.6 50 <x 75 - 16.7
20 <x< 25 - 6.6 90 < x 120 5.8 7.0 75 <x 100 - 12.2
25 < x< 30 1.9 2.8 120 <x 150 15.4 6.5 x> 100 - 5.0
30 < x<40 - 10.6 150 < x 180 115 3.9
40 < x< 50 - 3.8 180 < x 240 7.7 10.6
X > 50 - 7.7 240 < x 300 3.8 9.2
300 < x< 360 1.9 4.7
360 < x< 480 3.8 7.9
480 < x< 600 - 9.2
X > 600 1.9 19.5

*Long-term rainfall dataset for Glen as analysed4mrizghy et al. (2012)
** Obs. = Observed 2008/09 growing season dataseKenilworth site.

Secondly, the growing season received far mordalhievents of low amounts (between 1 mm
and 8 mm) compared to the long-term; 62% compare®D%o in the long-term dataset. This also
explains why there were a high percentage of raemis of short duration (< 60 minutes) and low
intensity € 10 mm R") compared to the long-term. This type of rainéalent would normally be

discarded in runoff estimation, because they dopnotluce a significant amount of runoff. This

might be true for conventional tillage where thé sarface is rough, but under IRWH with a

45



Chapter 3 In-field runoff

smooth, crusted surface the situation might charig®. instance, in a study quantifying rainfall-
runoff relationships (Welderufaet al, 2008), a threshold value of rain event amoun® ofim
with peak intensity of > 6 mm hwere chosen to yield the best performance modetuiooff
estimation. However, the considerations of onlatreely large and intense rain events for in-field

runoff estimation failed to provide reliable runeftimation.

Thirdly, the rainfall events that fell during theseason in the moderate amount class (from 8 to 20
mm) were poorly scattered compared to the long-tétowever, in the observed dataset there are
a total of 28 events (represents 54% of total nurobevents) with duration between 1 and 120
minutes, and with peak intensities (45 rain eveintshe classes less than 25 mrh fihese types

of events will be invaluable for analysing in-fieldnoff. There was also a distinct lack of high
(30 - 50 mm) and very high (> 50 mm) rainfall exeduring this growing season. In addition,
during 08/09 growing season, peak intensity grediten 50 mm H never occurred, while over
the long-term there were a considerable numbeweiits between 50 and 100 mm &nd even
greater than 100 mni*hwith 29 and 5%, respectively. Therefore, it i$ always useful to refer

to long-term rainfall event characterization fomparticular growing season, especially for the

extreme lowest and highest classes.

3.3.2 Effect of surface treatments (RSL & ML) on runoff

The information in Table 3.2 reflects the rainfellaracteristics, of each rainfall event and the
resulting runoff (Ro) as influenced by the surfaoeatments (RSL and ML) within different
growth stages (GS). GS-I represents the period ftaynof planting to 45 DAP and GS-II, GS-II
and GS-IV represent 46 — 70, 71 — 105 and 105 -DIAI®.

A total of 12 runoff-producing-rain events were s@a@d, four events in GS-I, three events in
each of GS-Il and Ill and two events in GS-IV (TaBL2). The rainfall event amounts were in the
range of 6.5 to 25.9 mm, with peak intensities irayyfrom 4.8 to 46.8 mm h(Table 3.2). The
duration of the rain events included long interenttrainfall for about a day and short storms of
one hour. As is typical of this region, rain evearge highly variable in terms of amounts,
intensities and durations. There was a reasonaigarlrelationship (R 0.61) between rain event

amount and duration, but no linear correlation Yeasd with peak intensities. This is probably

46



Chapter 3 In-field runoff

due to the small size of dataset available forsrdhlmat produced runoff during this growing
season. Walker and Tsubo (2003a) analysed relaimnsf long-term peak rainfall intensity with
rainfall event amount and duration for three send-aareas in this region namely Glen,
Bloemfontein and Pretoria. For all areas, they tblitile or slightly better correlation between
rain event amount and intensity, witlf Ralue varying from 0.20 for events of long duratio
0.70 for events of short duration. As a result cbbectable runoff during the growing period is
largely dependent, not only on the amount of raihdlso on the intensity and duration, which
could be the reason for variable crop productioanrthermore, the in-field runoff amounts
produced were also affected by the surface treasnsanch as length of runoff strip and mulch
level across the growth stages.

Table 3.2 Characteristics of rainfall events, when measerabifield runoff occurred and runoff
amount Ro (mm) measured from different mulch (Mhyl aunoff length (RSL) treatments during
the growing season 2008/09 (see text for definitibaymbols).

Growth stage (GS) GS- GS-ll GS-lll GS-IV

DAP 23 33 37 41 54 58 70 81 86 105 127  1B8

Rainfall (mm) 19.8 141 6.5 259 127 22.3 1005 79 106 1p6 7.247

P, Peak (mmH) [30.0 468 6.0 144 48 30.0 14i4 444 240 24.0 82810.8

Duration (min) 630 320 245 1200 960 565 300 60 140 1p5 205 555

Ro (mm)

ML0% 5.7 6.1 0.9 3.1 1.1 7.9 2.5 1.8 3.2 413 2.3 1 3.

RSL-1 | ML39% | 4.3 4.9 1.1 2.8 1.3 2.4 1.0 1.6 1.3 119 1.2 42
ML96% | 3.6 4.4 0.8 2.9 0.9 2.1 1.4 1.3 1.0 2|4 19 .22
ML0% 4.1 3.2 0.4 2.6 0.6 35 1.3 1.8 1.3 2|1 1.3 2 2.

RSL-1.5| ML39% | 4.0 2.6 0.5 2.1 0.8 2.8 0.7 0.8 0.9 14 08 41
ML96% | 3.3 2.8 0.7 1.9 0.7 2.0 0.8 1.3 0.7 13 12 41
ML0% 3.1 35 0.5 2.1 0.7 4.4 1.1 2.1 2.0 34 2.2 4 4.

RSL-2 | ML39% | 2.7 1.7 0.5 1.9 1.0 3.0 0. 0.6 0.5 11 10.11
ML96% | 2.5 2.3 0.7 1.7 0.6 2.2 0.7 0.6 0.5 0|8 10.7 0
ML0% 2.5 2.0 0.2 NA* | 0.7 NA* 1.0 2.0 2.3 34 1.5 2.3

RSL-3 | ML39% | 1.8 1.3 0.3 0.8 0.4 3.1 0.3 0.3 0.2 0|8 10 .40
ML96% | 1.7 0.9 0.1 0.0 0.0 0.0 0.0 0.2 0.0 0|4 04 .20

*Events when the structure was broken by the fofd¢ke runoff water

The measured in-field runoff from short runoff pttength (RSL-1) varied from 0.8 to 7.9 mm,
while the runoff strip length of 1.5 and 2 m gaveasured runoff in the range of 0.4 and 4.4 mm.
However, the amount of runoff recorded from the evidnoff strip length of 3 m (RSL-3) was
only between 0.0 and 3.4 mm, under different leeéisiulch although the two largest rain events
do not have measurements. The analysis of variggeates that both RSL and ML treatments

showed highly significant differences (P < 0.00@i)different growth stages during different
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measurement events (Table 3.3). However, the iktieraeffect of RSL and ML treatments had
no significant effect on runoff at different dutiof measurements (Table 3.3). The results show
that each surface treatment on the runoff arealsagnificant effect on collectable runoff amount
during the growing season (Table 3.3). The meanpeoison in runoff strip length shows that the
narrow (RSL-1) plots generate significant more flitloan the wide (RSL-3) plots. It is also
noticeable that there was no significant differeatéhe amount of in-field runoff from 1.5 and 2
m long runoff strip length plots with a mean of Inim. The results show a large difference in
runoff from 1 m and 3 m runoff strip lengths, withean Ro from the narrow (RSL-1) treatment
being nearly 3 times more than that from wide (R&ltreatment plots

Table 3.3 Analysis of variance of mean comparison, indigatine effect of runoff strip length
and mulch level factors on in-field runoff (mm).

Treatments Treatments ML (mm)

RSL 0% (bare) 39% (2 t i3 96% (5 t hd) mean
RSL-1 3.6 2.2 2.1 2.6a
RSL-1.5 2.0 1.6 1.5 1.7b
RSL-2 2.5 1.3 1.3 1.7b
RSL-3 1.5 0.9 0.3 0.9c

mean 2.4a 1.5b 1.3b

LSD: ML= 0.3 RSL=0.34 R$L=ns

* means followed by the same letter are not signiflgadifferent (P< 0.05)

In a study with runoff plots of 1, 2 and 3 m stigmgth in a maize field at Hatfield Experimental
Farm of the University of Pretoria, on a sandy ¢tem soil with 6% slope, Ibraimo (2011) found
that runoff depth decreases with increase in gogith, while runoff efficiency showed a general
decline. From that study, runoff efficiency frorarb plots varied between 51% and 53%. Botha
et al. (2003) reports an average in-field runoff effiaggrof 43% from 2 m runoff strip length on
clay soils with 1% slope on the Glen/Bonheim ecetopn this experiment, the highest runoff
depth of 7.9 mm (43% of rain event amount) was ne®® on a bare (ML0%) and narrow runoff
strip length of 1 meter. These results also confinmse of Bruggeman and Oweis (1998) who
studied the effect of runoff strip length on runefficiency. In general, their in-field runoff was
larger on narrow runoff strip length than widerisr due to lower water storage capacity and

surface friction in the narrow runoff strips.

Regarding the effect of mulching practices, measurdield runoff amounts were highly variable

with CV ranging from 5% to 65%, 11% to 38%, 11%©8% and 22% to 153% for RSL of 1, 1.5,
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2 and 3 m treatments, respectively. Nonethelegsptre management harvested more in-field
runoff water and showed a significant differencenir 39% and 96% mulch level cover.
Moreover, runoff was shown to increase sharply Wwahe and lower mulching levels compared to
mulched treatments. The mean in-field runoff amdtorh bare plots increased by 38% and 46%
from the 2 and 5 t famulch covered plots. Bottet al. (2003) found that the average runoff from
the mulch plot was nearly 7 and 10 times less tiae plots on the Glen/Bonheim ecotope (clay
soil) and Glen/Swartland ecotope (fine sandy slai), respectively. From their three year study
Botha et al. (2003) concluded that organic mulch of reeds pceduthe greatest reduction in
runoff, compared to bare plots. The runoff meas@r@siwere made on 2 m and 3 m long plots in
the absence of a crop and with a reed mulch (6@@reng the flat crusted runoff surface. From
a runoff study of cropped and uncropped plots, (1&098) found that the lowest runoff amount
was generally observed for high mulch levels ohéit His measured annual runoff ranged from
a low of 9.5 and 27.2% of rainfall for 4 t haulch cover to a high of 16.3 to 54.6% for bampl
during two different measurement years. The seg@ad runoff gave a greater percent than first
measurement year, probably because of a declitteeimfiltration rate due to surface sealing and
crust formation. Moreover mulch application alstei the top soil physical properties which
could affect the runoff processes during the ramnés. As shown from other studies it is
understood that mulching depth can increase iafitin in the runoff strip by disruption of surface

crust and can create depressions for temporarggeaf water (Unger, 1992).

3.3.3 Predicting runoff as a function of rainfall and cultural practices

In order to develop runoff-rainfall relationshipsr fdifferent surface treatments, Ro regressions
were made using rainfall event amount, duration emensity so as to include these rainfall
characteristics in the final equation. Howeveralhcases the data are highly scattered and not
closely related to individual variables, with vemgak coefficient of determination values, despite
Ro measurements showing different trends accordirdjfferent RSL treatments with the range
of ML cover (see 3.3.2). However, for future stwdeme wants to be able to provide a reliable
estimation of Ro, so a multiple regression analyss performed to develop this Ro estimation

using combined effects of rainfall variables anttural practices.
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Linear regression models were used for predictioth @valuation of the effects of the different
parameters of cultural management practices amflatacharacteristics (rainfall event amount,
peak intensity, mean intensity, median intensiynfall event durations, growth stages, days after
planting, mulching level cover and runoff strip ¢¢im) on the amount of runoff generated. After
checking various combinations, stepwise regressioalysis produced the following multiple
linear regression using only half the dataset (D=71
Ro =1.023 + 0.138RF + 0.033Pi — 0.654RSL — 0.013ML 3.1

where Ro=measured in-field runoff amount (mm), Rfisfall amount during rain event (mm),

ML=mulch level (%), RSL=runoff strip length (m) afi=peak rainfall intensity (mm¥.

From this result it is seen that runoff could bielyavell predicted by a regression model with a
coefficient of determination @Requal to 0.69 and significant at P < 0.001 ledekording to this
analysis, runoff is significantly affected by thefseir parameters namely: amount of rainfall,
mulch level, runoff strip lengths and peak rainfallensities. The model shows that the main
characteristics of the rainfall event (amount amdlkpintensity) are positively related to Ro,
whereas an increase in runoff length and additibmolch cover both reduce in-field runoff
water. Furthermore, by comparison across treatné@ rainfall characteristics were found to
correlate better with the runoff amount in bare andow RSL treatments than in wide RSL with
a 96% mulching level. This could be due to theaftd the runoff soil surface destabilization by
the excessive rain droplet impacts. Thereforesisuggested that using the selected rainfall
characteristic variables and surface treatmentthenderived multiple linear regression model

could be useful to predict in-field runoff duringetgrowing season.

The performance of the model depends on how welpRalicted values agree with measured
values. The verifying exercise (using other haltre data) yielded good results (D=0.97) for the
model reliability tests using Willmott index (1981982). The scatter plots indicate that the
model can estimate runoff with statistical accelg@atalues during the growing season under the
system of IRWH (Fig. 3.1).
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Figure 3.1 Scatter plot of the measured versus predictedeld-fiunoff for the growing season

2008/09.

The R value (0.48) is not very good but the D index valinelex of determination, 0.97) and
RMSEsS/RSMS (0.51) are both fairly good and accdetathowing that deviation from the
measured value was random. The systematic errorSEM0.45) for the model is less than
RMSE (0.89) and the unsystematic error as a ratiR®MISE (RMSEuU/RMSE=0.86) was
acceptable, indicating that the deviation from theasured values was random. Therefore the
statistical test of the verifying procedure prowdelatively satisfactory results with MAE value

of 0.71 mm over the growing period.

3.3.4 Long-term in-field runoff predictions

The equation developed above (Eq. 3.1) was apmiedtimate the water that could be generated
through in-field runoff for each rain event duria§ of a crop growing seasons (1992-2007) at
Glen (2856'S, 2620'E, 1304 m). The highest and lowest total rairdéla growing period (Dec —
May) was recorded as 565 mm and 186 mm with anageegrowing season rainfall of 313 mm.
The predicted Ro increases linearly with amountagi received but with a steeper curve on the
bare surface than the full mulch cover (Fig. 3.Zhis result only used rain events greater than 1

mm and less than 40 mm.
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Figure 3.2 Relationships between rainfall event amount aretlipted in-field runoff during the

15 years of the cropping season (n=576) for twochigvels and three runoff lengths a) RSL-1,

b) RSL-2 and c) RSL-3 for Glen Agricultural Colledeainfall dataset (1992 - 2007) from ARC-

ISCW.

As shown in Fig. 3.2, the bare treatment on algles (RSL treatments), gave relatively higher
Ro amounts from the rain events than when thenfuillch was simulated, but they follow the

same trend of increased Ro with increased raimialithe amount of rain increased, the predicted

Ro was less widely scattered but theifRall cases were reasonably acceptable enablint Re

estimated from the rainfall. The linear relatiopshibetween rainfall event amount and Ro

predicted for the surface treatments were as falow
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RSL-1: MR0% Ro = 0.2482RF (R=0.69) 3.2
MR96% Ro = 0.1635RF (RP=0.80) 3.3
RSL-2: MR0% Ro = 0.2045RF (RP=0.84) 3.4
MR96% Ro = 0.1199RF (RP=0.58) 3.5
RSL-3: MR0% Ro = 0.1633RF (R”=0.84) 3.6
MR96% Ro = 0.1008RF (RP=0.70) 3.7

where Ro is predicted in-field runoff and RF isfall event amount.

From these linear models, as shown in Fig. 3.2htpkest R (0.84) was obtained from the bare
plots on RSL-2 and 3 treatments, while the lowes0F58) was observed for full mulch cover of
RSL-2. However, the slope of the linear fittedebBncan represent the proportion of the rainfall

that producing runoff for varying surface treatnsemmder IRWH.

These results accentuated that; firstly, undertéksinique of IRWH, with a narrow bare runoff
strip it is possible to harvest higher amounts ofviRter (24%) compared to a wide fully mulched
runoff strip (10%). Secondly, from the graphs,ahde seen that the concentration of data points
at zero Ro increased on the longer runoff stripgh 6% mulch (Fig. 3.2). This shows the
importance of the small rain events in producingeid runoff under varying surface treatments.
Many long-term statistical models (Hensletyal., 2000; Walker and Tsubo 2003a; Zerteal.,
2005; Welderufaekt al., 2008) excluded small rain events in order to obtairealistic Ro
amount. However, Andersoet al. (2007) concluded that statistical models providéedter
estimation of runoff at low rainfall amounts, aithR® using all data points were generally
considerable better than those with only rain anegneater than 8 mm. Thus, it is considered
that for long-term prediction the inclusion of sinadin events is a valuable asset for IRWH

system.

With this knowledge of rainfall-runoff relationstsi@n investigation of rainfall event distribution
(Walker and Tsubo, 2003a) is an important factorémoff simulations. By analyzing probability
curves for in-field runoff processes during a cgspwing period, probability density functions in
a range from zero to one can be used to describalidtribution of runoff increments with

increasing rainfall amount. Thus, the cumulativebability functions (CPF) describe the long-
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term simulated in-field runoff from different sudatreatments for the technique of IRWH for 15

years (1992 — 2007) data set at Glen (Fig. 3.3).
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Figure 3.3 CPFs of predicted long-term runoff during the maggewing season (December to

May) from RSL-1, 2 and 3 m length strips with difat mulch cover treatments. Rainfall event
amount data used are for 15 years (1992 — 2003 )eat, ARC-ISCW.

CPF graphs of simulated long-term Ro on RSL-1, & a8nwith varying mulch levels were
compared at 80% and 40% probability levels. Tha dats showed significant differences (P <

0.05) between the mulch levels and higher valuee Waind for the bare as compared to mulched
54



Chapter 3 In-field runoff

treatments. The bare plots have an 80% probalditgenerate in-field runoff water into basin
area of 48, 28 and 14 mm per growing season froraffstrip length of 1, 2 and 3 m treatments,
respectively. By comparison with mulch cover, ttaebtreatments have considerable advantage
in supplying more water to the basin area. At 80%bability level the bare plots contribute more
rainwater with an advantage of 16 & 33 mm, 12 &2h and 7 & 11 mm into basins for RSL-1,

2 and 3, respectively over the mulch cover plotg ahd 5 t ha

At 40% probability, the predicted amount of in-flelunoff harvested from the wide (RSL-3) with
full mulch (96%) cover is insignificant. At thisuel of probability, the mulched plots have a
possibility to infiltrate the rainwater on the rdhsetrip and restrict the inflow of runoff towards
the basin area. Therefore, in general terms thdigieel amount of in-field runoff collectable
water from a bare narrow (RSL-1) has more advantagefiltration in the basins, while wide
strips (RSL-3) with full mulch (96%) cover infiltta more the rainwater on the runoff strips. The
physical property of the soil of the experimenitd sttributes a high infiltration rate on the bare
plots. This meant that the fine sandy loam soihvgeéntle slope (<1%) of the experimental site
enhance infiltration due to soft crust formationtbe top soil surface. This implies that the soil
has an ability to hold considerable amount of watker a rain event, that will support crop
production. In addition the mulch cover on theatfi area modifies the soil structure underneath
and reduces the in-field runoff into basin areathBo(2006) mentioned that both the rainwater
harvested into the basin area and infiltrated aa rimoff strip contribute to the crop yield
response. However, the rainwater harvested intm&ss an advantage during the early growth
stages when less roots present and the reserved water runoff strip becomes available to the

crop when the maize root ramification reached maxmat flowering/tasseling stage.

3.4 Conclusion

From the field runoff measurements, it was possiblassess and evaluate the influence of a
mulch layer on the runoff strips with the in-fieldnoff water harvesting technique. The practical
measurements of runoff provided information abouticlw rain events received during the
growing season generated varying amounts of rumwif, the amount of runoff generated was
found to vary according to the rainfall charactigess (rainfall event amount and peak intensity)
and surface treatments (RSL & ML).
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The decrease in runoff from the addition of mulé¢soadepends on the length of runoff strip.
Considering the whole season, highest runoff (43%am amount) was recorded on a bare
(MLO%) and narrow runoff strip length of 1 m ancktlowest amount was observed from wide
(RSL-3) completely covered with mulch (ML96%). Ttenwater harvested to the basin area has
an advantage for the direct use by the crop. &sing runoff strip cover with mulch decreases in-
field runoff to the basin and presumably increasd#iration across the runoff area. This will
provide enough rainwater storage to carry the meiap through dry spells, in particular during
flowering/tasseling stage. Therefore, the fine galodm soil at Kenilworth Experimental Farm
has been shown to be suitable for the techniquBWH, due to the ability of the soil profile to

hold rainwater following a wet period and to beessed by the roots during short dry spells.

The simulated runoff using the stepwise regressimuel showed that the amount of runoff
generated by a given area depends on the rainfatacteristics and surface agronomic
treatments. The regression model for runoff sinedaduring the rain events gave good
agreement, with coefficient of determination®Rf 0.69 being significant at 1% level. An
important result is that this equation was devedofe predict in-field runoff by combining the
effects of rainfall event characteristics and aalkumanagement practices for the IRWH system.
The derived equation was also used with long-teximfall amounts to predict the in-field runoff
potential from different surface treatments. Theuleconfirms that at any probability levels the
bare plots can contribute the highest additionadwater to the basin area, and that wide fully

mulch plots infiltrate more rainwater on the runaféa.
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CHAPTER 4

Effect of Surface Treatments on Rainfall Canopy Inérception, Runoff-

Rainfall ratio and Infiltration Ratio for In-field Rainwater Harvesting

4.1 Introduction

Agricultural crop management practices have a majgact on partitioning of rainfall into
canopy interception and runoff or infiltration coomgnts. Runoff is generated by rainstorms and
its occurrence and quantity are dependent on theacteristics of the rainstorm event as well as
crop management practices. In the in-field rainwatarvesting (IRWH) system the most
important factors which influence the runoff genieig process apart from rainfall characteristics
are: the catchment characteristics which incluagffustrip length (RSL), vegetation and surface
cover, textural properties of the soil and slopethed area (Bruin®t al., 1986). Each runoff
producing area has its own runoff response that r@dpond differently to different rainstorm
events. Moreover, the concept of the capacity efdtop canopy to intercept some rainfall and

hold water must be considered before the rain e=atfe soil or mulch covered surfecs.

The patrtitioning of rainfall into canopy intercegti, runoff and infiltration components needs to
be catered for, especially in the system of IRWHSs kcrucial to understand what part of the rain
that falls on the runoff and basin strips is effedy reaching the crop roots. In many cases,
IRWH studies are conducted on crop fields, butfadlircanopy interception (RCI) losses are
excluded. This affects the amount of water reachivegroot zone. These significant interception
losses may result from the many small rainfall ésevhich are largely intercepted by the canopy
(Wood et al., 1998; Dunkerley, 2000). A two parameter modelnggiainfall amount and leaf
area index (LAI), has been constructed (Lingé¢wl., 1949; Merriam, 1960; Aston, 1979; Calder
et al, 1996; Liu, 2001; Wangt al, 2005) to describe the RCI processes. For exgnipt
modelling runoff in a maize cropping system Laloyl&8ielders (2008) applied the Aston (1979)
and Hoyningen-Huene (1981) equations to estim&edimfall interception and maximum canopy
storage as a function of leaf area index. The rekalustrated the relevance of continuous runoff

modelling throughout the rainfall events by incagiong the RCI.

57



Chapter 4 Canopy rainfall inteption & runoff-rainfall ratio

Surface management of the runoff strips of IRWHehaarying response to specific rain events.
That is the reason why the water harvesting tectesqequire the knowledge of the quantity of
the runoff amount in relation to the specific ravent. However, continuous measurement of in-
field runoff to investigate the influence of rungifocesses during crop growing period is difficult
and tedious (Boers and Ben-Asher, 1982). Therefbige commonly assumed that the quantity of
runoff per unit area is a proportion of the raihfépth (Boerset al., 1986); Chapter 3, Section
3.2.4. On a seasonal basis, runoff amount is regdd be linearly related to rainfall depth (Boers
et al., 1986; Hensleyet al., 2000; Botha, 2006; lbraimo, 2011). They suggedtet this
relationship could also be applied for individuainr events. In contrast, Karnieli and Ben-Asher
(1993) found that the relationship between rairdaldl runoff was non-linear. Kinnell (1996) and
Woyessa and Bennie (2004) described that the impoetof relating the amount of runoff in the
form of a ratio of the total runoff to the rainfalliring the growing period.

The knowledge of in-field runoff from individual iraevents is essential to evaluate the runoff
behaviour for different runoff strip lengths and lohing level practices. However, a
determination of total runoff during the growingasen should form part of the justification of
improved cultural management practices. The approédaising runoff to rainfall (RR) ratio and
estimations of RCI can be used to optimize runofbasin area ratios for IRWH. All runoff
studies conducted on IRWH in South Africa ignoretkiception by the crop. This is a very
important factor influencing the optimizing of basio runoff area ratio and the fraction of
rainwater available to infiltrate in the basin framm-on. Therefore, this study was undertaken
with the hypothesis that the RCI will increase las kength of runoff strip increases and hence
reduce the amount of water reaching the basins Whi have an influence on the total run-on to
the basins and the amount that will potentiallyiltrs#fte in both the runoff and basin areas.
Therefore, the objectives of the study were:

» to evaluate RCI under different runoff strip lergythf IRWH, theoretically;

* to quantify the effect of surface treatments (R84 ®L) on RR ratio; and

* to determine the partitioning of rainwater falliog the runoff strips and basins, and the

fraction of rainwater available to infiltrate inetlsystem of IRWH.
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4.2 Materials and methods

4.2.1 Procedure for estimating rainfall canopy intercepton

4.2.1.1Theoretical basis

The RCI (mm) was estimated per rain event by apglyine equations of Aston (1979), de Rao
al. (1998) and Von Hoyningen-Huene (1981) for a maasopy under IRWH:

_ (1_P,)RFevent
Smax

RCI =S, %x|1—e 4.1

Smax = 0.935 + 0.498 x LAI — 0.00575 X LAI? 4.2
where REeniS the rainfall event amount which representingaug of rainstorms as explained in
Chapter 3 (Section 3.2.1); B a correction factor (B 1-0.046<LAl), Smax iS the maximum

amount of rain that the canopy of the crop carrasigt (mm) and LAI = the leaf area index.

The P’ factor incorporates the process that only a daatrainfall event which falls on the canopy
can contribute to the interception storage. Thecifipgy of this method is that it allows some
rainfall to reach the ground at the same time as itlierception capacity is being filled
(Hoyningen-Huene, 1981). It was assumed that allagives vertically and all plant parts in the

inter-rows behave rigidly and arranged alternagivelintercept water in the canopy.

4.2.1.2Application

With above assumptions in mind, Equations 4.1 a@dwkre applied to all bare runoff surface
treatments from the main experiment described iapBr 2, Section 2.2. Thus, the 1 m, 1.5 m, 2
m and 3 m wide runoff strip length treatments withmulch were selected for the RCI analysis.
The analysis was purely based on the surface dr#d@edoasin where maize was planted in a
tramline along the 1.1 m width basin as indicatedrig. 1.2. In order to obtain a similar plant
density per plot (basin and runoff area), irrespecof other treatments, the inter-plant distance
was adapted according to the plot area (see Ch2apg&action 2.3.3 and Table 2.3 for detail). The
resulting plant densities per unit basin area v@&8e 4.1, 4.9 and 6.4 plantsfor the 1, 1.5, 2
and 3 m RSL treatments, respectively.

Equation 4.2 requires a LAI, which was obtainedhfrthe leaf area measurement made on the

mentioned treatments (see Chapter 2, Section 2.fbd.details on the method). However, leaf
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area measurements were made at a 10 day inteoral 26 days after planting (DAP) until the
crop attained maximum size at 65 DAP. The leahavas expressed per unit area of the basin
area ratio called BLAR (see Section 6.2.2), i.erdpresent leaf area, and the values for the
different treatments are listed in Table 4.1.

Table 4.1 Observed basin leaf area ratio (BLAR) values fifflecent RSL treatments on a bare
soil during maize growing season 2008/09.

RSL Plant density Time after planting (days)

treatments| (plants nif) 25 35 45 55 65
1m 3.3 0.06 0.10 0.46 0.98 1.11
1.5m 4.1 0.09 0.12 0.38 1.22 1.43
2m 4.9 0.09 0.20 0.65 1.48 1.64
3m 6.4 0.10 0.25 0.74 1.90 2.38

Another parameter that was required in the estonatif RCI is REent(Equation 4.1). The RF
was obtained from the weather data rainfall eveat (Table 3.2). Each event when runoff was
possible, regardless of durations or time step. | R@s calculated for each rain event and

summarized in Appendix 4.1.

4.2.1.3Experimental design and statistical analysis

The RCl results in Appendix 4.1 were further eviddafirstly, to determine the impact of growth
stages (GS) on RCI. The RCI values, express perekent, were therefore summed for each of
the four GSs usedjiz. the vegetative (GS-1), late vegetative to tasgeli@S-Il), tasseling to
grain-filling (GS-IIl) and grain-filling to maturit or harvesting (GS-1V). Thus, the experimental
design comprised the four RSL-bare treatments (8, 2 and 3 m runoff strip lengths) in
combination with four GS (GS-I, GS-ll, GS-lll andSG@V). The statistical analysis was
performed with SAS 9.1.3 for Windows (SAS Inst..|ri2006) using a two way factor interaction
(RSL x GS) with no replications. The main reason for eplcated analysis was due to RCI
estimation not being dependent on the runoff expent, as it only used the rainfall events during

the growing season 2008/09 which were assumed tioebgame across the whole experiment.

The second evaluation of RCI was aimed to undedstaow RCI is influenced by rainfall
characteristics under IRWH. For this analysis tl& Ralues in Appendix 4.1, express per rain

event, were regressed against rainfall amount & rainfall duration. Only the 1 m and 3 m
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RSL treatments were used to demonstrate the basicigles involved. In order to statistically

analyse, empirical relationships were derived usaggession procedures.

4.2.2 Procedure for estimating runoff-rainfall ratio

4.2.2.1Theory

The runoff to rainfall (RR) ratio is a general exgsion to obtain the fraction of runoff generated
as a function of the amount of rainfall (Woyessd Bennie, 2007). The RR ratio was determined
for a single rainfall event (R&.) or for the whole growing season. For the singlia event the

following relationship is used:

Ro

RR = 4.3

RFepent

where Ro is represents runoff measured from theffstrips during a rainfall event (Rfen).

For the growing season the individual runoff amsusnd rainfall event amounts were summed

(}). This was termed the total runoff—rainfall (TRfj}io:

_ _XR
TRR = SRFops 4.4

4.2.2.2Application
Due to physical and financial constraints the rieaperiment was only conducted on three ML
(0%, 39% and 96%) treatments in all RSL treatmdnt@rder to obtain a wider ML versus RR

relationships a runoff mulch factor (RMLF) was oduced. This was expressed as the ratio of

total runoff from the mulchedRomuiched t0 the bare treatmentS Royard:

RMLF — 2RO muiched 45

YROpare)

From above it is clear that the application of Hopres 4.3 and 4.4 requires the measurement of
in-field runoff and rainfall. Equation 4.5 was alsnilized to apply an approach of mulch
application factor effect (RMLF) to interpolate th#ect of each ML treatment (including those
not measured, ML12% and 64%). The measurement-fi¢loh runoff was made on the runoff
plots between 05 January and 07 May 2009, a pesiodh included rainfall events during
different crop growth stages. The overall procesusé in-field runoff measurements and the
approach used to calculate the amount of runoffdaseribed in Chapter 2, Section 2.4.2.2 and

Chapter 3, Section 3.2.3. The method for measiRirgvas described in Chapter 2, Section 2.4.1.
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4.2.2.3Experimental design and statistical analysis

RR ratio was calculated for each of the runoff @ldthe experimental layout of the runoff plots is
available in Chapter 3 Section 3.2.1. For the RR® @nalysis, the experimental design comprised
four RSL treatments (1 m, 1.5 m, 2 m and 3 m) comdbiwith three mulch level (ML) treatments
0%, 39% and 96%. The experiment was un-replicdtetrepeated over each rain event. Thus, a
two way factor interaction split plot arrangemestdgscribed by Sokal and Rohlf (1981) and Box
and Jones (1992) was adopted for the statisticalysis. Mean separation was achieved by
applying the LSD test. A probability level of 5% svdesignated for significance differences. The
analysis was done with SAS 9.1.3 for Windows (SAS.lInc., 2006).

For the relationships of RR ratio and surface tmnesits a simple regression procedure was
applied. In addition for the ML - RR linear relatghips, the slopes of the lines were computed
with a statistical method using a Graphpad Prisf@@phpad Software, 2007), besides it is also
true that, the intercepts establishing RSL - Rkoradlationships over the combined mulch level

effects.

4.2.3 Procedure for estimating infiltration
Infiltration in the runoff area gh) and basin areagd) was estimated with Equations 4.6 and 4.7,
respectively:
Iza = RF — R, 4.6
Iga = RF + R,, — RCI 4.7
where RF is the rainfall event (mm) angd,®e amount of water collected in the basin areh an
RCI the rainfall canopy interception (mm).

The amount of water collected in the basigJRvas depending on the length of runoff strips.
This meant that for every RSL treatment, thg &nount should be a multiply of the length of the
runoff strip. In other words, the,Ramount was obtained as a result of Ro multipligcthe
length of the runoff strip for each treatmewiz. 1 m, 1.5 m, 2 m and 3 m for RSL-1, RSL-1.5,
RSL-2 and RSL-3 treatments, respectively.
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Infiltration was then express as an infiltratiotioai.e. ka:lra, Which indicates that for every unit
mm of water that infiltrate in the runoff sectimgme additional mm of water will infiltrate in the
basin area. RCI is associated with the basin aseaxplained in Section 4.2.1. The calculated
infiltration ratio results were comprised of all RElL, 1.5, 2 and 3 m) and ML (0%, 12%, 39%,
64% and 96%) combinations. The statistical analyeir calculated gh:lra results were
implemented by using SAS 9.1.3 for Windows (SASt.Ihsc., 2006) using a two way factor
interaction (RSLx ML) with no replications (as described in SectbB.2.3).

4.3 Resultsand discussion

4.3.1 Rainfall canopy interception

4.3.1.1Effect of surface treatments

The results of RCI for the different RSL treatmesit®wed variations during the growth stages
(Table 4.2). The analysis of variance (n=16) res@ahat there was no significant interaction
between the two factors (RSL and GS), but the idd&l factors affected the RCI significantly (P
< 0.05). Thus, only the effect of the main fact@RSL and GS) will further be discussed.
Accordingly, the RSL results clearly showed thatl R€Creases with an increase in the length of
the runoff strips; RCI at the 1 m and 1.5 m RSlatineents were both significantly lower than the
3 m RSL. This trend can be explained by the BLARKuced by the different plant densities in
the basin area. The BLAR increased with an increatlee RSL treatments (Table 4.1), implying
that the leaf surface available for interceptiorrah increases with an increase in the RSL. The
statistics on the GS treatments showed that theiRCéased significantly from GS-1 to GS-lI,
after which it stabilised (as GS-Il was not sigraifitly different from GS-IIl) before it decreases
towards the last growth stage. This trend iskattdd mainly due to the change in the surface area
as indicated in Table 4.1. The results correspoitld the general growth relationship of maize;
LAl of maize will increase rapidly over the vegetatstage and will start to reach a plateau at
tasseling (reproductive phase), where after it egsms during the ripening phase (Beratial.
1998; Tuzet and Wilson, 2002; Azam Ali and Squi@02). Toddet al. (1991) found that peak
LAI for maize to be 60 - 65 days after plantingaatange of 2.50 — 3.00 under dryland conditions.
After a comprehensive investigation of the modegllion soil water components for semi-arid
areas, Josepét al. (2011) suggested that RCI generally decreasespiration, infiltration and

runoff. This implies that less water infiltratedarbasin areas and it will be difficult to prevent
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these type of losses as it is related to rainfiadracteristics such as the amount and duration as

will be seen in the next section.

Table 4.2 Sum of rainfall canopy interception (RCI) by mairebasin area under IRWH as
affected by runoff strip length (RSL) and growthgs (GS).

Runoff strip Rainfall canopy interception (mm)
length (RSL) GS-I GS-II GS-lil GS-IV mean Sum ()
1m 0.30 1.64 1.26 0.92 1.02b 4.12
1.5m 0.29 1.99 1.59 1.15 1.26b 5.02
2m 0.43 2.31 1.80 1.30 1.46ab 5.84
3m 0.50 2.92 2.49 1.79 1.93a 7.7(
mean 0.38c 2.21a 1.78ab 1.29b
RF (mm) 66.3 45.5 29.1 22.1
LSD: RSL =0.54 GS=0.51 RSL x GS=ns

ns = none significant; means followed by the saetterl are not significantly different (P< 0.05)
4.3.1.2Relationship with rainfall characteristics

The results of the relationships between rainfedinré amount and RCI (Figure 4.3a) and rainfall
duration and RCI (Figure 4.3b), provided new ihssgo the question of how runoff strip lengths
effect evaporation losses from the crop’s canopgindurain events under the IRWH system.
Accordingly the relationships were described byeosd order polynomial function resulting in
coefficients of determination @Rof 0.77 and 0.56 for RSL-1 (narrow runoff stregmgth) for the
rain event amount and duration, respectively. Fm RSL-3 (wide runoff strip length) the
coefficients of determination were 0.69 and 0.6&spectively. Irrespective of the RSL
treatments, the curves showed clearly that the R€kases with an increase in the rainfall
amount towards about 20 mm of rain, where aftet ithdecreases with an increase in rainfall.
Similar trends were observed for the RCI to raindiration relationships; RCI increases with
durations up to 10 hours and declines with anyhrrincrease in the duration of rain events on
both the RSL treatments. The plateau of the R@Fah relationships further indicates that the
capacity for rainfall interception is about doubsiehe wider runoff strips compared to the narrow
runoff strips of IRWH; RCI varied between 0.5 — @m6n for RSL-1 compared to 1.0 — 1.1 mm
for the RSL-3 at the plateau of the relationshipee plateaus correspond with the canopy
saturation phase of Gash (1979).
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Figure 4.1 Rainfall canopy interception relationships witinfall characteristics; (a) with rainfall
event amount and (b) with rainfall duration. Polymal fitting line with long dash-dot = RSL-3
and solid line = RSL-1.

It is also understood that the rainfall intercepibgdthe canopy would eventually evaporate or to
some extent be drained and channelled to the suaféer the canopy is once wetted (Wabal.,
1998). van Dijk and Bruijnzeel (2001) estimate R@4ses for maize of 19% and 8% of total
rainfall for a period of 124 and 196 days over @ginhewing season, respectively. These simulated
RCI values were to some extent at the top and able/eange found here for the IRWH where
values varied between 4.5% - 9% of the rainfallwideer, the results demonstrate the importance

of quantifying RCI in the tillage of IRWH as partt unproductive water for evaporation.

4.3.2 Runoff-rainfall ratio

4.3.2.1Effect of surface treatments

Mulch treated runoff strips can modify the RR ratiolRWH practised under semi-arid climate
conditions, as proved by the statistical resultRRfratio presented in Table 4.3. Accordingly, the
variation in the RR ratio over the experiment ighjistretching from 4% in RSL-3 ML96% to
27% in RSL-1 ML0%. The statistical results cleashpow that the combined surface treatments
(RSL x ML) affected the RR ratio significantly (P < 0.@&th LSD value of 0.037). This finding
demands further examination. For this purpose ib&trments were grouped into three levels of
RR ratio efficienciesyiz. low (< 10%), moderate (10% - 15%) and high (> 15Meresting to
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note that, the lower efficiency group is associatéti the widest runoff strip length covered with
mulch,viz. RSL-3 ML39%, RSL-3 ML96%, and the 2 m runoff stigmgth covered almost fully
with mulch (RSL-2 ML96%), although the statisticakults revealed that the RR ratios of the
RSL-3 ML96% treatment is significantly lower thamat of the RSL-2 ML96% treatment. For
RSL-3 ML39%, on the other hand, RR ratios did néedfrom the other two treatments of this
group. It can be concluded that these type of sarfeeatments illustrate that rainwater will rather
infiltrate into the runoff strips than move towarttie basin. Hence, mulch application on the 3 m
wide runoff strip and full mulch cover on the RSLi® not a practical measure to promote
harvesting water in the IRWH context. In contr&sftanet al. (2006) claimed that if the RR ratio
were examined more closely, although a signifidifference occurred between their bare and
mulched plots, the maximum observed RR ratios wemsparable. They suggest that in the event
of heavy rainfall with high peak intensity the sheenoff may mask the effect of the mulch.
Nevertheless, the mulch might conserve water bytricieg soil water evaporation as
demonstrated by Bothet al. (2003) for IRWH. This principle was also demontdafor other
conservation tillage practices (Bennie and Hensk®1; Hensleyet al., 2000: Bothma, 2010;
van Rensburg, 2010).

Table 4.3Mean runoff to rainfall (RR) ratios calculatedrfraneasured runoff for the runoff strip
length (RSL) and mulch level treatments under IRWH2008/09 (n=144).

Runoff strip length Mulch level (ML as %)
(RSL) 0% 39% 96%
Im 0.27a 0.16¢c 0.17c
1.5m 0.15c 0.11de 0.11de
2m 0.21b 0.10ef 0.08ef
3m 0.15c 0.06fg 0.04g
LSD: RSk ML = 0.037

*means followed by the same letter are not signifiyatiifferent (P< 0.05)

The moderate RR ratio efficiency group comprised freatment combinations. In this group, the
lower RR ratio efficiency treatments are connedtethe mulch treated surfaces in combination
with the 1.5 and 2 m runoff strip lengthsz. RSL-1.5 ML39%, RSL-1.5 ML-96% and RSL-2
ML39%. The other two combination treatments in thisup had a bare surface on the runoff
strips (RSL-1.5 ML-0% and RSL-3 ML-0%). Both RR ioc#t amounted to 15%, which is
significantly higher than those of the other thneentioned treatments. Compared to the first RR

ratio efficiency group, the moderate efficiency gposhould probably exhibit a better balance
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between water harvested in the basin and watereceed through reducing evaporation on the

runoff strips.

The high RR ratio efficiency groupiz. RSL-1 ML0%, RSL-1 ML39%, RSL-1ML96% and RSL-

2 MLO%, is dominated by the 1 m long runoff strgmg§ith combination treatments. Comparing
these treatments suggests that the RR ratio ireseagh a decrease in the percentage mulch
coverage over the 1 m runoff strip. The significof this trend lies in the fact that the RR ratio
of the bare surface (27%) is significantly highwaurt the two mulched treated surfaces. Similarly,
the RR ratio of the RSL-1 ML0% treatment was algnificantly higher than the standard IRWH
treatment (RSL-2 ML0%), which amounted to 21%. Fritve above results it can be concluded
that a bare surface, irrespective of runoff stepgth, has a great potential for water harvesting
within IRWH.

4.3.2.2Relationship with surface treatments

To relate different effects of runoff strip lengtbs the amount of runoff, an approach of mulch
application factor effect (RMLF) was adopted. ThE®IIEE renders the relative effectiveness of
mulch cover in reducing the amount of runoff tohaevested, but it can also be influenced by the
length of the runoff strip, as experienced in thasticular experiment. So that, to establish the
relationship between all mulch levels and mulcHiagtor runoff strips of different lengths were
utilized viz. RSL-1, RSL-2 and RSL-3. The data fitted to an exgmial decline, produced a
strong coefficient of determination over the treattnRSL-3 and fairly well correlated with the
treatments of RSL-1 and RSL-2 (Appendix 4.3). Asdtiby Zuzel and Pikul (1993), Wischmeire
(1978) proposed an effective approach of a mulclaatpr method for reducing runoff and soil
loss studies. Woyessa and Bennie (2004) found raetliexponential relationships between
mulching factor and residue cover; Gilley al. (1986) also obtained an inverse exponential

relationship of the percentage surface cover ajlaam and soybean residues.

Furthermore, in this study, in order to infer tieéationship for all mulch levels on different RSL
treatments the linear fitted lines were explainétisically through the provided slopes and
intercept values. Surface treatments of IRWH hadestinct relationship with the RR ratios. This

statement can be explained by the linear relatipsdbetween MLs and the RR ratios for RSL 1
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m, 2 m and 3 m in Fig. 4.2. The data in Fig. 4tedi well to a linear equation and two important

features can be developed from these regressibstista

Firstly, the slopes: the slopes were not signifiyadifferent (P<0.05), which implies that an

average slope will represent the effect of mulchecamon RR ratio for IRWH. Thus, it can be
suggested that mulch causes the RR ratio to deciaa rate of 0.065 per unit coverage (%),
irrespective of the length of the runoff stripsislhas a huge implication for future IRWH runoff
studies. It means that it is not necessarily todoeh mulch level trails on different runoff strip

length treatments. RR ratio results from mulch lexeatments from zero tillage experiments can
be used for predicting RR ratio on IRWH. A good rexée is the extensive runoff research that
was done for red and yellow soils covered with maigsidue in South Africa (van Rensburg,
2010). Recalculating the relationship between R® @nd mulch cover for runoff measurements
by McPhee and Smithen (1985) gives a slope of J0.A4factor that needs to be taken into
account is the type of mulch used. For exampleh&et al. (2003) showed that stone mulch

induces significantly higher runoff than the orgameeds for similar surface coverage of the

mulches.
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Figure 4.2 Runoff-rainfall ratios as a function of mulch |&€¥&) on runoff strip lengths of 1 m, 2
m and 3 m. Linear lines: dotted = RSL-1, dash = RS3Ind long dash-dot = RSL-3.

A second conclusion can be derived from the infgrod the linear equations in Fig. 4.2. The

intercepts differ significantly from each other;ggesting that length of runoff strip is an
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important factor when left bare. In this case, Rt ratio decreases with an increase in the RSL as
indicated in the linear relationship between RRorahd RSL in Fig. 4.3. Thus, it is understood
that, with an increase in length of the runoffstthe amount of water to be harvested as a rétio o
rainfall was reduced. The results of Kenilworth atectly different in terms of amount and the
degree of RR ratio variation among the treatmemisipared to those values measured at
University of Pretoria’s experimental field (Ibraim2011). From the data points in Fig. 4.3, it is
clear that the RR ratio of Kenilworth were only ab81%, 22% and 12% of the observed RR
from Pretoria, for RSL of 1 m, 2 m and 3 m, respety. Closer inspection reveals that the
rainfall parameters (amount intensity and duratemyvell as the surface properties (slope, texture
and structure) of the soils differ widely. The ltvition capacity of Kenilworth Bainsvlei (9 mm
h™) is higher than that of the Pretoria experimefiedti mainly due to a sandier texture (sandy
versus clay loamy), presumably a lower roughnedsxr(clay soils tend to decrease under rain
drop impact forming a flatter runoff area, Bottaal.,2003), and a lower slope at Kenilworth (1%
versus 6%). These results illustrate that in-fielthoff is complex and RR ratio cannot be

extrapolated to other ecotopes without taking extoount the rainfall characteristics and surface

properties.
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Figure 4.3 Comparison of RR-RSL relationship obtained at Kemith and Pretoria (Ibraimo,
2011) experiments. Line with dash = Kenilworth eapd long dash-dot = Pretoria (Hatfield) exp.

The above statements can be confirmed by compdhaegRR results from bare RSL 2 m

(standard runoff strip length) at Kenilworth witlther ecotopes. For the typical example from
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Glen/Bonheim with dark brown clay soils (45% clay)d the fine sandy clay of Glen/Swartland
(38% clay) with a similar slope of 1%, Botled al. (2003) found a RR ratio of 0.43 and 0.39
respectively. In another ecotope at Thohoyandouinmpopo Province, on red clay soil (60%
clay) with a high water holding capacity, Mzezewad aszan Rensburg (2011) reported higher
runoff values than those of Glen and much highantthe Kenilworth experiment (8.5% clay).
The main factors enhancing runoff, as reported tmeMwa and van Rensburg (2011) steeper
slopes (8%) where largely attributed to higher REorcompared to the very gentle slopes (< 1%)
of this experiment (RR ratie 0.104). On the other hand, the two different site§len, with the
application of different types of mulch cover oom2runoff strips gave higher RR ratio values of
0.25 and 0.20 for stones and about the same valu@96 and 0.04 for organic reed mulches
compared to full maize stalk mulch cover of thipesiment (RR ratie= 0.053).

From this discussion, therefore, it can be conduidhat, the runoff channelled to the basins was
greater from higher clay content soils and runofbducing strips with steeper slopes.
Nevertheless, the top fine sandy textured layer gartle slope of this experimental site caused
higher infiltration on the runoff strips and relagly lower run-on into the basins compared to clay
soils. However, the main focus is the partitionoigainwater fallen into basins and runoff strips
and it is of paramount importance in understandimginfiltration ratio of basin to runoff area
(Isa:lra) and the fraction of available water to the plamts in the technique of IRWH.

4.3.3 Infiltration ratio of basin to runoff area (I ga:l ra)

The combined effect of various mulch levels andoffistrip lengths on calculated infiltration
ratios (ka:lra) for basin to runoff area are presented in Table Zhe statistical analysis of
variance indicates that the interaction effect wface treatments (RSL and ML) on tha:lra
showed highly significant differences (P < 0.00@dth LSD value of 0.039.

Table 4.4 Analysis of variance of the effect of mulch covevels and runoff strip lengths on
estimated infiltration ratiosgA: Ira) of runoff to basin area.

Runoff strip length Mulch level (ML%)

(RSL) 0% 12% 39% 64% 96%
1m 1.34d 1.30e 1.24f 1.19g 1.16gH
15m 1.35d 1.32de 1.25f 1.21fg 1.16gh
2m 1.50b 1.45c 1.35d 1.29e 1.22fg
3m 1.62a 1.47cb 1.24f 1.12h 1.05i

LSD: RSk ML = 0.039

*means followed by the same letter are not sigmifigadifferent (P< 0.0001)
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From the results it is clear that the bare (MLO%J dow mulch cover (ML12%) in all RSL
treatments gave higher infiltration ratios thansidor high mulch covered RSL treatments. The
infiltration ratio during the growing season forréand low mulched plots varied in the range of
1.30 to 1.62. The higher infiltration ratios werleserved on the wide RSL-3 ML0% and RSL-2
MLO% bare treatments than on narrow RSL-1 and arg kreatments. However, the bare RSL-3
MLO% had significantly higher values by about 7.8&mpared to bare RSL-2 ML0%, while the
low mulch cover did not show significant differesdgetween RSL of 3 m and 2 m. In the case of
ML39% cover, all the RSL treatments with the exaapiof RSL-2 gave nearly similagd:lra
values. The higher mulches cover (ML64% and ML96¥ywed considerably lowega: Ira
values, although the full mulch cover (ML96%) shawewer ka: Ira values than ML64% cover.
Nevertheless, the RSL-2 remained with significaghér infiltration ratio for both ML39% and
ML96% treatments compared to other respective Rfatments. Therefore fromgallgra
estimations, it can be indicated that: (i) With ianorease in mulch cover level, the fraction of
infiltrated water in the basin area reached a higladue only on two meter long runoff (RSL-2
treatments). This implies that high runoff occurfiemn where there is insufficient mulch cover in
the runoff section, and a high infiltration will @ for bare and maximum of two meter long
runoff length. (ii) RSL-3 treatments with minimumuioh cover (ML0% and ML12%) observed
higher infiltration and showed much lower valuehwén increase of mulch rate application. (iii)
The RSL-1 and RSL-1.5 treatments however, have shmsignificant differences between
different mulch cover treatments nonetheless, R8h-1 and 2 gave highega: Ira than RSL-3

treatment when the mulch cover level increases.

Therefore, management of the soil surface can fgzgntly affect runoff, and infiltration, in
particular, for the wide (RSL-3) treatments, theoamt of runoff and infiltration was highly
influenced by the mulch cover compared to narroR8L treatments. This leads one to select an
appropriate interaction of the surface treatmeotsétter cultural management in the technique
of IRWH. However, in general the most important graeters are what fraction of rainwater
infiltrated into the basin, to be easily accessgdhe plant roots, and the rainwater conserved in
the runoff strip profile that will be used by thiaupts during a dry spell. Thus, the reduction aof so

water evaporation from both basins and runoff stig of paramount importance for efficient
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rainwater use for growth and productivity in themsarid climatic conditions. This will be

discussed thoroughly in Chapter 5 and 6 of thidystu

4.4 Conclusion
The purpose of the present study was to ascertaneffectiveness of surface treatments to
guantify the partitioning of rainwater falling ohe runoff strips and basins as well as to determine

the fraction of rainwater available to infiltrat®@o the root zone for crop growth and productivity.

In the basin (planting zone) the canopy rainfaiéioeption is a distinct process that needs to be
consider in the technique of IRWH. The estimatiéiR€I revealed that the highest interception
was in the range of 4.5% to 9.0% of the preciptaftor various RSL treatments. However, small
rains and during the initial growth stage the R@bkwnsignificant. In general, the RCI capacity of
a maize field under IRWH reached plateau at abdut00.6 mm for narrow RSL and 1.0 — 1.1
mm for wide but the RCI efficiency depends on thefall characteristics and surface treatments
(particularly the length of the runoff strips) atiee frequency of rain events during the growing
season. This indicates that on the wide treatm#mtsRCI losses that would be evaporated from

the canopy were higher than those from the narr®k RReatments.

From the mean results of runoff-rainfall (RR) ratidhe lowest efficiency was observed from
fully mulched wide RSL treatments i.e. only abo%i 4f the rainfall, while the highest mean RR
was about 27% from bare narrow RSL-1 treatments. Miedium efficiencies (about 10 - 11%)
were observed on the mulched RSL-1.5 and RSL-Znweas. This variation in RR clearly
indicates that the partitioning of rain falling anbasins and onto runoff strips depends on the
surface treatments. The rainwater running into ibsin could be used directly by the plants
whereas the water that was infiltrated into the mmme of the runoff strips becomes available for
crop transpiration during dry spells. These raswire confirmed from established relationships
of ML — RR and RSL — RR on the account of indug#dtiation by the mulch cover and physical
properties of the soil, respectively. From the tiefeship of infiltration ratio with surface
treatments it can be concluded that thglka into the basin area of RSL-2, with an increasing
mulch cover, was much higher compared to othetrireats. However, the wide RSL-3 treatment

showed highergh:lra On bare plots but declined with an increase incmgbver. With increasing
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mulch cover, thegh:Ira Values of narrow RSI-1 and RSL-1.5 were betweernRBI-2 and RSL-3
treatments. Therefore, these variations in frastiohrainwater that can infiltrate into basins and

runoff areas can lead one to select alternatietegires and improve water harvesting techniques.
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CHAPTER 5

Quantifying and Predicting Soil Water Evaporation as Influenced by
Runoff Strip Lengths and Mulch Cover

5.1 Introduction

Direct evaporation of water from the soil surfaseai wasteful loss of potentially productive
rainwater. More efficient use of rainwater in ar@ath limited precipitation can help to sustain
agricultural production in these semi-arid areas.dryland environments, soil evaporation
accounts for 30 — 50% of rainfall (Coopetral., 1987; Wallace, 1991), a value that can exceed
50% in sparsely cropped farming systems in serdi4&gions (Allen, 1990). Thus a considerable
proportion of the rainwater that could be used fwowth and development is lost. This
unproductive loss of rainwater can be reduced aréety of management practices (Gill and
Jalota, 1996) of which mulching practices (Henséewl., 2000; Botheet al.,2003) and optimum
runoff to basin area ratio are most feasible tcaech rainwater harvesting into the root zone (van
Rensburg, 2010).

From a practical approach, Stroosnijder (1987) mlesd how soil water evaporates from bare
soils at a potential rate only for one or a few dayter rainfall (first stage). Thereafter, soil
evaporation, Es is reduced due to drying of thesoface (second stage). It is assumed that the
two soil evaporation stages are distinct and onéyfirst stage is driven by potential evaporation
in semi-arid conditions. This means reducing Esddp on the stage of the process: whether it is
during first stage, in which meteorological factarting on the soil surface dominate the process,
or the second stage determined predominantly bpllgsical properties of the soil profile (Hillel,
2004).

A number of models have been proposed and develtpesktimate evaporation from soils
beneath the crop, for example Ritchie (1972), $wtrth and Wallace (1985) and Boesten and
Stroosnijder (1986). However, their applicatiorimited. Several mechanistic models have also
been reported in the literature to estimate Esgusia general flow of water (Rose, 1968; Gardner
and Gardner, 1969; van Bavel and Hillel, 1976)ciH& (1972) developed a simple functional

model to estimate daily Es under second stage eatipo, based on the diffusivity theory. This
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model has been widely used to estimate Es becduss walidity and simplicity (examples -
Shouseet al., 1982; Juryet al., 1991; Yunusaet al., 1994; Botha, 2006; Nhlabathi, 2010).
Ritchie’s model assumes a linear relationship vatlzero intercept between cumulative soil
evaporation YEs) and the square root of tim&3t The value of the sloper’j characterizes the
evaporation process (mn3 and t is time (days) after rainfall:

YEs = o/ (t)/? 5.1
Ritchie’s model in Eq. 5.1 does not account for tingt stage of soil water evaporation and
Ritchie (1972) modified it by considering both stalyand stage-2.

In this model Stroosnijder and Kone (1982) assuthed the first stage of Es is equivalent to
potential evaporation. Boesten and StroosnijdeBg§l%roposed a simple parametric model to
estimate daily evaporation by using cumulative alcevaporation during a drying cycle as being
directly proportional to the square root of potah&vaporation. Instead of taking time as an
independent variable, Boesten and StroosnijdergjLl@8veloped a parametric model by which Es
is computed from the meteorological data only. Beresand Stroosnijder (1986) used potential

evaporation in a practical way to calculate actslfor both evaporation stages, proceeding as

follows:
YEs; = YEpo for YE,or < B'% or YE,oe = Y.Es; = B> (Stage-1) 5.2
YEs; = B (ZEpor)? fOryEpor = B (SeaB) 5.3

where} Es (mm) is the sum of actual measured soil watapesation per day, Jis potential
evaporation rate in mm’d the summation){) in mm is the cumulative amount over the drying
period and®’ is the evaporation physical parameter of the guii’™®) determined experimentally

as slope of grapREs versug Epor .

For this model}Es depends on cumulatiVEE,x: not on time. Thep’ (mm®? value is an
evaporation parameter characteristic of the sdiet@etermined experimentally. This implies that
Es of each day is directly proportional to the aptweric evaporative demand of that day which
can have large daily variation dfg during the drying cycle. Moreover, it makes ti@ue ofp’

less dependent on,&thana’ is dependent on time, according to Boesten anabShijder (1986).
Accurate estimation and modelling of Es are neeseds to compare management strategies that

minimize water losses and can help to determineagement strategies that conserve water in
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dryland crop production. Moreover, it is of primencern to reduce Es losses in order to increase
the storage of plant available water in the roatezand therefore cause a greater fraction of

evapotranspiration (ET) to be used as transpirdtamn cropped fields.

The use of 1:2 m basin to runoff strip length i"WIR has been accepted as standard practice for
all ecotopes. This recommendation was made on kaowledge for row width and originated
from conventional tillage practices. It was not ajon issue at that time because the main aim was
to introduce the new technique to farmers eastloémfontein, where it was developed. Today,
IRWH is applied across three provinces (Free Stasiern Cape and Limpopo) in South Africa
with widely differing climate and soil conditionsrass those production areas. Thus, the research
guestion was posed whether the 1:2 m basin to fgit@b length really represents optimum water
harvesting conditions for crop production in aleas. This research question will be fully
addressed by the water balance calculations in €€h&p However, in order to understand the
effect of different runoff strip lengths, it is imagant to quantify and evaluate how the soil water

evaporates within different basin to runoff stemgdths.

Another cultural practice of huge importance tdriesEs in IRWH, is mulching. This topic was
introduced by Henslegt al. (2000), as a means to restrict the high Es logsgsoccurred under
dryland cultural practices in semi-arid zones. tdiaon, all the research on the effect of
mulching on Es was conducted on the standard IRWHE () basin to runoff strip length.
Nevertheless, it is crucial to understand how Effescted by mulches for the broader application
of IRWH with different runoff strip lengths. Furtimore, quantifying the soil water evaporation
rate from a crop field with a non-homogenous natiireasin areas and runoff sections within the
technique of IRWH is not an easy task, especiallgr dong periods. Empirical models of Es can
help to understand how the soil surface evapordtimm the different sections of the IRWH is
affected. The hypothesis of this chapter is theeefthat the surface treatments of runoff strip
length (RSL), and mulch level (ML) will affect ties beneath the maize crop produced under
IRWH through the growing season. Hence, the puposéhis study were:

» to quantify the effect of surface treatments (R8d ®IL ) on soil water evaporation;

» to conduct a detail analysis of Es from each 1 atige of IRWH to quantify the effect of

crop shading and mulch levels; and
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* to evaluate the Ritchie and Stroosnijder Es modetsss the basin and runoff sections of
IRWH.

5.2 Materials and methods
5.2.1 Experimental design and layout of microlysimeters
With the aim to evaluate the surface treatmentd.(RE. and canopy shading, CS), field trials
were carried out on a maize crop under the teclenmfulRWH for two consecutive seasons
(2007/08 and 2008/09). The mulch application way anplemented for the second season, as
the first season was used to set-up the basinsumadf strips. The main experimental design and
treatments were described in Chapter 2 Sectiord.2&:cordingly, there were four runoff strip
lengths (RSL) and five mulch levels (ML) each reated three times. The RSL treatments
comprised of 1, 1.5, 2 and 3 m runoff strip lengihsl the MLs were expressed as percentage of
surface covered by mulatiz. 0% (bare), 12%, 39%, 64% and 96%.

For this experiment, all the RSL treatments (1, 2.%nd 3 m) and three of the ML treatments
(bare 0%, 39% and 96%), were used to measure [Ese Tere also four different canopy shading
(CS) treatmentsyiz. a full shade basin area (FC-BA), a full shade fuamea (FC-RA), a partial
shade runoff area (PC-RA) and an unshaded rune# @dC-RA). Due to the magnitude of the
experiment, only one replicate was employed, buasuaeements were done for three consecutive
drying cycles (DC). The DC periods were each 7 dagdollows: 15-21 March (84-90 DAP), 4-
10 April (104-110 DAP) and 8-14 May (138-144 DAR)J008/09 season.

Soil water evaporation measurements were carriedng microlysimeters (MLy). The mode of
construction, installation and handling of the ralgsimeters at the field level were described in
detail in Chapter 2, Section 2.4.2.3. The layouth&f microlysimeter sites was made according
Fig. 5.1 to represent both basin area (BA) and @amehmeter section of the runoff area (RA).
Thus, the number of MLys installed was determingdhe length of the runoff strip section; one
MLy in RSL-1 (named RA1) and two MLys in RSL-2 (nedhRA1 and RA2) and in RSL-3 three
MLys (named RA1, RA2 and RA3) as shown in Fig. 9iese were used to separate the effect of
canopy shading (CSYjz. full shaded (FC) section, partial shaded (PC)isecnd the unshaded
(UC) section. The water loss through Es was wedylatecording to the relative contribution of

each section within the system of IRWH plot.
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| FC-BA | FC-RA | RSL-1
P ' L | - Microlysimeter measurement
) Basin (1m) T Runoff (1m) i
| FC-BA | PC-RAL | PC-RA2 | RSL-2
< Basin (1m) > Runoff (2m) >
| FC-BA | PC-RA1 | UC-RA2 PC-RA3 |

' ‘ RSL-3
< Basi! am) " I Runc!ff Gm) I >

Figure 5.1 Schematic diagrams showing the cross sectioneiRWH system with basin area
(BA) and runoff area (RA) with shading spatial ibttites and position of microlysimeters on the 1
m runoff strip length (RSL-1), 2 m runoff strip gth (RSL-2) and 3 m runoff strip length (RSL-
3) treatments. FC-BA= full canopy shading in a baBiC-RA= full canopy shading in runoff, PC-
RA= partial canopy in the runoff and UC-RA unshadeeh in the runoff.

FC-BA represents the basin area of all RSL treatspemhere the 1 m wide maize rows were
growing and FC is also represented by the narrowffURSL-1) areas where the area is shaded
from both sides by adjacent rows. In contrast, adev@ m runoff strips the two sides of the runoff
strips were partially shaded (RA1 and RA3) fronheitside by the crop rows, so this partially
shaded section of the runoff is abbreviated asRR¢ 6.1). However, the centre, at RA2 (RSL-3)
where neither side crop rows can shade this misieliéion of the runoff at midday, represents an
unshaded (UC) area (Fig. 5.1). The RSL-2 also cmeptwo sides with partially shaded sections
(RA1 & RA2). Similar arrangement of BA and RA weaikso performed for the RSL-1.5 with full

shading in both the basin and runoff strips.

5.2.2 Empirical relationships and model development

During the cropping season 2008/09, cumulatk® measurements were used to evaluate
empirical equations related to time and potentiaperation. Both the Ritchie (1972) model and
the Boesten and Stroosnijder (1986) model were @se@d base for the construction of the
estimation equations for Es under a IRWH maize .ckgnce, measured cumulative evaporation
from the soil and cumulative potential evaporatiumring a drying cycle were used to obt@in
value (soil physical parameter) from slopedis versusXEloot)o'5 for the bare soil (Boesten and

Stroosnijder, 1986). Daily estimations of potengaiaporation (fy) were calculated from the
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reference evapotranspiration, ETo which was obthibg using FAO-56 Penman Monteith
equation (ETo) (Alleret al., 1998) with meteorological data measured at themaatic weather

station within the experimental plot.

For the purpose of the study, thgxHn the maize field was obtained with a conversiactor
(crop coefficient,Kc) value of 1.1 of the reference evaporation{E 1.1ET0). In these
circumstances evaporation proceeds at the ratendasd by atmospheric demand for water
vapour, so that evaporation rate is maximum apgis€considered to be greater than ETo (Azam-
Ali and Squire, 2002). According to Loomis and Cenf1992) the value of & varies among
different crops owing to differences in colour, d¢igi aerodynamic characteristics and stomatal

control.

5.2.3 Model determination and evaluation

The evaporative parameters of the sail énd p’) were determined for bare and mulched soil
surfaces under a maize canopy, during three congealrying cycles. The main criterion, that
each period was proceeded by rain recharged aaat the top 300 mm of the solil profile and
followed by dry days (rain free) for a period ofoab 7 days. The empirical models were tested
under a range of ETo regimes, as reflected byhhreetdrying cycles. The two empirical models
for Es were also compared by considering the effetshading and mulch across both basin and

runoff areas on soil parametersand’.

The performance of the models depends on how wedligted) Es values for each shading level
(full and partial canopy and unshaded) from bottclie and Stroosnijder models agreed with
measured values. For the purpose of calibratiah@inodels, the observed soil evaporation data
set of DC-1 and DC-3 were used; and for the vetifimn purposes the DC-2 data set were
applied, as independent field data of Es were valable.

5.2.4 Statistical design analysis

The statistical variation of the weather conditiolsing the drying cycles were analyzed only by
using the mean and standard deviation values. Bothlvater evaporation data collected during
the drying cycles were statistically analyzed ugimg statistical software SAS 9.1.3 for Windows
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(SAS Inst. Inc., 2006). Primarily, the three dryieygles were computed, and tested to see if there
was a statistical difference between the dryindesycSecondly, for the main effects of RSL and
ML treatments, statistical analysis was performedtlee weighted Es values in the system of
IRWH. Thirdly, for each 1 m section of the IRWH 83®, the two treatment effects of ML and
CS were considered for their effective contributimn Es reduction during a drying period.

Fourthly, the study also presents a statisticalyaisafor the model results of andf’ values.

Thus, for the first two statistical design analyseson-replicated two way factor interaction in a
split plot arrangement was adopted in order toyameaihe effect of the treatments for each drying
cycle as described by Sokal and Rohlf (1981) and &ud Jones (1992). In contrast, the other
two statistical analyses had unequal replicatians t the nature of the experiment. For the data
not meeting the required number for equal or pridpoal replication, the mean values were
inserted as an additional data point, as followseé®er, 1973; Zar, 1994). In this case, the
analysis proceeds with total degrees of freedom) @t a factorial analysis of variance were
performed after inserting the mean to equalize disproportional replications. The Least
Significant Difference (LSD) test was used to safmthe statistically significant means. For the
values ofa’ and ', a comparison of the means was made only for dwang cycles (DC-1 and
DC-3). Thus, means and LSD values for the mairtrtreat effects were computed for DC-1 and
DC-3. For the models application, the measured estonated Es values were compared using

simple regression procedures and mean statisties gien by Willmott (1981; 1982).

5.3 Results and discussion

5.3.1 Weather condition during drying cycles

The weather conditions as reflected by temperaance ETo during the three drying cycles are
summarized in Table 5.1. All the DCs fall into #agtumn season: DC-1 in March, DC-2 in April
and DC-3 in May 2009. The weather conditions dutimg first two DCs are almost similar; the
mean temperature differs by less th&€ &and the mean ETo by 0.6 mrt.dThe third DC,
however, is cooler with lower evaporative demandditions than the other two cycles. This was
expected because of the temperature and ETo destialy during May as part of natural
seasonal change towards winter (Zerizghyal, 2011). The total ETo during DC-1 (27.5 mm)

was generally greater and more variable than dubifg2 and 3, though the temperature was
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lower during the first DC compared to second DCe Tnowth stages during drying cycles are
also given in Table 5.1. Accordingly, the first tddCs fall into the reproductive stage (GS-IlI)
and the third DC in physiological mature stage (@5-Consequently, the variation between DCs
and within a drying period (days) shows that thei@cEs measurements were induced by the
prevailing weather conditions.

Table 5.1 Mean dailyair temperature and reference evapotranspiratiomgithree drying cycle

periods,viz. first: 15-21 March, second: 4-10 April and thigi14 May, 2009.

Drying cycle (DC) DC-1 DC-2 DC-3
Growth stage (GS) GS-lll (84-94 DAP) GS-lll (104-110 DAP) GS-IV (138144 DAP)
Drying period Temp. ETo Temp. ETo Temp. ETo
(day) (°C) (mm d) (S (mm d) () (mm d*)
1 19.8 3.5 19.5 3.2 13.0 2.3
2 20.3 3.8 20.3 3.2 12.2 2.2
3 19.9 4.6 20.1 3.4 12.6 2.2
4 16.7 4.2 20.2 3.3 13.1 2.6
5 17.3 2.8 18.5 3.0 13.1 2.6
6 17.9 4.3 18.9 3.4 14.0 2.8
7 18.3 4.3 20.2 3.7 14.6 2.5
Total 27.5 23.2 17.2
Mean 18.6 3.9 19.7 3.3 13.2 2.4
Std. dev. 1.4 0.6 0.7 0.2 0.8 0.2

5.3.2 Effect of runoff strip length and mulch level on Es

The change in atmospheric conditions and the glufithe surface to conduct heat determines the
amount of evaporation lost from the soil surfacée Tstatistical comparison of the total Es
measured between different DCs showed that theseawaghly significant difference present at P
< 0.0001 level (Table 5.2). The highest total amairEs was observed during the second drying
cycle (12.6 mm), being nearly double the amounthefthird drying cycle. Consequently, DC-3
obtained the lowest total Es and ETo values. Tras wrobably induced by the lower daily air
temperature and atmospheric evaporative deman@e3 Dompared to the other DCs (Table 5.1).
However, the main concern was the reverse affeatimospheric evaporative conditions of DC-1
and DC-2 relative to the measured total Es valliess, in DC-1, when the ETo was higher, the
total Es showed a lower value than DC-2; and thmosipe occurred when ETo was lower in DC-
2. The main reason for higher total Es in DC-2 ddu associated with higher temperatures and
thus a soil surface heat conductivity (not measuedieéct, in particular during the energy limited
stage of evaporation. In contrast, the lower t&lbut higher ETo in DC-1 with relatively lower

temperature indicates a dependence, to a largatewrie the energy supply as radiant energy and
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air movement by prevailing winds are the main dgviorces for evaporation. As a result, the
surface treatments can play a significant rolessiucing soil water evaporation losses under crop
field conditions.

Table 5.2 Effect of runoff strip length (RSL) and mulch léy®IL) on total soil evaporation
during the drying cycles (DC).

Variable Total Es during drying cycles (mm)
DC-1 DC-2 DC-3
A) Runoff strip length (RSL)
RSL-1 9.1 13.2 7.0
RSI-1.5 8.5 12.2 7.2
RSL-2 8.4 12.1 6.5
RSL-3 8.6 12.8 6.4
B) Mulch level (ML)
MLO% 9.5a 14.4a 7.5a
ML39% 8.4b 11.7b 6.5b
ML96% 8.1b 11.6b 6.4b
Mean (DC) 8.6b 12.6a 6.7c
LSD: DC =0.55 RSL =ns Mt 0.56 RSKML =ns

* indicate significant differences at 5% probabjlievels and ns is non-significant.

Surface treatments are known to change the evaporaite by operating lower than the potential
evaporation rate. The statistical results for It&a showed no significant difference for the
combined surface treatments (RSL and ML) durinchedrying cycle (Table 5.2). This clearly
indicates that with the addition of mulch on exteddrunoff strips, did not systematically
influence the total Es values. Therefore, it isirportant step to assess the surface treatments
separately for the effect on total Es losses duesch drying cycle. Thus, among the two surface
treatments, the results showed that the ML hadrafgiant effect on Es during each drying cycle
with LSD value of 0.56 (Table 5.2). Across all thr@rying cycles, the highest Es was observed
from the bare (ML0%) treatments. However, the t&alfrom the two mulched treatmemig.
ML39% and ML96% was not significant different. Thitsis clear that mulch reduced soil water
evaporation across both stages of evaporationpwasdnfluenced by a lower energy supply level
at the site of evaporation. This lower Es was pbbpalue to the mulches’ greater reflection
resulting in less absorption of solar radiation #&mder thermal conductivity than the bare soill

(van Doren and Allmaras, 1978: Jalota and Pring®3).
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The magnitude of Es reduction from different levels mulch depends on the evaporation
processes. More interestingly, in all DCs, the eapibn of lower levels of mulch (39%) is nearly
as efficient as higher mulch levels (96%) in redgcevaporation. In this case, the soil physical
properties at the experimental site play a grelat iro enhancing infiltration capacity because of
lower total loss of water underneath the mulchawbfiustrips. In the initial stage, Es from the
fully mulched runoff strips lags behind and wasasdo in drying compared to lower mulched or
untreated bare soils, but after some time (Stagedty layer develops in bare and lower mulched
plots, thereafter the difference between totaldddwer and higher mulched strips under IRWH
becomes very small. This is due to the unsaturayedaulic conductivity of the fine sandy soils
that decreased drastically and the rate of evaporéalls sharply (Gill and Jalota, 1996). As a
result, the rate of evaporation from fully mulchsalls begins to exceed that of a lower mulch
treated surface of the runoff area. For exampletife IRWH study during summer time Botha
(2006) found a total Es of 127 and 134 mm over &jsdwhich is equivalent to 12.5 and 13.2 mm
per 7 days for 100% and 50% organic mulch covepeetively. These results were lower by 2.3
and 3.3 mm compared to bare treatments while tloentwich levels did not shown a significant
variation. This is in good agreement with theseeexpental results on total Es with only on
average of 0.2 mm difference over all three dryaygles. Bothaet al. (2003) suggested that
mulched surfaces could give crop roots time to amttra greater portion from the surface
compared to bare plots. Thus, the presence of malte runoff strips reduced the effectiveness
of liquid flow from the cross-sectional runoff araad that change caused the rate of evaporation

to decline compared to the bare runoff strips

In contrast to the effect of ML, there was no effeicRSL detected in any of drying cycles (Table
5.2). The highest total Es was observed from threomaRSL treatments. The wide RSL-3 and
RSL-2 reduced evaporation by about 7-8% and 3-@%pactively, but in general all three DCs
did not show a consistent trend of decreasing Eselowith an increase in length of runoff strips.
Thus, from this analysis, the insignificant effedft RSL treatments on Es implies that, the
dynamics of spatial distribution of soil water akergy that influence evaporation were probably
obscured by averaging Es values over the IRWHggllaystem. This meant that, each 1 m parcel
of the IRWH system contributes a different Es tlgtothe effect of green or dry mulch cover in a

different manner, and the effect is lost when camatlias a mean. Hence, the various positions of
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IRWH should be expressed according to the effetgfen mulch” or shading cover (CS) on Es

beneath the maize canopy as will be discussecindit section.

5.3.3 Effect of mulch level and canopy shading on Es

From the analysis, the various positions within glystem of IRWH have to be considered in
order to evaluate the surface treatments effegtiv€ehe comparison comprises the effect of
shading and mulch cover simultaneously, thesearkill canopy shading basin area, FC-BA; b)
full canopy shading runoff area, FC-RA; c) partiahopy shading runoff area, PC-RA; and d) the
unshaded runoff area, UC-RA as described in Fiy. Bhus closer examination may reveal the

more dynamic nature of Es beneath the maize canoggr IRWH techniques.

The absence of significant interaction between R8U ML allowed one to consider different
positions in the system of IRWH with total Es vauer each 1 m across the basin and runoff
section areas. Consequently, mulch levels by varmgmsitions (canopy shade effect) interactions
were detected for each drying cycle (Table 5.3)usThithe statistical comparison of total Es
revealed that in the tillage system of IRWH, thenbined treatments (ML and CS) influenced the
total Es for each drying cycle, with LSD value 084, 0.39 and 0.31 for DC-1, DC-2 and DC-3,
respectively (Table 5.3). Only the combination tme@nts that affected Es significantly will be
further discusses. Accordingly, the treatment corations as indicated in Table 5.2 were grouped
into three Es classes depending on the abilitgstrict Es losses for each drying cycle. Thereby,
the three classes were marked as: the class tHatrped the poorest were the treatments that had
Es values above 8.7, 13.3 and 6.9 mm for the DZ-dnd 3, respectively; the intermediate class
Es values fell between 8.5 - 8.7 mm, 12.0 - 12d@ &b - 6.7 mm, and the most efficient class had

Es values below 8.4, 12.2 and 6.4 mm, respectively.

Class with poor Es restrictive properties:

In all the DCs the highest total Es was observetienbare treatments (ML0%) with all variety of
CS patterns (FC-BA, FC-RA, PC-RA and UC-RA).The magle of Es varied between the DCs
viz. 8.7 —9.4 mm in DC-1, 13.4 — 14.3 mm in DC-2 &ntd— 7.4 mm in DC-3. Nevertheless, on
both mulched plots of ML39% and ML96% cover witle tRC-BA (8.8 & 8.6 mm) and FC-RA
(6.9 mm) treatments during DC-1 and DC-3, gavetikaly highertotal Es values nearly at the
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bottom range of this group. The basin area othalldifferent runoff strip lengths (RSL-1, 1.5, 2 &
3) are all the same size with no mulch at all. €f@e, one might expect that the Es from these
would be similar, as long as the soil surface hadtively the same water contents. This can
easily be true soon after rainfall and when coiltgctun-on in the basins being maintained quite
wet after a rain storm. With less restricted upwhiosv of water from bare soils a dry surface
develops more rapidly than on the mulched plots.

Table 5.3 Statistical analysis for the effect of runoff pttength (RSL), mulch level (ML), and
canopy shading (CS) on total soil evaporation dueach the drying cycles (DC)

Interaction (ML*CS) Total Egduring drying cycles (mm)
ML CS DC-1 DC-2 DC-3
FC-BA 9.4a 13.4b 7.1ab
0% FC-RA 9.0bc 13.6b 7.4a
PC-RA 8.7de 13.4b 6.9bc
UC-RA 9.1ab 14.3a 7.2ab
FC-BA (bare) 8.8bcd 12.0d 6.6cde
39% Eggﬁ 88421‘Eh 12.2d 6.9bc
2hi 12.1d 6.4e
UC-RA 8.6def 12.9c 6.7cde
FC-BA (bare) 8.6def 11.9d 6.6cde
96% Eggﬁ 8.Sgh| 12.2d 6.9bc
- 8.1i 12.0d 6.4e
UC-RA 8.5efgh 12.9c 6.6cde
MLxCS (SD) 0.34 0.39 0.31

*indicate significant differences at 5% probabiligvels and ns is the non significant level.

Low class total Es values (High Es restrictive peafies):

In this study, the partial canopy cover positiorswavealed in the low class of total Es values.
Thus, the low class group include all the mulchémtspunder the partial canopy shade cover
(ML39% PC-RA and ML96% PC-RA) in each DC-1, 2 anavigh total Esvalues of 8.1 — 8.4
mm, 11.9 — 12.2 mm and 6.4 mm, respectively. Evigesome of the full cover basin and runoff
area also showed total Eslues in this class range. For instance, the Exalalue for DC-1 and 2
from the mulched plots with full canopy cover iretrunoff strip (ML39% FC-RA and ML96%
FC-RA) were at the top of the range i.e. 8.4 an® 1@m, respectively. As the microlysimters
were positioned across the length of the runoftigedn wide strips, these Es measurements
under mulch cover surface show the spatial effécthading from the crop canopy as “green

mulch” and effect of the “dry mulch”, simultaneousWith this high Es restrictive class, the soil
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surface under higher mulch and shading cover resnaetter than the bare surface but is mainly

caused by high infiltration capacity of the soiltbé experimental site.

Intermediate class with restrictive properties:

In the case of the mulched plot with no shade erthd section of RSL-3 (ML39% UC-RA and
ML96% UC-RA) intermediate total Es values were oidd of about 8.6, 12.9 and 6.7 mm for
DC-1, 2 and 3 respectively. Similarly, in DC-3, thmeilched plots with full canopy cover in the
basin area (ML39% FC-BA and ML96% FC-BA) renderkd same total Es values. However,
closer examination of the data revealed that tigedri total Es from bare and full canopy shade
(FC) were lower from full mulched and partial shdB€) showing the major contribution for the
interaction effect. During the drying cycles, tlegluction of Es due to both combined effects of
mulch and shading between poorly and efficientbtrietive losses of the treatments were found
in the range of 0.3 -1.0 mm, 1.4 - 2.1 mm and-A.®» mm for DC-1, 2 and 3 respectively. These
values correspond to daily average Es reducticselsf 0.04 - 0.14 mmi‘d0.20 - 0.30 mmd

and 0.07 - 0.14 mm respectively between the poorly and efficiendgtrictive losses.

In general, the average reduction of Es rate frleencombined effect of ML and CS was about
2.7, 1.5 and 1.4 mmdfor DC-1, 2 and 3, respectively. These valuesimmgreement with the
finding of other authors (Toddt al., 1991; Adamset al., 1976), but suggested that effects of
mulch and crop canopy shade are independent of @&en under dryland production without
water harvesting and under limited irrigation. Shgdoy maize canopy under dryland condition
significantly reduced the Es by 0.5 and 0.3 milradd under limited irrigation by 0.6 and 0.7 mm
d* for two consecutive seasons (Toeldal., 1991). However, mulch cover reduced Es by less
bening an average of 0.1 and 0.5 mihfdr both years under dryland and limited irrigatio
Similarly Adamset al. (1976) described the contribution of sorghum cgsipade and mulch to
the total reduction of evaporation. Thus, the shefflect accounted for about three-quarters and
the mulch effect accounted only for about one-arast the reduction under dryland conditions
similar to the results of Toddt al (1991). Under limited irrigation, the shading amaiich
contributed about equal to the reduction of evajpmma However, from the result of this
experiment with IRWH, it is clear that the mulchdashade acted dependently based on the data
of both stage-1 and 2 of evaporation. Considerimg, the main effect of shading on bare and
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unshaded treatments was due to the dominant effeenergy limited evaporation (Stage-1),
while the mulched treatments were mainly drivensby limited stage (stage-2) of evaporation.
Therefore, it is inferred that cumulative Es fottbetages of evaporation are rational in evaluating
evaporation loss using empirical models appliethéotechnique of IRWH.

5.3.4 Evaluation of Ritchie and Stroosnijder models

5.3.4.1Determination of o’ and B’ values

Different models were used to calculate soil evapon by parameterzing wetness at the soil
surface ¢ method) or the soil water diffusion resistanfer(iethod). Table 5.4 presents both soil
parameters in the calibratiom’ (and p’) and summarize the statistical comparisons ofnmai
treatment (ML and CS) effects during both DC-1 @n@-3. The interaction effect of the

treatments (ML and CS) was showed significant déffiees on both soil parametefsand .

Theo’ values range from 2.96 to 4.26 mnf tor DC-1 and from 2.34 to 3.26 mni’dfor DC-3,
respectively. The bare plots during DC-1 exhibited highesta’ values for all CS treatments
(4.02 to 4.26 mm &), whereas both mulched plots gave the lowest sabfe’ for partially
shaded and unshaded cover. For the DC-3, the heghelue was found in a bare FC-RA, while
both the mulched (ML39% and ML96%) PC-RA rendemddra’ values of 2.34 and 2.39. mm
d®° Several researchers have attempted to quasitifiom the relation between cumulative Es
and time. For example, Ritchie (1972) summarizedvhlue ofa’ from different authors, using
different soil types (van Bavel and Reginato, 19Bkick et al., 1969: La Rueet al., 1968) with
values in the range of 3.0 to 5.0 mi®dIn a field experiment on sandy and clay soils\iast
Africa Stroosnijder and Hoogmoed (1984) and Strgdsn (2003) obtained a constant stage-1
drying time of 2 days and ari value of 3.5 mm d°. However, much lowea’ value of 3.00 and
3.11mm &° were reported from the studies of the uncropped bails from theGlen/Bonheim
ecotopewith soils of 43% clay content ar@@len/Swartland ecotop@8% clay content) in semi-arid
area of the central part Free State of South AfBtha, 2006). Therefore, the resultsxdf/alue
obtained from sandy loam soils of Kenilworth Bailesecotope highlighted the importance of the
field data for Es beneath a maize canopy for dffiepositions under IRWH.
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Table 5.4 Statistical analysis on the calculated Ritchig¢YEs/(yt)°> and Stroosnijderf’

ZES/(ZEpot)O"F’ values of bare, ML39% and ML96% treatments foifedént canopy shading
pattern (FC-BA, FC-RA, PC-RA and UC-RA) during tarying cycles (DC-1 and DC-3).

Ritchie model @’) values Stroosnijder model @)
Treatments (mm d°) values (nm d®?)
il s DC-1 DC-3 DC-1 DC-3
FC-BA 4.05a 2.92a-d 1.85ab 1.80abc
FC-RA 4.24a 3.23a 2.06a 1.95a
MLO% PC-RA 4.26a 3.03ab 1.98a 1.86ab
UC-RA 4.02a 2.87a-d 1.91a 1.82abc
FC-BA (bare) 3.90a 2.60c-f 1.81ab 1.64cde
FC-RA 3.45hc 2.74b-e 1.81ab 1.67b-e
ML39% PC-RA 3.04dc 2 34f 1.38d 1.50de
UC-RA 3.48b 2.41ef 1.64bc 1.49e
FC-BA (bare) 3.98a 2.56def 1.87ab 1.58de
MI96% FC-RA 3.11bcd 2.79bcd 1.47cd 1.69b-e
PC-RA 3.25bcd 2.39¢f 1.54cd 1.56de
UC-RA 2.96d 2.94abc 1.40cd 1.71bcd
LSD: DC-1: MIXCS =0.42 DC-1: MCS =0.26
DC-3: MkCS =0.38 DC-3: MCS =0.23

With regard to Stroosnijder model, tiewas computed lower compared ddvalues, otherwise
with treatment effect followed similar trend to thesults of Ritchie model, where the high@st
value was obtained on bare plots during both DCabl@ 5.4). Similar to Ritchie model, the
mulched cover plots were showed the lowg@stalues. Thep’ values derived from the model
were in the range of 1.38 mnfd to 2.06 mm &°and 1.49 mm 8 to 1.95 mm & for DC-1
and DC-3. Therefore, in general, it is clear tkia¢re were variations @ values during the DCs.
This is probably due to different weather condision DC-1 and DC-3. The result pf values
found from different shading and mulch cover alsovged similarities with the results obtained
by Lascano and van Bavel, (1986) and Boesten armbs$tijder (1986). For example, from
microlysimeter measurements of soil evaporatioredBan and Stroosnijder (1986) obtainefl a
value of 1.7 mm @° from an experiment conducted on loamy sandy saoilthe temperate
climates of Noordoost Polder in the Netherlandsctvimplies that tota}) Es measured was only
3 mm. Stroosnijder (1987) found similar results daclay loam soil and therefore used a m@&an
value of 1.65 mm 8°to calculateYEs. Hattingh (1993) reported i value of 1.60 mm @°
obtained from a fine sandy loam Hutton soil fornGén in South Africa using measured Es from

microlysimeters with depth of 150 mm. This resudtrelates well with those of Stroosnijder
(1987).
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In both cases, the relationships showed differeircése soil physical parameters. This is because
of varying soil physical conditions. The degreecaiisting and roughness caused by the sandy
nature of the top soil and probably due to thectftd the surface treatments but assuming the soill
properties could not differ significantly across aver the field. However, the models in this
study, have introduced some variations in the edtig of YEs for homogeneous soils for
different positions of the alternate arrangementhaf IRWH under different field conditions.
Thus, from this microlysimetric study of Es benetitb maize canopy, the obtained resultsofor
and B’ are varied and the values found are within thegeaof different literature findings.
However, the effect of canopy shading and mulchecaweeds special attention to perform an

evaluation and verification of the models.

5.3.4.2Evaluation of the models

Verification of the models was performed with résudbtained by using measured data from the
DC-2. Cumulative Es were simulated in four canopgde treatments (CS) under three mulch
levels for botha’ and p’ models (Fig. 5.2). The performances of the modipend on how
simulated Y Es values for each canopy shade pattern underatitfenulch levels agree with
measured values. Thus, the statistical valueshfostatter plots indicate that both the models can
estimate) Es from bare and mulched soil surface fairly well the full and partially canopy

shaded and for unshaded positions of the runoff €fiable 5.5).
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Figure 5.2 Measured versus simulated cumulative soil evajorafy Es) usinga’ and f’
methods.

90



Chapter 5 Quantifying & predicting soil evaporation

The magnitude of the prediction in these two mogalsed, as they is dependent on the time and
atmospheric evaporative demand during the dryirgdesy In all the treatments the simulapdds
were underestimated by the Ritchie model and intrast overestimated by the Stroosnijder
model. The slopes had values < 1 and >lafa@nd 3’ models, respectively, but the FC-RA and
UC-RA under full mulch cover treatments gave salopesvalues of 0.781 and 0.911. The trends
in both models, in general was reasonably well fated relative to measured values. The linear
regression fits were good in both cases with 3R 0.98. The D-index values (index of
determination) for both variables are in a goodeagrent (Table 5.4). The RMSE and MAE were
higher inp’ model compared ta’ model with values at the range of 5.92 — 1.02 &r6.44 —
0.92 mm and 2.44 — 0.54 mm & 2.04 — 0.49 mm, raspdyg, with the exception for the bare
unshaded (UC-RA) treatments showed reverse valltesrefore, it can be seen that the two
models showed variation on soil physical parametgtts the effect of surface treatments (canopy

shading and mulch cover).

Ritchie model

For Ritchie model, the RMSE were higher in the bareff areas for all canopy shade treatments
compared to the mulched plots. The highest RMSE olggrved in the unshaded runoff section
(UC-RA), which is nearly double of the FC-RA and-R®&. The unsystematic error (RMSEu) for
thea’ model of the basins (FC-BA) are not as high asF8which is about 18%, 48% and 39%
of the RMSE) and it is higher than the treatmentstlie runoff strips (FC-RA, PC-RA & UC-
RA). This implies that the statistical tests tdrmodel provides relatively satisfactory results in
the un-mulched basin area (FC-BA) compared to fustoips with varying mulch and shading
patterns with MAE values of 1.72, 0.73 and 0.83.mm

Stroosnijder model

With respect top’ model the higher RMSE were exhibited for FC-BAediments than the

treatments located on the runoff strips (FC-RA, R&-and UC-RA). Moreover, the bare

treatments FC-RA and PC-RA showed greater RMSE2(#@& and 4.77 mm) compared to
mulched plots, however, the lower RMSE was foundttma unshaded (UC-RA) bare and full
mulched plots with RMSE values of 1.64 mm and 108, respectively. Thus, the unsystematic

errors ratio of RMSEU/RMSE s relatively betterarbare UC-RA treatment (36%) compared to

91



Chapter 5 Quantifying & predicting soil evaporation

bare FC-BA with only up to 13% unsystematic errdiserefore, the MAE is much higher in the
basin area (FC-BA) with values up to 5.87 mm amneelst MAE was found for unshaded bare and
full mulch plots (UC-RA) with value of 1.58 mm afd24 mm.

Table 5.5Statistical evaluation parameters for different alative soil water evaporation models
on different canopy shading (CS) and mulch covel)(bh Kenilworth Bainsvlei ecotope
a) Ritchie model @)

CS ML | RMSE | RMSEs | RMSEu | MAE R? D Slope (b) RMSEu
RMSE
FC.BA 0% | 2.046 | 2.019 0.330 1.718  0.990 1.000 0.745 0.17p
(bare) 0% | 0.841 | 0.735 0409 | 0730 0.983  1.000 0.834 0.48p
0% | 0.998 | 0.917 0.392| 0.837 0.98%  1.000 0.824 0.398
0% | 2371 | 2.340 0.383| 1.982 0.983  0.999 0.727 0.16[L
FC-RA | 39% | 2145 | 2121 0.322 1.767 0.987  0.999 0.696 0.15D
96% | 1628 1.628 0.000 1.464 1.000 1.000 0.781 0.00D
0% | 2440 | 2.414 0.354 | 2.047 0.990  0.999 0.724 0.145
PC-RA | 39% | 2321 | 2.306 0.259 1950 0.989  0.999 0.666 0.11p
96% | 1.699 1.676 0.279 1.387 0.989  0.999 0.73( 0.164
0% | 5107 | 5.097 0.322 | 4.459  0.99( 0.998 0.564 0.06B
UC-RA | 39% | 1861 1.832 0.327 1530 0.987  0.999 0.723 0.16[1
96% | 0543 | 0543 0.000 | 0.489  1.00( 1.000 0.911 0.00D
b) Stroosnijder model @)
CS ML | RMSE | RMSEs | RMSEu | MAE R? D Siope (b) | RMSEu
RMSE
0% 4808 | 4.766 0.634| 4407 0990 0997 1412 0.132
'?gérBe';‘ 0% 5.926 | 5.875 0.778| 5.44]  0.988  0.994 1590 0.131
0% 5.850 | 5.802 0.750| 5.371 0985  0.995 1562 0.128
0% 4827 | 4.771 0.734| 4437 0.987  0.998 1.369 0.152
FC-RA | 39% | 3.728 | 3.677 0.614| 3.447 0987  0.998 1319 0.165
96% | 3.081 | 3.081 0.000| 2778  1.000  1.000 @781 0.000
0% 4771 | 4.722 0.680| 4.377 0980  0.998 1372 0.143
PC-RA | 39% | 2.836 | 2792 0.498| 2617 0989  0.999 1 263 0.175
96% | 3.817 | 3.779 0.532| 3517 0980  0.997 1384 0.139
0% 1.761 1.643 0.635 1581 0.990  1.000 1078 0.361
UC-RA | 39% | 4.064 | 4.015 0.625| 3.747 0986  0.997 1371 0.154
96% | 1.027 | 1.027 0.000| 0.924 1.000  1.000 (o911 0.000

*Data sets of 28 for FC-BA, 14 for FC-RA, 28 for R&-and 7 for UC-RA under different mulch cover
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From the statistical test, it can be generalized: forimarily, the relatively large RMSE and MAE

values are due to the underestimation of the simallXEs values for thex’ model and

overestimation ofyEs for f’ model. Secondly, thex’ model seems more reasonably well
performed in a bare basin area of the treatmetBRY; whereas th@’ model relatively good in

a bare unshaded runoff strips (UC-RA at ML0%). dilyiy in both casesa( and p’) the full
mulched plots (ML96%) in particular for treatmeRfS-RA and UC-RA, the unsystematic errors
were shown to the highest, which indicates thate kilmsness of the mulch treatments on

simulating) Es using the models.

In general, from the verification part, the Ritchi@del performed better than Stroosnijder model,
although the model results vary at different posgi Despite this Stroosnijder model will be
used, as it gives a better RMSEU/RMSE over the midege of treatments. However, the one
calculated with potential evaporation renders be#kationships to predict Es for canopy shade in
a field with incomplete cover row crops (such asz@ainder IRWH). This demonstrates that the
crop canopy shade pattern played a role in altehegatmospheric evaporative demand on field
conditions. Therefore, when evaluating Es beneattai@e canopy, the consideration of weather
parameters has an advantage, since the microclh#te cropping system changes according to

the basin and runoff arrangement practices. Comselyy it is suggested that use of a model as a
function of potential evaporation (i.e. calculatpg indicated a dependence §fEs on the

atmospheric evaporative demand, which is mainlyedriby net radiation and vapour removal
characteristics under the prevailing weather caoorst

Nevertheless, the application of cumulative pot#ngvaporation relationships has appreciable
usefulness in estimating actual soil evaporatiodeurfield conditions for incomplete cover of
IRWH. The studies of Jacksa al. (1976), Gill and Prihar (1983) and Stroosnijder (22®und
that models using cumulative potential evaporatfdlEp,.”) were very reliable, despite the
popular usage of the Ritchie model in various otskerdies for estimating soil evaporation.
Hattingh (1993) also found the model of Boesten t€o&nijder (1986) to be very reliable, but
claims that the Ritchie (1972) model performeddrett
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5.4 Conclusion

The method developed in this study has been showrotvzide a practicah situ Es measurement
using microlysimeters beneath maize canopy fotitlage of IRWH. In addition, there had been
limited information in achieving Es measurements astimation from the sub-section of the
basin and runoff area under IRWH technique. Theeefo this study, evaluation of empirical
models was performed in order to estimate the phl/garameters of evaporation in bare and
mulched soil surfaces in terms of time and po#mtvaporation (£°and §E,x) ) for different

positions across basin to runoff area of IRWH.

From the result the amount of Es reduction wasrdeted by change in atmospheric conditions
and ability of the surface treatments. Thus, allsB¥iowed highly significant differences on the
total Es. Among the surface treatments (RSL and,Migly the ML showed a significant
difference with higher total Es values in bare tim@nts, but the magnitude of Es reduction from
different mulch levels had shown no statisticaiatéons. This is probably due to the influence of
evaporation processes on stage-1 and stage-2ridy $aam soil of the experimental site with a
high infiltration capacity. Even though the RSL dhidt show significant differences, the narrow
RSL-1 was less restrictive in reduction of Es. Thide RSL-3 and RSL-2 reduced total Es by
about 7-8% and 3-9% compared to narrow RSL-1. Hewethe combined effect ML and CS
(positions) was detected with average Es reduatfch?, 1.5 and 1.4 mm dfor DC-1, 2 and 3,
respectively. The major contribution for the intdree effect on Es was due to lower Es
restrictive properties of bare FC-BA and higherré&strictive properties of the mulched PC-RA

sections of the runoff.

The present experiment on Es beneath maize carlepygave a better insight into the range of
variations ina’ and 3 values in terms of time andydz for different position of IRWH in fine
sandy loam soils of Kenilworth Bainsvlei ecotopetlud semi-arid area. In all the treatments the
simulated) Es were underestimated by the Ritchie model ancbitrast overestimated by the
Stroosnijder model. Moreover, this study indicatedt the time ' model) performed well to
estimate) Es from the basin area and the potential evapargfiomodel) from the unshaded
runoff strips. However the consideration of weatb@&ameters may have an advantage, since the

microclimate of the cropping system changes acogrdd surface treatments in the system of
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IRWH. Therefore the microlysimeter used in the ekpent made it possible to measure and
compute daily and cumulative evaporation rate bigneeize canopies across the basin to runoff
section of the IRWH structures. Moreover, the dffet surface treatments, such as mulching
along with various canopy shading cover was cord@drn reducing evaporation rate to evaluate

Es values within the maize field.
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CHAPTER 6

Deriving Empirical Models to Estimate Soil Water Evaporation as

Influenced by “ dry-mulch’” and “ green-mulcii Cover of a Maize Canopy

6.1 Introduction

The amount of soil water lost to the atmosphereseiawater evaporation (Es) from beneath a
crop canopy is highly variable on day to day ad aglthrough the growth stages. In row crops
like maize Zea mayd..), Es was estimated to be as high as 50% of agxapspiration under
fully ploughed (Allen, 1990; Papendick and Campb&890; Pilbeanet al., 1995). However,
under another maize system Kloakeal. (1990) reported that soil evaporation was only 3%
the total evapotranspiration during the growingsseain western central Nebraska, USA. In
semi-arid areas of South Africa, Beneteal. (1994) claimed that soil evaporation could account
for between 60% - 85% of the rainfall. Thereforebedter understanding of soil evaporation
losses is needed to lead to the development ahatiee production systems that can improve

crop productivity in semi-arid climates.

As evaporation from the soil surface can be a magpanponent of a cropping soil water balance,
further studies of water balance and water userbpscgrown under rainfed conditions, are
needed to obtain some measurements or estimati@oibfvater evaporation (Es) from the
cropped area. To assess the value of crop manag@maatices to reduce Es lo€ss must be
accurately measured or estimated. Evaporation thencropped field under the system of IRWH
is also influenced by the interaction of potengahporation, amount of canopy cover, current
soil water content (Wallacet al., 1993; Toddet al., 1991; Stroosnijder, 2003) and the position
in basin area or runoff strip sections togethehwime other cultural practices. Of the strategies
included in the technique of IRWH, the selectiommaflching levels and optimum runoff length
may be used to modify the water lost by evaporatiom soil surface in semi-arid areas, which

ia working against the water collection harvestmigciples.

Various approaches have been used to estimateothevaporation from beneath the canopy.

For example, the microlysimeter method providegstimation of evaporation from beneath the
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canopy of growing crops (Boast and Robertson, 198alker, 1983; Hoffman, 1997; Allen,
1990; Yunuseet al.,1993a). However, the microlysimeter method islyansed for long period
or for Es estimations through the whole croppingssa (Leuninget al., 1994, Easthanet al.,
1999; Eastham and Gregory, 2000). As a resultrrative methods for estimating Es using
either empirical (Adamet al., 1976, Coopeet al., 1983), semi-analytical (Ritchie, 1972) or
modelling approaches (Lascano and van Bavel, 1@&f#laceet al, 1999) have been adopted in
different studies of Es beneath crop canopies.ebafit approaches were suitable for different
cropping systems, and only a few Es studies exm&ravcomparisons were made for row crops
(Admaset al., 1976; Yunuseet al., 1994; Eastham and Gregory, 2000, Philip and Mastaf
2005). Furthermore, for the last two decades insthdies of the IRWH technique, Es has been
considered a major component when evaluating eéffttmanagement practices (Hensbwal.,
2000, Bothaet al., 2003; van Rensburgt al., 2005, Nhlabathi, 2010, Zerizgtst al., 2011).
Nevertheless, it seems that more investigationsermimg the effect of shadinggteen-mulch)

and stover mulch ¢fry-mulch) in suppressing Es are required to improve watanagement

practices.

The usual effect of mulches or crop residue andlading is to lower the maximum soil
temperature because of the greater reflection amgerl penetration or absorption of solar
radiation and that they have a lower thermal cotidity than the soil (Hortoret al., 1996; van
Donk and Tollner, 2000). Reduction in evaporatiesses with mulch or shading is also
influenced by soil type, atmospheric evaporativendied, amount of mulch applied, precipitation
pattern as well as other local climatic factors antural practices (Philip and Mustafa, 2005).
Therefore, the reduction of soil evaporation by chubr shading has been related to the
percentage of surface cover (Adaetsal., 1976). Priharet al. (1996) estimated a reduced
maximum evaporation rate from mulch covered soilsdiferent soil textures by using
exponential fit functions of Es against percentageer. The shading of the soil surface by the
crop canopy could then be a substitute for the styme of protective effect of mulch cover
(Unger and Jones, 1981). Therefore, both shadidgnamch application {reen-mulch’ and
“dry-mulcH) have been observed to favourably lower the wailer evaporation from a cropped

land and are expected to increase water use eiftigie dryland farming.
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The hypothesis of the study is that, the Es frofime sandy loam soil of Bainsvlei Kenilworth
ecotope, is reduced by both a complete organicestawulch cover on the runoff strips and the
crop canopy shading. Therefore, the objective efstindy was:
» to develop empirical models to estimate cumulasioi evaporation across the basin and
runoff sections beneath a maize canopy as influebgevarying amount of stover muich

(“dry-mulch) and canopy shading gteen-mulch) under the IRWH technique.

6.2 Materials and methods

6.2.1 Experimental layout

For this experiment, all the RSL treatments anédhof the ML treatmentsjz. 0%, 39% and
96%, were used to develop empirical relationshipd & estimate cumulative soil water
evaporation on every 1 m section length acrossb#sin into the runoff area for the growing
seasons, 2007/08 and 2008/09. The positions afitesurements were presented in schematic
diagram in Chapter 5, Section 5.2.1 (Fig. 5.1).

6.2.2 Measurements and approaches
Growth stages The phenological growth stages (as described inptéha2 Section 2.3)
represent emergence to late vegetative (GS-I),Vagetative to tasseling (GS-Il), tasseling to

grain-filling (GS-I111) and grain-filling to matunt or harvesting (GS-1V)

Weather variablesWeather data from the automatic weather station $)\vh site was used to
calculate the reference evapotranspiration, ETo S8®enman Monteith equation (Allebal.,
1998) in order to computex(.1) daily potential evapotranspiration, fsIduring each growing

period at the experimental site (described in GéraptSection 5.3).

Mulch application: The dry maize stover mulch was applied evenly avigr the runoff section
at several levels varying from bare (0%) to the imaxn mulch level of 96% (described in
Chapter 2, Section 2.3.1). The mulch applicatiors Wane only prior to the second cropping
season (2008/09).
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Leaf area Leaf area was used as an indicator of canopy dprednt and shading. In the present
study, leaf area (LA) measurements were performad 25 DAP until the crop attain maximum
plant growth at 10 days interval (described in Gaa@ Section 2.3.2). An index was calculated
as a ratio of measured leaf area over the basthdaga only, (the same unit area for all RSL
treatments) and so it is denoted as “BLAR”. Thiffedent BLAR calculation, which only
includes the basin unit land area, can help togoaize the effect of shading cover of a maize
canopy across different RSL treatments as thereeféeetively a range of plant densities over
basin area. The range of plant densities in thinbaslude 3.3, 4.1, 4.9 and 6.4 plantsfor
RSL of 1, 1.5, 2 and 3 m, respectively, but effegdi give the same total plant population across

a hectare of land under IRWH.

Leaf area measurement in 2007/08 cropping seassromig done once at flowering (65 DAP),
and then interpolated to generate LA for the crog@eason with a linear relationship between
all RSL treatments (n=4) of the two seasons, witiad a strong correlation t80.94). As a
result, linear functions describing the developn&#BLAR of each RSL treatment throughout
the growing period were developed (Appendix 6.1).

Canopy shading Based on the results of LA obtained from the figlgbasurement, an
interpolation was made to extend to daily valuesughout the growing period. This was
implemented by a general procedure by construdtireg crop coefficient curve during the
growing period. That was derived from the four idist growth stages for a medium maturing
maize crop variety, as given in Alleat al. (1998). Hence, the numerical determination of the
daily BLAR values was used to estimate the shadowgr effect (CS) of a maize canopy. In the
relationship, the assumption was made that a BLAR e proportional to full canopy cover for
maize crop. Todet al. (1991) and Allen (1990) suggested that from loanplpopulation of a
row planted maize crop, the full coverage probatily not exceed LAI of 3. Thus, the canopy
shading effect as a shading cover percentage (@Shtked to the plant leaf area ratio values,
by assuming that BLAR of 3 is proportional to fodverage.

Soil water evaporationEvaporation of water from the soil surface beneatirop canopy was

measured using microlysimeters containing undigtirkoil samples during three drying cycles
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(DC) each after a rain event. The periods selefiedoil evaporation measurement were after
the crop had reached its maximum canopy cover guhie second season of the experiment
(2008/09). The detail Es measurement procedures th@dposition of the microlysimeter
measurement are described in Chapter 2, Sectiokd &1@ Chapter 5, Section 5.2.2 and 5.3.1.1.

6.2.3 Empirical relationships for model development

For the estimation of cumulative soil water evagora() Es) during the crop growing period,
the potential evaporation, leaf area induced cargimding effect, mulching levels and soill
characteristic parameter were considered. Soihsararea shaded by the canopy was computed
as a function of BLAR, thus the canopy structuraypla significant role for improved solar
radiation interception and consequently affect tlighailability for growth (Maddonnet al.,
2006), It is assumed that, plant cover providedth®y canopy that reduces the Es is directly
related to the mulch cover reducing effect on Hse Tombined effect of surface treatments
(mulch and shading cover) in reducing the cumudaBvaporation were used to determine the
estimated cumulative evaporation during the growaegod for different positions in basin and

across the runoff section.

For this study, a soil evaporation characterisicameter for the experimental site was adopted
by considering the Stroosnijder model fdvalue (see Chapter 5, Section 5.3.1). ThustHer
soil of this experiment as a representative foehaots (without mulch and shading effect) a
central part of RSL-3 (RA2) were taken for compgties. The average value Bfwas = 1.87
mm’®, i.e. calculated from DC-B/= 1.91 mnf-°and DC-2'= 1.82 mn?">.

Using these newly developed models (Egs. 6.2 & @lculations were made to estimate daily
Y'Es by assuming that on a specific day the soilas tw a considerable soil depth (at least top

part of the surface soil 100 to mm deep) afteriafath event. The soil wetting was assumed to
occur at day n for a rain event. In this studyeéhiadditional assumptions were taken into

account for the calculation of daifjEs that depends on the effective rain ¢R¥-viz.

i)  When the amount of daily rain > 6.5 mm (B> 6.5 mm), it is assumed that the

soil is fully wet again and begins a drying cy@ead
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i)  When the amount of daily rain is not fully effe@iy3 mm< RFen < 6.5 mm) it
means that the rain does not entirely rewet thexddsoil surface. In order to take this
into consideration, an option used by Boesten anabSnijder (1986) was adopted
wherey Epot= Y Epotin-1i+ Epotny- RFm). This implies that a relatively small amount of
rain only slightly lowers the increase )ipot that contributed to actual Es.

iii) In the case of small rain events of less than 3(RRemn < 3 mm), it was considered
that this small amount of rain was not enough teetehe dried soil.

Thus, all options (i-iii) were included accordinglye. calculations of Es were made for 16 and
13 rain events using option (i) and 6 and 10 raenés using option (ii) for the growing periods
2007/08 and 2008/09, respectively. For the constmiof the empirical models during 2008/09
cropping season &Es data set for DC-2 was utilized to generate tffef CS and ML.
Furthermore, the performance of the Es empiricalel®were verified by using the combined
data set from DC-1 and DC-3 (2008/09) for the basid runoff area. The DCs had higher

evaporative demand in DC-1 and lower in DC-3 coragan DC-2 (Chapter 5, Section 5.3.1,
and Table 5.1).

6.2.4 Statistical analysis method

From the measured leaf area data at an intervdDaflays (from 25 — 65 DAP), a statistical
analysis was done with the results of BLAR to apalthe effect of RSL and ML treatments on
each measurement day (DAP), using the statistafalare SAS 9.1.3 for Windows (SAS Inst.
Inc., 2006). In this analysis, Randomized CompRleck Design (RCBD) replicated three
times was used and means and LSD for the maimtesdteffects were computed. In a similar
way, statistical analysis was carried out on tHeutated values of canopy shading percentage
(CS%) for the effect on RSL treatments and betwentwo cropping season. For developing
empirical relationships both linear and exponenfiaictions of regression procedures were
applied. Furthermore, from the model results oinestied of) Es, statistical comparisons were
also made between treatments, using the same pieceldor the evaluation of the models,
measured and estimatétEs values were compared using simple regressioceguses and

mean statistics as given by Willmott (1981; 1982).
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6.3 Results and discussion

6.3.1 Rainfall and potential evapotranspiration

The average rainfall over two seasons was 266.2whmah is 104.7 mm lower than the long
term mean rainfall for the full growing period (GH)able 6.1). The second growing season had
lower rainfall than the first growing season, theyt were both dry years. The rainfall during the
GS-I and GS-Il of 2007/08 was less than the rdirgblthe same GSs in 2008/09 cropping
season. However, in GS-1lI the rainfall for thesfigrowing season was much higher (3 times)
than that in the second growing season. The amotumainfall received during the GS-llI
therefore comprises 37.0% and 12.4% of the toiafaih received during the growing seasons
2007/08 and 2008/09, respectively. In the seconavigig season, the water deficit was during
the reproductive stages, which had a greater infleen the yield. Passioura (2006) determined
that water deficit occurring at any one of theicait stages, will cause a reduction in the totgl dr
matter yield. In order to satisfy the evaporativaamand of the crop, the required amount of
rainfall needs to be suitably distributed acro$sha different growth stages unless water can be
supplied by stored soil water.

Table 6.1Rainfall (RF) potential evaporation 4fg and Aridity Index (Al) for the four growth
stages for two maize growing seasons (2007/08 &2®) at Kenilworth Bainsvlei.

Crop growth stages
Parameters Cropping Season GS-l GS-ll GS-lll GS-Iv GP
(0-45) | (46-70)| (71-105) | (106-150)

2007/08 88.9 52.6 104.7 36.3 282.5
RF(mm) 2008/09 1145 64.6 30.9 39.8 249.8
Mean (2 yrs) 101.7 58.6 67.8 38.1 266.2
LT mean 370.9
2007/08 281.7 134.1 153.3 151.3 720.4
E,o(mm) 2008/09 294.7 88.0 138.1 129.3 650.1
po Mean (2 yrs) 288.2 111.1 145.7 140.3 685.3
LT mean 1283.2
2007/08 0.32 0.39 0.68 0.24 0.392
Al 2008/09 0.39 0.73 0.22 0.32 0.384
Mean (2 yrs) 0.36 0.56 0.45 0.28 0.388
LT mean 0.289

LT is the long-term and GP is growing period. Dagt from 2000-2009, source ARC-ISCW Climate
Data Bank. *Al calculated Aridity Index = (RE,«)

The amount of fy for the second season was lower by 70.3 mm cordgarthe first cropping
seasons (Table 6.1). Although both seasons shawilarsaverage aridity index (Al) of 0.38 and

0.39 during the growing periods, but the growthgetahave marked differences (Table 6.1).
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There is a well-defined water deficit (Al of lesgah 0.25) during GS-IV in the first season and
during GS-lll in the second season, dropping frefatively higher Al (>0.65) in the previous
growth stages. However in both years, the highehnakl only lasted through one growth stage as
the beginning of the season Al was 0.39 in bothigrea

The long-term precipitation amount is nearly sudfit for maize production (Henslest al.,
2000), but the distribution and intensities of thmfall vary across the various growth stages, as
a result it is usually inadequate to support a goadvest in semi-arid areas. High evaporative
demand and the erratic nature of the rainfall causemi-arid climates resulting in low
productivity of maize, particularly due to high @aaative demand during the tasseling and grain
filling stages (Hensleyt al., 2000; Passioura, 2006). Thus, it is important gplya cultural
management practices to reduce soil evaporatisesothat would reserve more water for the

crop for better productivity.

6.3.2 Effects of canopy shade and mulch cover

6.3.2.1Leaf area

The measurement of LA is an important parametetetermining the cover effect of the crop
beneath the canopy. The statistical analysis ofntiean value of BLAR at 10 day intervals
showed a significant difference at P value < 0.0@f¥1the effect of RSL treatments, but ML
treatments had no significant difference (Tablg.@&2idently, there was a significant difference
between the BLAR through the season (with DAP),eapected, although there was no
significant difference detected within between fhst two measurements (25 and 35 DAP)

when the crop is in the vegetative stage (GS-I).

The canopy developed rapidly reached a plateab a65 DAP for all treatments of wide (RSL-
2 & 3) and narrow (RSL-1 & 1.5) with different mbiog levels. The highest BLAR was
obtained from RSL-3 as all plants are concentratdtie basin area compared to RSL-1 where
plants are spread evenly over the whole treatnresat & his implies that, BLAR were generally
greater for wider RSL treatments compared to narRSBL treatments because of the plant
densities per unit basin area were greater in wideoff strip lengths. The BLAR was highest
(2.47) in RSL-3 as it had the highest density ahps (6.4 plants thin basin area) and the RSL-

103



Chapter 6 Empirical models for soil evaporation

2 at BLAR 1.76 and RSL-1.5 at 1.40 and the lowestsity RSL-1 (3.3 plants fin basin area)
at BLAR = 1.18 (Table. 6.2). There was no effectmfich over the runoff strip of any length on
the BLAR for each RSL group as the competitionréatiation and density of plants in the basin

area was not different.

Table 6.2 Effect of runoff strip length (RSL) and mulch lé¥#L) on measured basin leaf area
ratio (BLAR) of the basin area during growing pekio

Days after planting (DAP)

Treatments 5 35 45 T5 65 Mean
a) Runoff strip length (RSL)
1m 0.04 0.17 0.38 1.00 1.18 0.55¢
1.5m 0.06 0.15 0.49 1.10 1.40 0.64c
2m 0.08 0.20 0.60 1.60 1.76 0.85b
3m 0.11 0.33 0.85 2.21 2.47 1.19a
b) Mulch level (ML)
0% (bare) 0.07 0.22 0.56 1.43 1.72 0.80
12% 0.07 0.21 0.54 1.45 1.68 0.79
39% 0.08 0.22 0.56 1.50 1.69 0.81
64% 0.08 0.21 0.62 1.52 1.73 0.83
96% 0.07 0.20 0.61 1.47 1.70 0.81
Mean 0.07d 0.21d 0.58c 1.48b 1.70a
Interaction (RSKML) LSD: DAP =0.15 RSL=0.13 ML=ns RSL*ML =ns

For example, the plateau BLAR on wide RSL-3 treattmevere 52% and 43% greater compared
to narrow RSL-1 and RSL-1.5 treatments, respegctivebddet al. (1991) found that peak LAI
for maize to be at 60 - 65 days after planting etrege of 2.50 — 3.00. In another study of sparse
maize rows, Tuzet and Wilson (2002) claimed thahwvia uniform field of maize the lowest
overall LAI value was 0.09 whereas, in contrasg, A\l of the highest cover was found to be
2.50. This value is in agreement with the averag@m of 2.47 for RSL-3 at 65 DAP (Table
6.2). Therefore, it is presumed that, the BLAR ealof this experiment can be used to estimate

canopy shade cover during the growing period.

6.3.2.2Canopy shade cover development

The development of soil surface cover through cgnspading can improve soil water
availability by reducing soil evaporation. In gealethe CS% follows a sigmoid curve as it is
developed from the leaf area expansion of the ctépwever, the canopy shading cover
percentage (CS%) varied according to the RSL dubioifp growing seasons (Fig. 6.1). There

was a highly significant difference between thewjng seasons and among RSL treatments on
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the effect of canopy shading. The highest CS% vimemwed in a wide treatment compared to
narrow strips during both of the growing seasore first growing season showed much higher
canopy shading cover in each of the RSL treatmfeonts generated leaf area values. The RSL-3
CS% values reached maximum at about 65 DAP inr@dittents with CS% values of 47% -
94% and 40% - 79% for the first and second seaf€igs 6.1). The lowest BLAR on 25 DAP
was 0.04 which was equivalent to 1.4% and the maxinBLAR on 65 DAP, was 2.58, which
becomes a canopy cover percentage of 86%.
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Figure 6.1 Canopy shading cover percentage for different R®hattnents during cropping
seasons (a) 2007/08 and (b) 2008/2009.

6.3.2.3Canopy shade effect related to mulch cover

In this study the assumption was made that Esféestafd by canopy shading and mulch in the
same manner. The leaf canopy is considered totpeaof “green mulch” that covers the soil
and prevents the penetration of solar radiatiotinéosoil surface, just as the stover mulch cover
“dry mulch” would do. Therefore both “green mulchhd “dry mulch” effects were used to
establish Es dependence on the two surface tren#nRSL and ML, respectively, and
consequently develop relationships for soil evapomarate under the canopy shaded and mulch
cover, using the two data sets of Es, as an assumpt

105



Chapter 6 Empirical models for soil evaporation

» The bare basin Es with highest plant density (RSka8in) as a full leaf canopy was
assigned to be equal to the Es from the centreeoRISL-3 plot with highest mulch level

(ML96%) where there is no plant cover at the ceatrihe runoff strip (RA-UC).

These Es measured values were then compared vadn gind dry mulches (Fig. 6.2). The
relationship between canopy shading and mulch leveet consequently best described by
straight line (Fig. 6.2) which implies that theeaft of shading and/or mulching can reduce soil

evaporation under the maize crop.
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Figure 6.2 Measurement of daily Es values under the canop\geeen-mulch i.e. from bare
full shaded (RSL-3 Basin) basin area compared thi¢hEs from tiry mulch” of ML96% with
no canopy cover (RSL-3, RA-UC).

From Fig. 6.2, therefore, it was confirmed thattlas graph shows soil evaporation due to the
effect of shading and mulch cover has a strongalimelationship with Rof 0.85. Hence, this
relationship can confidently be used to evaluageitifiuence of shading (plant canopy cover) or
the so called green-mulch and mulch material applications odr{y mulch in reducing Es in
the maize field with an alternative basin and réirawéa arrangement as in the case of IRWH.
Adams (1976) has shown that the percentage of shadiin be determined by using LAI of
different row spacing and variation in plant popigia or by applying any available methods that
can shade the soil surface of a crop land durieggtbwing season (Anderson, 1971). Hence, in
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this study, for a maize crop under IRWH system tias provide an alternative approach to

estimate the canopy shade effect on soil wateraasipn within the maize crop field.

6.3.3 Alternative method to calculate soil surface evapation

For quantitative estimation of potential and acexporation losses from the soil surface under
the crop canopy it is often required to assesvdhge of crop management practices such as the
technique of IRWH. In order to consider the estiorabf daily or seasonal Es, one can apply
simple empirical relationships. In this presentdgtassumptions were taken from the standard
approach to calculate crop evapotranspiration (ESioce the soil water evaporation is part of
ETc, where it is partitioned into Ev and Es. On olieer hand, effects of the weather conditions
on the evaporation are incorporated into ETo (Miéimtand Unsworth, 1990). Hence the
common procedure used to determine the ETc is bygus crop coefficient factor (Kc) i.e.
multiplying ETo by Kc (Allen etal., 1998). Furthermore, to estimate Es Boesten and
Stroosnijder (1986) proposed to use an evaporafi@macteristics soil parameter containing a
single paramete{), for bare soils assuming that it evaporate depbal rate. However in this
study, as an alternative to calculate cumulativér&® different surface treatments beneath the
maize canopy, the value of an addition coefficiator (K.ove) for green mulch cover such as

shading and/or dry mulch were incorporated into&tnijder model as follows:

YES = KeoverB' X \[ZEpot 6.1
Therefore, empirical equations were used to eséfyjgs, taking into consideration the reducing
effect of CS and ML in the IRWH system. These agstions were different for basin areas,

with only shading effect and for the runoff areathwhe effect of mulch under various shading,
as follows:
» To obtain a coefficient for green mulch factor{l£) the soil evaporation was calculated
as a function of percent shading (n=5) for the badi each RSL treatments (39.5%,
47.5%, 62.5% and 79.5% for RSL-1, 1.5, 2 and 3 speetively) together with the
unshaded section in the central part of RSL-3 (Wdgre one assumes CS% = 0. It was

assumed that the Es could reach a maximpiiss(max)) on bare and unshaded, with

Kcover = 1. Thus, the data points PEs for the basin area were fitted X&s/y Es(max)

against CS%, in order to obtain Kc factog.k ranging from 0 — 1.
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* The mulch cover effect on the runoff area was aaisgd accordingly to FC, PC and UC
at three levels of mulch cover (n=9). In this rebar multiple linear regression was
applied for the combined effect of CS and ML foffetient positions, simultaneously.
Then, a similar procedure was applied to obtainog coefficient (Kove) values for the
runoff area with both ML and CS effects on Es. Témulting equations are as follows:

Basin area: YEs = —0.1357CS + 19.564 (R2=10.92)6.2
Runoff area: Y Es = —0.0912ML — 0.0117CS + 17.163 (R2=0.84) 6.3
Based on these assumptions using the linear nedtips (Egs. 6.2 and 6.3) an interpolation was

performed to obtain Kc values for each treatmertteurthe effect of ML and CS, as listed in

Table 6.2. These &.ervalues will be used to calculdfgEs together with the Stroosnijder model.

Table 6.3 Values of coefficients factor @) for canopy shading for basin area and mulch

cover together with shading effect for runoff aras.,calculated from the ratiKEs/y Enaxandas
function of CS% and ML%.

Mulch or canopy Bare 12 390r39.5| 475 620r64 79.5 96
shade cover (%) % % % % % %
Basin Area Kegyer 0.92 0.73 0.56 0.33
Runoff area Kgoyer
FC 0.94 | 0.88 0.73 0.60 0.43
PC 097 | 0.91 0.76 0.63 0.46
ucC 1.00 0.94 0.79 0.66 0.49

The canopy shade cover (CS) of 39.5%, 47.5, 62%ark correspond to the RSL of 1, 1.5, 2 and 3 m,
respectively.

From the reference value of the bare UC where Exp@cted to attain to the maximunis

(Y Es(max), the Koervalues found were in the range of 0.33 — 0.92 add8 8 0.97 for the basin
and runoff area, respectively. Thus in both caBeskt,.e decreased with an increase of mulch
and shading cover (Table 6.3). Shading by a maremy might be especially important in the
system of IRWH, where the adjacent plant rows &reaoying distance from each other between
runoff strips. For the soil covered with mulch, ph&ential evaporation rate at the soil surface is
reduced due to the cover effect of the mulchingeniat (“dry-mulch). Reducing evaporation
from the soil surface is estimated by the line&at@nships from the cumulative Es such that the
fractional cover governs radiation energy intercepaind a soil parameter effect. Therefore, the
implication of these new alternative models devetbjin this study is the inclusion of both

atmospheric weather conditions and surface tregameAllen et al. (1998) discussed that,d&
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depends mainly on net radiation and water vapauoval charactertics but it also depends to a
lesser extent on the properties of the soil (vameBand Hillel, 1976; Boesten and Stroosnijder,
1986). The empirical relationships of the cumulatpotential and actual soil evaporation then
contribute to include the effect of surface treattadJalota and Prihar, 1998).

In the present study therefore, the cumulative aitydEs for the whole growing period was

determined using the developed empirical equatiynselating potential evapotranspiration and
the effect that the surface treatments had in liedUges losses at a field level. Consequently, it is
an important step to perform an evaluation of tipieical models using the available field data

sets.

6.3.4 Evaluation of the empirical models

Validation of the empirical models was made usihg field data obtained during the Es
experiments of DC-1 and DC-3 which had effectshafde and mulch (Fig. 6.3). The results of
the performance statistics showed prediciés from the combined data set of the basin and
runoff area with Rof 0.59. However, the critical RMSEU/RMSE ratidagly good (> 0.52), as

is the acceptable D-index value. However, the ptediy Es values are poorly scattered around a
1:1 line fit, and resulted in underestimation obab24%. The RMSE and MAE values were
found to be 2.164 and 1.992 mm. These high erriuregawere probably due to the complicated
effects of shading together with the mulch covethim IRWH system. Interestingly, the variation
around 1:1 line was smaller for the bare UC rurmpaf$itions than the mulched and/or shaded
positions. Nevertheless, from the statistical nssaf the validation procedure, it is concluded
that the model for estimatiriges from different positions of the basins and axrosoff area of

the IRWH techniques can be used for computing thiembalance components (Chapter 7).
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Figure 6.3 Evaluations of the measured versus estimated ofulaiive soil evaporation for
combined data set of the DC-1 and DC-3 for baseadBA) (n=10) and runoff area (RA)
(n=18) using equation 6.1.

6.3.5 Estimation of soil evaporation during the growth peiod

In the system of IRWH, Es is likely to be largelfeated by the different positions between the
rows and across the runoff area. Irrespective &erdint runoff lengths, the proportion of
incident solar radiation intercepted by the canopyhe crop increases as the crop develops,
consequently the reduction in evaporation from s$bé surface accordingly increasegEs
calculated from the model for the basin and ruras#a are presented in Figs. 6.4 to 6.6,
according to different shading and mulch cover lev&ach RSL treatment curve can be
described quite well by a second degree polynofaiaition (R > 0.98). Besides thgEs results
were summarized for each growth stage and iés represented as a proportion of seasonal

rainfall and as a reduction from potential evapmtparation (Appendices 6.2- 6.4).

6.3.5.1Basin area soil evaporation

All the RSL treatments in both seasons showed #ssipattern with largeé Es values for the
first growing season (Fig. 6.4). There were higsilynificant differences (P < 0.0001) between
the two growing seasons and among the RSL treatm&he highesf Es was estimated from

the narrow treatments of RSL-1 with cumulative ealwf 173.4 mm and 152.2 mm for the
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growing seasons of 2007/08 and 2008/09, respegtiVele lowest estimated amountXEs was

found for wide RSL-3 with 62.2 and 54.6 mm duringstf and second growing seasons,
respectively (Fig. 6.4). For the two cropping seasahe) Es as percentage of seasonal rainfall
for the wide (RSL-3) and narrow (RSL-1) runoff piwere about 22% and 61% (Appendix

6.1). This indicates that, in both seasons thenbasea seasonal cumulative evaporation
reduction, CER (CER=1}Es/ E,)) was increased from 64% to 87% for the first eaaand
77% to 92% for the second season with an increatngth of the runoff strip (Appendix 6.2).
This is due to the fact that the effective shadiager of the basin area beneath the maize canopy
increased due to high number of plants in largeofiustrip plots.
*RSL-1 aRSL-15 ©oRSL-2 xRSL-3
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Figure 6.4 Seasonal estimation OfEs in the basin area of different RSL treatmentsbiath
growing season a) 2007/08 and b) 2008/09.
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In the basin area of the wide treatments with higblant density, the potential benefit of
reducing Es, was recognized due to higher shadiegtecompared to the basin of the narrow
strips. This implies that under dry conditions, gwe@portion of water lost to Es could be
decreased and used for transpiration and subségusedsonal water use efficiency would be
expected to increase for the wide RSL treatmentsebVer, under conditions, where rainfall is
more plentiful or after a heavy rainstorm, the wrdaoff may have a chance to infiltrate and
store more water in the deep fine sandy loam gsofilp of this experimental site. Conversely,
the amount of rainwater to be collected in the hasea of wide runoff strips through in-field
runoff was lower compared to basin areas with maistrips (see Chapter 3 Section 3.3.2) and
thus less Es also. Coopatfral. (1987) described the water loss by Es as a suitztaomponent

of the total water use under dry conditions. Freacti Schultz (1984) and Siddigetal. (1990)
also focusing specifically on maize crops with spacanopies (LAl < 2), found that Es losses
were an important component of the soil water badanThis shows the importance of an
accurate estimate of soil evaporation from the pedparea when determining water use by crops
grown under rainfed conditions. It has been shawmfthe empirica) Es equation that the bare
basin area (planting zone) for maize under IRWHngue with the wide runoff strip lost a
lower proportion of the ET by Es, resulting in movater for Ev than from the narrow RSL. In
contrast Philip and Mustafa (2005) suggested thtt & high in-row leaf area and higher plant
density competition for radiation and nutrients thye plants could result in elevated soil
evaporation. However, in tropical and subtropicaba the availability of solar radiation is not a
major limiting factor for crop growth and produativcompared to the scarce water resource.

In general, it can be stated that, the soil prafilehe basin area potentially may have higher
available water than that of the runoff area, i@ siystem of IRWH, specially, after a rain and
therefore, the basin area supplies greater quesitdf water to meet evaporative demand.
Evidence present in this study showed that, carsbyueture in the basin area is likely to affect
the magnitude of the evaporation losses from thilebsmeath the maize canopy under IRWH
(Chapter 5). This could also influence the avadadnil water for the efficient crop productivity
(Chapter 7).
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6.3.5.2Runoff area soil evaporation

In this present study, unlike the bare basin atie@,runoff strips were covered with various
mulch levels to influence the evaporation from slod. In addition, the runoff section was also
affected by the degree of shading from either sidthe row crops. Therefore the complicated
part of the Es estimation is the runoff area bdnds maize canopy, as there is an interaction of
these two simultaneous effects of mulch and shadawgr. From Fig. 6.5, thEEs curves for
different shading patterns over the runoff secbow significant differences in both mulch and
shading effect for the growing season 2008/09. Reshowed that the highe$tEswas
estimated from the bare (ML0%) treatments with galof 165.4 mm from unshaded central part
of RSL-3. The overall trend showétEswas lower with more mulch cover. Therefore, the ful
mulch cover (96%) was found to be the most effectivreducing Es. In the partially shaded
portion of RSL-2 and RSL-3 runoff strips, accumulgtEs over the growing period gave higher
values than fully shaded portions but lower thanai@arious mulch levels (Appendix 6.3). For

example,Y Es from the fully shaded bare or fully mulched M@sered by about 5 mm and 10

mm compared to PC and UC runoff section. The measan for the loweY Es for fully shaded
narrow RSL is due to the fact of lower penetratmnsolar radiation and much lower air
movement within the canopy that drive evaporatromfthe soil surface (see Chapter 8, Section
8.4.3 and Chapter 9, Section 9.3.5).

From the study of Es in IRWH techniques, Botha @0fescribed how the higher organic mulch
level could give crop roots enough time to exteagreater portion of water after each rainstorm
compared to bare plots. This implies that, a loamapunt of rainfall is used for Es. For example,
in this experiment, the proportion of water lossnirseasonal rainfall was about 62% and 64%
for bare soils and as low as 28% and 30% for fullam rate (MR96%) under full canopy and
partially shaded positions of wide treatments (Appe 6.3). This range of Es over 2008/09
season, showed the good effects of IRWH manageprantices in restricting soil evaporation
losses, that can lead to higher water use effigiemd consequently better yields (Chapter 7,

Section 7.3.3.2). In a similar way, all runoff tre@nts showed highEsduring GS-1 and lower
YEs in later growth stages (GS-Il to GS-IV). Thuss-Gcomprises about 48% of the total

seasonal Es (Appendix 6.2), when canopy leaf dpwedmt and radiation interception were low,
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Y'Es dominates evapotranspiration (Tanner and J@%6;1Coopetet al., 1987; Yunuseet al.,
1993b, Philip and Mustafa, 2005).

> ML0% & ML12% o ML39% x* ML64% + ML96%
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Figure 6.5 Seasonal estimation §fEs from the runoff area with different shading gwowing
season 2008/09, a) full canopy cover b) partiabpsincover ¢) unshaded portion of the runoff
strip for RSL-3.
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However, later in the season 92008/09), when thma was fully expanded and the soil
surface was less frequently wet (during GS-1lI-IY)Es becomes a lower component of total

evapotranspiration (Easthaghal., 1999).

In a similar manner, for the 2007/08 growing seasathout mulch application on the runoff
strips, the range of Es was only due to the shadifert of the maize canopy (Fig. 6.6). The
result showed that there was a significant diffeeebetween shading effect or positions on
cumulative Es with LSD values of 1.99. In this pardar season, the plant density was 33%
higher than the following season hence the shadifegt reduced Es by more than 63%, 61%.
and 60% for FC, PC and UC positions of the runtfps (Appendix 6.4). However, during the

first season) Es was much higher than the second growing seds$mn} Es proportion of the

seasonal rainfall was about the same as the seseastn and ranged between 60% — 66%.
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Figure 6.6 Seasonal estimation ®Es from the runoff area with different shading shgrewing
season 2007/08 Full canopy cover (FC), partial pgromver (PC) unshaded portion (UC) of the
runoff.

Despite often considering the management practmwesduce evaporation losses, the shading
may directly benefit the crop in regulating theiatidn that directly hits the mulched surface.
Thus, the shading effect reduces the temperaturieofmulched surface and this decreases
energy available to evaporate water. From the mlcnate of the crop canopy point of view, the
shading also has an indirect benefit over the nmglcburface by lowering within canopy

temperature and increasing the water vapour. Tiggestion is in agreement with results in
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Chapter 9, Section 9.3.4, when the crop under dnglitions experiencing higher water losses at
higher temperatures with high water vapour than dbel day with lower temperatures with
higher water vapour at canopy level. Leungtgal. 1994) described the advantage of higher
water vapour in crop canopy and in the lower bomndayer of the plant community for
moderating vapour pressure deficit (VPD), as altgmeserving more water for transpiration,
which directly contributed to productivity (Coopetral.,1983; Coopeet al.,1987; Tennant and
Hall, 2001).

6.4 Conclusion

Many techniques for measuring and models for esiimasoil evaporation beneath crop
canopies have been developed. However direct measut of Es in the IRWH system is more
difficult because this type cropping system cossist a variety of incomplete soil surface
covers. The modelling of the soil evaporation frime sparse canopy of IRWH was complex,
though others had developed measurement techniiguase in a semi-arid environment. In this
present study, progress has been made by develapimgnpirical model of Es for conditions
under a sparse maize canopy such as found in WWéHIRechnique. Furthermore, th&Eswas
evaluated as influenced by mulchd(y-mulci) and shading @reen-mulch) of the basin area

and various portions of the runoff area.

The results indicate that, the highest soil evapmravas found in the basin area of the narrow
treatments with mean value of 173.4 and 152.2 mnnguhe first and second seasons, while
the lowesty Es estimates were for wide runoff section treatséRSL-3) withY Es of 62.2 and
54.6 mm for consecutive seasons. The&es values from a basin area beneath a maize crop
under IRWH amounted to about an average 42% ofs#asonal rainfall. Furthermore, the
estimated Esvas reduced by6.9% of the k; on the narrow (RSL-1) to a highest of 91.7% on
the wide (RSL-3) runoff strips. This range is dadhe large amount of shading from the maize
crop canopy in the basin area according to diffeptanting densities. In the runoff area, the

highest) Es was found from bare soils with various shadiogec effects and the full mulch

(96%) was found to be the most effective in redgaail evaporation. Thus, théEs proportion
of seasonal rainfall is about 62%, 64% and 66% foame soil and as low as 28%, 30% and 32%
for full mulch cover under full shaded (FC), pdrttanopy shaded (PC) and unshaded (UC)
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respectively. In contrast, in the first season witthany mulch application, tHéEs proportion of
the seasonal rainfall ranged from 61% — 67%, whkmimpares favourably with next season bare

soil values.

Therefore, this study, has contributed relevanorimftion to the partitioning of ET for the
system of IRWH with basin area and runoff sectiomaa Es reduction was influenced by the
degree of both dry-mulcH beneath the maize canopy angréen mulch This implies that,
reduction of YEs losses through surface cover techniques (RSL Mby could promote
improved water use efficiency, as more stored waseravailable in the root zone for

transpiration.
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CHAPTER 7

Application of Water Balance Model and Productivity Indices for Surface
Treatment Management Strategies under In-field Raiwater Harvesting

7.1 Introduction

In arid and semi-arid areas, water is the mostiligiresource for improving rainfed agricultural
production.In semi-arid regions, rainfed agriculture is copimgh unreliable rainfall, poor soils
and recurrent droughts with subsequent crop ardtiock production failure (Stroosnijder, 2003).
In semi-arid areas climatic variability is at diéat temporal scales (Usman and Reason, 2004).
High natural inter-annual climatic variability isgessed as droughts and floods; high in-season
variability of rainfall leads to frequent dry sge(lUsman and Reason, 2004). Improving rainwater
productivity is one of the outstanding strategi@suse in rainfed agriculture or dryland farming.
However, in dryland farming, much of the productinanwater is lost through runoff and soil
evaporation (Es), resulting in extremely low raitevgoroductivity (Sommet al., 2004). Oweis

et al. (2001) suggested that in dryland agriculture c&@% of lost water could be recovered
through improved water harvesting techniques. Fesnme the semi-arid areas have therefore
developed strategies, including in-field rainwdtarvesting (IRWH), to cope with these uncertain

and erratic rainfall patterns.

In South Africa about 32% of the land area recemesin annual rainfall of less than 300 mm and
almost 60% receives less than 500 mm per annumeamttic distribution, which increases the
risk of crop failures (Schulze, 2006). In the samd crop production areas in the central part of
South Africa, the problem of low and erratic ralhfa exacerbated by two major factovsz. high
runoff and high atmospheric evaporative demand gkgnet al., 2000) which lead to high
evaporation of water from the soil surface. Thessesés hamper the efficient use of available
water for crop production and water losses needetoninimized in order to optimise rainwater
productivity. Therefore, the approach of IRWH wéppropriate cultural management practices
(Hatibu et al., 1995; Hensleyet al., 2000; Bothaet al., 2003; van Rensburgt al., 2005) is an
important consideration for rainfed agriculture atah be an adaptation method against climate
change (Rockstroret al.,2007).

118



Chapter 7 Water balance model & productivity

It has long been recognized that the maize crold yieder rainfed agriculture in semi-arid areas
is dependent on soil water available for the crbfmimization of the water losses and/or
maximizing available water through collecting ietdl runoff can offer an important opportunity
for increasing crop yield (Benniet al., 1994; Hensleyet al., 2000; Bothaet al., 2003). From
different studies of IRWH, ample studies of soilt@&rabalance, yield and water productivity
evaluations have been done on a fixed 2 m runaofjtlerelative to conventional tillage, however,
there are limited measurements and studies ovangerof runoff strip lengths and mulch level
applications. For this reason, one needs to deteritiie appropriate water balance components
for the specific environment and then to evaluae guitability of the system for that specific
environment and cropping conditions. In this stuithgrefore, IRWH with the effect of various
mulch levels on different lengths of runoff stripdl be evaluated using the soil water balance
components and rainwater productivifihis study addresses the potential role of rainwate
harvesting through major findings of run-on andineation of soil evaporation (Es) and
transpiration (Ev) coupled to a soil water balaneedel for improved rainwater productivity.
Therefore, the aims of the study were:

» to quantify the soil water balance components fachesurface treatment using the
measured rainfall and soil water content; and eglly calculated runoff, run-on and
soil water evaporation, therefore being able tauale the transpiration as a residual,
and

» to compare the efficiencies of use and storagaiofall and productivity of the IRWH

system to produce maize grain.

7.2 Materials and methods

7.2.1 Experimental layout

For the experiment 2008/09, all the RSL treatments five sub-plots of the ML treatmentsz.
Bare (0%), 1 t ha(12%), 2 t hd (39%), 3 t h& (64%) and 5 t Ha (96%) each replicated three
times were used for the water balance and watetugtwvity studies. Furthermore, for bare plots
of all RSL treatments, the grain seed yield andogigcal yield (AGDM) values were used to
compare the two growing seasons (2007/08 and 20p&ulch was only applied as a sub-plot in
the second cropping season (2008/09). Detailedrigésa of the site, climatic conditions of the

cropping season and crop management aspects wsngbeel in Chapter 2, Section 2.1 — 2.4.
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7.2.2 Experimental approach and measurements
7.2.2.1Soil water balance components
A simple form of water balance quantification aggprate for IRWH in arid and semi-arid areas
has been adopted from Hillel (1982). Evapotransimira(ET=Ev+ES) can be estimated with the
water balance equation for dryland crop produciiorsoils without a watertable and without
significant internal lateral water movement and barwritten as follows (Benniet al.,1994):

Water for yield = water gains — water losses

Ev=(P +AS)— (Ro+Es+D) 7.1

The equation is stated as general concept that i@tgield is equal to the water gains minus
water losses. In this model, a portion of rain{&l) infiltrates into the soil and becomes available
for root extraction together with the change in sater contentAS) between the beginning and
end period. The losses include the amount of waweporated from the soil surface (Es), the
surface net runoff (Ro) and the drainage amount E®)represents the crop transpiration which is
part of the total evapotranspiration. However, lR&/H technique has two different sections in
each field, the basin (BA) and runoff area (RAjttare practically linked as the runoff strip feeds
water into the basins. Therefore the water balaoceponents needed are as follows:

* For the runoff area (RA):
* For the basin area (BA):
ET =P+ R,,—RCI—D + AS 7.3

where Ry and R, represent runoff from the runoff strip and runioto the basin area and RCl is
the rainfall canopy interception (details in Chap#g. The units for all the water balance

parameters are in mm of water for selected timegder

The most crucial parameter to determine is how nadthtional water for productivity is added to
the profile for each runoff strip length. This da@ simply expressed by the fraction of water that
is available to infiltrate as a fraction of pretgtion (FI) in the basin areaggl) to the amount of

precipitation (FI = Ig4/P).

The water balance model described in this studglyaes the relationship between water added to
the soil in the basin, where the crop grows, framcpitation and in-field run-on (R and the

water lost through evaporation and deep percolatiothe analysis, the parameter RCI, used in
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the basin and runoff area, refers to the amounfathiintercepted by the crop canopy and then
directly evaporated, i.e. rain that never reachessbil surface. Hence, the amount of precipitation
entering the soil profile is the so called infittcan. The procedure used to calculate the run-on fo
different surface treatments was described in GEraptSection 4.2.3.

i) Drained upper and lower limit of available water

Deep drainage is one of the water losses in theepso of water balance calculations. The
magnitude of water holding capacity of the rootewmdetermined by the drained upper limit of
plant available water (DUL). The DUL of the soiltlse highest field measured water content of
each solil layer after it has been thoroughly wetted allowed to drain until drainage becomes
practically negligible. Ratlifet al. 983) stated that a DUL of the particular soil earst, when
the water content in profile decreased by less than 0.2% per day. DUL at the Kenilworth
Bainsvlei ecotope was used from a recent M.Sc.ys{@himungu, 2009), where field and
laboratory measurements of selected diagnostic Isoilzon were compared. The situ
determination of DUL was used in the water balacaleulations for this study. Ritchie (1981)
and Ratliff et al. (1983) as cited in Chimungu (2009) suggested thet to the accuracy of
laboratory methods, the field estimated DUL shooédused with caution. However, Romano
(2002) claimed that field measurements were prbferdor soil water balance calculations,

accentuating the importance of a field determinétd.D

The lower limit of the plant available water (LL9 the lowest field measured water content of a
soil after plants have stopped extracting watesratear premature death or when dormant as a
result of water stress (Ratlét al.,1983). The LL was determined during the coursa gfowing
season by taking the lowest water content measaredach soil layer for separate basin and
runoff areas. The value of LL could vary accordingdifferent seasons and is highly related to
soil water - crop relationships for a particulantepe (Ratliffet al., 1983; Hensleet al., 1997;
Hensleyet al.,2000). Plant available water capacity (PAWC) ia thot zone can be estimated by
simply subtracting the LL values from the DUL vauglensleyet al.,2000),viz.

PAWC = DUL — LL 7.4
where DUL and LL are upper and lower limits of filant available water, all in mm.
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Furthermore, under field crop conditions the DUlaffected by the root extraction rate. Hattingh
(1993) and Henslegt al (1993) developed a concept for maximum amourdwvailable water

extracted from the root zone for a particular gtostiage and particular evaporative demand.

i) Soil water content
To monitor the soil water content of the root z¢88/C) neutron water meter access tubes were
inserted to a depth of 1800 mm, which is deepen tha expected root zone. In the cropping
season 2007/08 (first cropping season) and duhegfdllow period in 2008 access tubes were
located in the centre of the basin and runoff afe@ach plot. While in cropping season 2008/09
(second growing season) additional tubes were dédcat each one meter section of the runoff
strip. Thus, primarily the change in soil water @ was calculated for each 1m section of the
runoff area and at the centre of the basin arecorfkarily, the mean of the change of soil water
over the basin and each 1 m section of the runef avere taken to calculate the residual ET

values for the whole system of IRWH.

The water content readings were not performed gualae basis but mostly the readings were at
an interval of 1-2 weeks except at a time whenniagtron water meter had a problem and taken
for repair. Additional readings were performed dgrsome periods after rain days and after long
dry spells. Nonetheless, the main challenge ofntieasurements of soil water content were the
high variations of the reading taken in particdtarmeasurements in the two top layers of the soll
profile. Subsequently, the adjacent access tubsalied on each treatment gave more accurate
soil water status for each section of runoff ansifarea, but require continuous calibration of the
neutron water meter equipment. However, for thiglgtthe field measured soil water content
readings were utilized by applying the calibraticegression equations formulated from the
previous study of the experimental site (see Cha&ht8ection 2.4.2.1).

7.2.2.2Crop parameters and grain yield
Out of the four row planting strips allocated taleareatment, the two middle rows'{znd ¥
row planting strips) were selected for samplingi@p growth, biomass and yield measurements.

Samples were taken for each plot from both rowmftbe ridge and basin sides. Plant densities
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were assessed after emergence and again afteo@dl on 10 meter length along a row for each
plot.

The dry matter was measured periodically from 2gsdafter planting until the plant attained
maximum size (65-70 DAP). During sampling, the heigf each plant was recorded and cut at
the soil surface and then separate into green ead kaves, stems and reproductive organs. In
the beginning, three plants were harvested (aboweng section only) from each replication but
in later growth stages only two plants were takemfeach basin and ridge side. To determine the
harvested biomass, samples were dried in an owgrated at 7% for 72 hrs. Thus, the above
ground biomass (AGDM), partitioned into leaf, starmd reproductive organs, was calculated as

oven dry material in kg ia

Grain yield of the maize crop was determined fromadrant samples by harvesting 4 m along
rows from each basin and ridge side at the enth@fieason on each replication. The grain was
shelled and weighed oven-dried and adjusted t0¥d2&ed moisture content and expressed as kg
ha'. Harvest index (HI) was calculated as the ratigrain seed yield to above ground dry matter
production (Benniet al.,1998):

Hlyepm = Yg/YAGDM 7.5
where Hhgpwm is the harvest index for above ground dry mattersdsl is the harvest index for

total dry matter, Y is thegrain seed yield, Xspwm is the total above ground biomass (kghha

7.2.2.3Rainwater use efficiency and productivity

Rainfall storage efficiency (RSE)Conservation tillage techniques such as IRWH, detl the
water conserved during the fallow period as welkras rainwater received during the growing
season. This is because the amount of water sthrgdg the fallow period can be crucial to
enhance crop production in semi-arid areas. Fofahew period the RSE equation of Mathews

and Army (1960) is relevant, as follows:

RSE = M x 100% 7.6
f

where8y(n is the root zone water content at planting of theent crop (mm)Bnn.1)is the root
zone water content at harvesting of the previoap ¢mm) and Pis the rainfall during the fallow

period (mm).
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Precipitation use efficiency(PUE): For the growing and previous fallow periods togeth
PUEy was determined as an acceptable and simple wdgsitribe the efficient use of rainwater
available for dryland crop production as given lsnsleyet al. (2000),viz:

PUE;4=Y,/(Py + Py) (kg ha" mm) 7.7

where R and R are the precipitation during fallow period andwirng season.

Water use efficiency (WUE): Water use efficiency was used to measure theiaffty with
which a particular crop can convert the water @ during the growing season (Hillel, 1972;
Tanner and Sinclair, 1983; Botle&a al.,2001; Botheet al.,2003). Thus, WUEr was determined
with a slightly modified version of Hillel (1972Rassioura (1983) and Tanner and Sinclair (1983)
as follows

WUEgr=Y,/ET (kg ha! mm?) 7.8

where WUEr+ is water use efficiency in terms of total evapesgg@ration (ET) in mm.

Water productivity (WR,): Water productivity was determined with an approaded by
Passioura (2006) as productivity is a functionrahspiration lost from the crop. WPtherefore,
measures the efficiency with which a particularpcoan convert the water used by the plant as
transpiration into grain yield during a particugaowing season:

WP, =Y, /Ev (kg Hamm®) 7.9

where WR, is water productivity and Ev is crop transpiratiormm.

Therefore, based on these simple principles of mwha&dance and crop productivity one can
evaluate which IRWH system produces the highedt yper unit area per available amount of

water in order to represent the best practice.

7.2.3 Statistical analysis

In the experiment a Randomized Complete Block DegRCBD) with three replications was
adopted. Thus, from the field measurements a statfisnalysis was done on soil water content
(SWC) and derivatives of plant available water (PB)W evapotranspiration (ET), soll
evaporation (Es) and transpiration (Ev) valuesdteamine the effect of RSL and ML treatments,
using the statistical software SAS 9.1.3 for Windd8AS Inst. Inc., 2006). Means and LSD test
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for the main treatment effects were computed basethe variability associated with the type of
measurements. Test for significance levels &f B.05 and P< 0.0001 were used. The same
statistical procedure was applied to crop parammeird efficiencies (such ag,YAGDM, HI and

all water use efficiency parameters) across thaowsarsurface treatments (RSL and ML).

Empirical relationships of the parameters were dioved using regression procedures.

7.3 Results and discussion

7.3.1 Drainage and soil water extraction management level

The drainage curve for the whole root zone (1800) pravides the information for determining
the DUL value for the experimental site (Fig. 7.Ihe plant available water capacity of the root
zone is calculated from the difference betweenngcupper limit of plant available water (DUL)
value of 475 mm and the maize crop lower limit (LDue to the fine sandy loam soil texture and
increasing clay content with depth down the profilee soil is expected to reach a maximum
water holding value within the 600 - 900 mm layEne high clay content below 900 mm reduces

deep percolation, so drainage losses are consitiefenegligible throughout this study.

550
530 + ;

510 +

490 -+ DUL= 475 mm

\.\o

470 +

Profile soil water content (mm)

A50 A e b
0 60 120 180 240 300 360 420 480 540

Time after saturation (h)
Figure 7.1 Drainage curve for the Kenilworth Bainsvlei ecadjor the root zone 0-1800 mm
determined from field data of Chumungu (2009) amgspnal communication with Malcolm
Hensley in September 2010.

The polynomial fitted line for determining DUL is &llows:

SWC = 528.75 — 20.53(In (t)) R?2 =0.92 7.10
where SWC is the soil water content of root zon® 6f1800 mm soil profile and t is time (in
hours) after drainage starts from the root zonenaintent of field saturation.
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Equation 7.10 would be used to calculate drain®jeof{ the root zone if heavy rainstorms occur
for the IRWH experimental site on that specific Kworth Bainsvillie ecotope. This can be
necessary to quantify the drainage term in the mizaéance (Egs. 7.2 and 7.3). The crop lower
limit (LL) of extractable water for the runoff afhsin area was determined over the profile depth
of 1800 mm (Table 7.1). The total extractable sa@ter (PAWC) was 222.0 mm and 248.5 mm
for the runoff and basin area, respectively. Thi40.7% higher in the basin area compared to the
runoff area. This was probably possible as a resfulbe potentially higher root ramification in
that part of the soil profile in the planting zookthe basin area. Moreover, the basin area is a
water collecting zone due to the run-on procesaed;so it makes additional water available in
the root zone for extraction. However, the amounéexractable water actually available may
vary according to surface treatments, i.e. thetlengrunoff strips and mulch cover levels.

Table 7.1 Soil profile components of the Kenilworth Bainsvierm soil (Amalia family) at the

experimental plot. The effective root zone for neaiz considered 1800 mm (Hensley al.,
2000).

Horizort | Clay % BDZ_3 Depth | DUL LL for RA LL for BA PAWC’® (mm)

(Mg m) (mm) | (mm) (mm) (mm) RA BA
A 8.5 1.28 300 68.4 12.1 104 56.3 57.%
B1- B2 9.5 1.40 600 72.8 47.4 34.1 25.4 38.7
B2- B3 14 1.66 900 80.3 51.2 45.7 29.1 34.6
B3 14 1.67 1200 84.6 49.5 46.6 35.1L 38.0
B4 24 1.68 1500 84.6 46.3 46.1 38.8 38.5
B5 24 1.67 1800 84.6 46.8 43.9 37.8 40.7
Total 475.3 253.3 226.8 222.0 248.5

" Horizon soil depth classification A (0- 250 mm), @50- 420), B2 (420-700), B3 (700-1200), B4 (12@80) and
B5 (1450-1850)’BD=Bulk density andPAWC= plant available water capacity (The soil plbgcharacteristics for
the profile were presented as cited by ChimungQ920

7.3.2 Water balance components

The water balance processes identified in Eqsaidd27.3 for runoff and basin areas are relevant
in the functioning, productivity and in explaininge soil-plant-atmosphere continuum (SPAC)

under the IRWH techniques. Thus, it is importantmonitor these processes through field

measurements and estimations of water balance cwmnp® in order to obtain a good

understanding of improved crop productivity for IRVgystem.

7.3.2.1In-field runoff and infiltration

In-field runoff processes are considered as ont@@inost important parameters in the technique

of IRWH. The in-field runoff processes have beestdssed in detail in Chapter 3 and 4, in which
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runoff was characterized according to the ratidbadin to the runoff area. It is estimated as the
amount that infiltrates as a fraction of precipgatfor a growing season (Fl). From the result in

Chapter 4 therefore, it was shown that differengtas of runoff with a range of mulch levels had

an influence on the runoff—rainfall relationships.order to make a quantitative redistribution of

the amount of rainwater that can be infiltrateditite soil for crop productivity the basin area

values [ga) were taken as the fraction of the amount of igstion(FI = Iz,/P). Figure 7.2

shows the relationship between the infiltrated ticacof rainwater and mulch levels for different

RSL treatments.
1.25

Fraction of rainwater infiltrates|
(Ied/P)

Mulch level (t/ha)

Figure 7.2 Relationship between the rainwater that was aviailto infiltrate as a fraction of basin
precipitation Fl= | go/P) and mulch rate applications for different rundfffslengths.

With an increase in mulch cover level, the fractodmfiltrated water in the basin area reached a
higher value only on two meter long runoff (RSL&)mpared to other RSLs. This implies that
more runoff occurred from where there was insuffitimulch cover on the runoff sections, and a
high infiltration occurred from bare and two meleng runoff strip. On the other hand, higher
infiltration on the runoff area also occurred ire ttvide RSL-3 and with an increase in mulch
levels. RSL-3 treatments with minimum mulch covBtR0% and MR12%) recorded higher
infiltration but showed values less than the RSantl RSL1.5 with an increase of mulch level
cover. Conversely, the full mulch cover of RSL-1daRSL-1.5 were shown to have higher
infiltration than the wide RSL-3 treatments. Sueaedistribution of the rainwater in the system
of IRWH is one of the main processes influencingwater regime of the root zone and hence the

yield. During the cropping season 2008/09 the \ahfenfiltration ratios for basin to runoff area
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(Isa:lra) and FI were calculated for the four lengths afafil strip and each with five levels of
mulch cover for different growth stages for the @vdbalance sheet calculations (Appendix 7.1-
7.5). These results exclude the amount of raithopy interception (RCI) during each growing
period (Chapter 4, Section 4.3.1). Then, thesdteeaere used as input into the water balance for

this study in order to calculate ET as a residual.

7.3.2.2Seasonal soil water content

Soil water content at planting and harvesting

The soil water content for the root zone (0 - 1808) at planting (SWg) and at the end of the
growing season (harvest) (SW)C and for the previous year at harvest (S\)}WGhow variations
but did not follow regular patterns according tader runoff strip or higher mulch levels (Table
7.2).The statistical analysis indicates that thdchuareatments did not significantly affect the
mean SWG at any RSL treatments (Table 7.2), which is goodh&swas the beginning of the
experiment when mulch was applied. However, theas significant difference between RSL
treatments for mean SWGwith significantly higher value (394 mm) for nawdrSL-1 and 1.5
compared to wide RSL-3 treatment. The mean Wibwed significant difference €0.05) for
both RSL and ML treatments. This showed the mealC$W RSL-2 ML64% was significantly
higher than ML96% for 64%ulch cover with LSD value of 19.1 mm and 12.5 nanRSL and
ML treatments, respectively, however there werasigaificant differences between the remaining
RSL treatments (Table 7.2). Only the bare plot SEW&surement, on the RSL treatments varied
at the previous harvest time, SW@ith higher value on RSL-2 (360.8 mm) than the mdsthe
RSL treatments. These variations in SYWCSWG, and SWG. help to improve one’s
understanding of the critical water regimes actbgssseason. Thus, conserving rainwater during
fallow and growing periods is essential to impr@reductivity. Furthermore, monitoring of the
change in soil water content during the growingiqueis an important feature to illustrate the
critical stages and water management borders #aterto various positions on the IRWH
treatments. The changes in water conta®) (for each growth stage at different positionsdibr

treatments were given in Appendix 7.1-7.5.
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Table 7.2Water content for the root zone (0 -1.800 mmia profile on different runoff lengths

with different mulch levels, SWg (water content at previous year harvest, May 2088YG,
(water content at planting, Dec 2008) and SY®ater content at harvest, May 2009).

RSL SWC Mulch level (ML) (t ha)
treatments (mm) | 0% (Bare)| 1 (12%)| 2 (39%) | 3 (64%) | 5(96%) | Mean

SWGC,. |348.2

1m SWG, 383.5 399.8 | 3964 | 3951 | 397.1 | 394.3a
SWG, 341.9 334.6 | 357.6 364.7 | 339.9 | 347.7ab
SWG, | 3495

1.5m SWG, 426.2 365.8 | 409.3 373.0 | 396.9 | 394.3a
SWG, 349.9 313.9 | 347.0 379.4 | 366.5 | 351.3ab
SWGC,. |360.8

2m SWG, 397.8 386.3 | 369.3 388.4 | 393.9 | 387.1ab
SWG, 348.2 328.4 | 373.7 383.2 | 348.2 | 356.3a
SWGC,. |3435

3m SWG, 378.5 390.5 | 381.1 382.6 | 380.4 | 382.6b
SWG, 342.0 317.1 | 3316 364.9 | 352.9 | 341.7b

Mean SWC, 396.5 385.6 | 389.0 384.8 | 392.1
SWC, | 345.5bc | 323.5d | 352.5b | 373.1a | 351.9b

LSD: RSL-SWG =10.1 ML-SWC; =ns RSL-SWG, =12.3mm

ML-SWE=19.1 mm

*Each data point represents an average of thredicafes with highly variations at significance léve <
0.0001significance level.

**ns = none significant; means followed by samedetire not significantly different (P < 0.05)
***SWG. measurement was only done on bare treatmentseéoffermulch was applied to the experimental plot.

Change in soil water content

All the graphs (Fig. 7.3-7.5) incorporate the seasoainfall pattern with a total of 249.8 mm rain
being received during the cropping season (2008/M%} highest rainfall was on 22 and 39 days
after planting with amounts of 24.0 and 25.5 mnpeesively. Ten of the rainfall events exceeded
8 mm amounting to 149 mm (59.5%) of the total amafrrainfall during the season. Seven of
the rainfall events were 5-8 mm and gave approxmat0% of the total rainfall (as discussed in
Chapter 3, Section 3.3.1). The rest of the everd@sevibelow 5 mm and could have been lost
immediately as evaporation from the IRWH plots. Hoe purpose of describing the variation
SWC was categorized according to the shading effetite basin area and for each 1 m section

along the runoff area and discussed according émqibgical growth stages. These are: i) Basin

area SWC during, ii) Runoff area SWC with full seddcanopy cover (FC-RA) and)iiRunoff
area SWC with partially and unshaded canopy cd?€rRA & UC-RA).
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i) Basin area SWC (FC-BA)
There were no significant differences in the basea between RSL-1, 1.5 and 2 treatments, but
the wide RSL-3 treatment had a significantly loweil water content (332 mm) than the others
during two periods around 28 DAP and 80-84 DAP.nkrbig. 7.3, the basin area showed
significantly higher mean soil water content on[34P (410 mm) than other measurement days
but the highest SWC was recorded on 29 DAP (433 omBRSL-1 treatment. The first 34 days of
the cropping season had a significant higher SWtherbasin area across all treatments but only
RSL-3 treatment dropped to lower values of 305 nm28 DAP, although was recharged soon
with the rainfall amount of 16.2 mm on 20 Jan, 282 DAP). Therefore during the early
vegetative period of GS-I, the highest water cantenRSL-1 (432.8 mm) was due to the
advantage of pre-season water storage in the @rofithe basin areas that can compensate for
possible poor rainfall at the start of the growssgson.

During the late vegetative period, after the highmamfall event on 38 DAP (25.5 mm), there was
a long dryish period for approximately 18 days wotily small rain showers. This resulted in a
decrease in the SWC in the basin area to aboutn@0Oon the RSL-1, RSL-1.5 and RSL-3

treatments whereas, RSL-2 treatment dropped by B0 bwing more than other treatments
(Fig.7.3). This is possibly an indication of vepw rain storage efficiency for RSL-2 treatment,

which was only about one-third or less of the otlreatments (i.e. RSE of 6.7 - 9.9%), see
Section 7.3.4.2, together with the higher plantytatoon and thus deeper roots to extract more
soil water. However, in the second growth stage-[(B&fter receiving an a total of 27.7 mm rain

between DAP 53 and 56, it caused the root zone WAl treatments to rise, though the narrow
treatments (RSL-1 and RSL-1.5) showed significahtgher SWC than wide treatments (RSL-2

and RSL-3).
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Figure 7.3Measured changes in soil water content of thezoonée (0-1800 mm) in the basin area
of different runoff length treatments (RSL) throuijle 2008/09 cropping season. Daily RF for the
season and water management bordersDUL and LL values are included. Each data point
represents the mean of three replicates (n=3).

As is often the case in a semi-arid environmerd, rdinfall does not come regularly throughout
the crop growing season. For example, during G%711+105 DAP) little rainfall was received
(Fig.7.3), as a result the SWC of the root zondimed to significantly lower values than during
other growth stages. The RSL-2 declined to SWC2& ®m and RSL-3 SWC dropped nearly to
LL during this critical yield formation period 7®8AP, which would have a serious effect on
the yield. Furthermore, the basin area of RSL-3tinent declined again after a small rainfall of
10.7 mm on 102 DAP (Fig. 7.3). Therefore, the aechf root zone SWC in RSL-3 basin showed
rapid extraction of water during dry periods, bug basins of the narrow treatments total water

profile extraction was not different between growstages.

i) Runoff area SWC with full shaded canopy cover (FGAR
Under IRWH, a higher proportion of the rainwateeigected to be concentrated in basin than in
the runoff section. For instance, in Fig. 7.4a brah the narrow runoff strip (RSL-1 & 1.5) under
full canopy shading (FC-RA), no significance difaces were measured for different mulch

applications on the runoff strips throughout thasss.

131



Chapter 7 Water balance model & productivity

—— MLO0% --4-- ML64% —-o--- ML96%

525 + 100
L DUL= 475 mm
€ 450 + + 80
= £
S £
£ 375 - 160 =
(@] ]
t k=
£ 300 40 &
=
g 225 + LL= 253 mn 1+ 20
150 - bl

0 14 28 42 56 70 84 98 112 126 140 154
a) RSL-1 FC-RA (Full canopy shade)

525 _j_e_ MLO% --a-- ML64% — ¢ ML96% DUL= 475 mn — 100
’g L
£ 450 - + 80
= I —_
Q - e
S 375 - +60 E
o - =
= T
() y—
T 300 + + 40 §
s %
©
0 205 + LL= 253 mn + 20

150 - — I RN VR

0 14 28 42 56 70 84 98 112 126 140 154

DAP
b) RSL-1.5 FC-RA (Full canopy shade)

Figure 7.4 Measured changes in soil water content of the rooe (0-1800 mm) in the full
canopy cover runoff areas of a) RSL-1, FC-RA andRBL-1.5, FC-RA and different mulch
levels (ML), for cropping season 2008/09. Daily RIF season and water management borders
viz.DUL and LL values are included. Each data poiptesents mean of three replicates (n=3).
The plants roots had equal opportunities to acttessavailable water in both basin and runoff
sections of RSL-1 with 1 m runoff length treatmenifhie water content of all the mulch
treatments were relatively constant until the aregches full canopy cover (55-65 DAP), when a
series of five rain events (44 mm) boost the satew content. From flowering/tasseling to
beginning of yield formation (65-80 DAP), there wadong dry period, so the crops depended

heavily on stored water in the profile of the runséction to maintain the crop water demand,
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since the water content in the basin area hadrastlo below 300 mm (Fig. 7.4a). However the
SWC on bare runoff plots (RSL-1.5) still remain Encompared to mulched plots during this
period of rapid SWC extraction (79 and 85 DAP) dgnieproductive stage (Fig. 7.4b).

In the case of RSL-1.5, the mulch treatment shoavsnificant effect with lower SWC during
the first half of the season for plots with lesslechy except on 34 DAP when zero mulch
treatment had the highest SWC but it was again dovager (108 and 138 DAP) (Fig.7.4b).
Therefore, results revealed that mulch placemedtlag shading effect on narrow RSL treatments
were effective in conserving soil water in the riirgdrip profile compared to bare plots though

the differences were not statistically significant.

iii) Runoff area SWC with partially and unshaded canopgver (PC-RA & UC-RA)
Mulching had a significant effect on the total sedter content of partially shaded runoff strips in
RSL-2 and RSL-3 treatments. Fig. 7.5a shows thahguhe growing period, from vegetative to
reproductive stage (28-85 DAP) the bare 2 m ruswips had higher SWC whereas the mulched
plots followed the same trend but with lower SWG@ ateclined towards LL during the yield
formation period on 79 DAP. The mulched runoff driwith 64% showed higher SWC after
recharged with 10.7 mm (102 DAP) while bare and B#®did not. The possible reason was due
to that fact low infiltration into soil profile ofully mulched runoff area and lower run-on into

basin areas after relatively long dry periods.

In the case of RSL-3 runoff treatments, the bamtspteached highest SWC during vegetative
growth stage (34 DAP) and then SWC declined througkhe growing period with an exception
of a rise on 71 DAP, whereas, the mulched treatsnepte relatively constant until 79 DAP (Fig.
7.5b). However, there is no clear trend in soilevaiontent measurements for RSL-3 treatments
except that the bare partially shaded runoff phatd lowest SWC almost throughout the season
(Fig.7.5b). For bare RSL-3 treatment, in both @élstiand unshaded sections of the runoff strip
(Fig. 7.5b & c), the levels of soil water duringwilering/tasseling (71 DAP) responded to a
rainfall event on 68 DAP of 9.4 mm. Conversely, 846 mulch cover plots responded after rain
event of 7.9 mm on 108 DAP, while the bare plotmamed constant till the end of the cropping

season at SWC level of about 320 mm.
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Figure 7.5 Measured changes in root zone soil water contedf8(® mm) for partial canopy
cover and unshaded runoff area a) RSL-2 and b) R&fith different mulch levels for 2008/09
cropping season. Daily RF addUL and LL values are shown, (n=3).

In general, these results of SWC runoff areas detnated that, both mulch and shading cover

were effective in conserving soil water in the riirsrips, but their effect on soil water storage i
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the basin and on the total soil water content & phofile were not the same for different RSL
treatments. In all cases, SWC of treatments andigus in the runoff area decreased gradually
from planting towards the reproductive period thent mainly remained constant till the end of
the growing season. The wide RSL-3 treatments enbdisin area and RSL-2 in the runoff area
were close to LL limit, indicating that water sesas present from approximately tasseling time
till yield formation period (71-85 DAP). As can Been from the DUL limit of 475 mm, the SWC

in the root zone (0-1800 mm) was never close tolitmt where drainage could occur throughout
the growing season. So it is concluded that itai® $0 neglect the drainage term in the water

balance equation (see Section 7.3.1).

7.3.2.3Evapotranspiration

Evapotranspiration (ET) was estimated as residsialguthe water balance equation as determined
by Eq. 7.2 for runoff area and Eq. 7.3 for baseaaET was then separated into its components,
viz. evaporation from the soil surface (Es) and tramasiopin (Ev). The Es results, as influenced by
mulch and canopy shading were determined in detdllhapter 6 Section 6.3.3 using the newly
derived empirical equations (Egs. 6.2 for basiraamed Eq. 6.3 for runoff area). Ev is calculated
as difference between ET and Es. These componantisef whole cropping season (2008/09) are
summarized in Table 7.3 for runoff length treatmse(RSL) with different levels of mulching
cover. Details oET, Es and Ev for different growth stages are glssented in Appendix 7.1-
7.5. The statistical analysis showed that thereevgggnificant differences for the parameters (ET,
Es and Ev) caused by the effects of surface treg8{®SL and ML) at P < 0.05% significance
level but, that there was no interactive effect agithe surface treatments (Table 7.3).

In the maize field of IRWH under different RSL tteeents with various mulch cover, the ET
varied between 210 mm and 320 mm during the growemson. Overall, the RSL-1 treatment
with low mulch cover (ML12%) used the absolute ®ghET. However, the wide RSL-3 and
RSL-2 treatments with fully mulch covered runoff (&6%) gave higher ET values than their
respected bare and low mulched (ML0O% and ML12%gtinents. Moreover, lower ET from the
narrow treatments (RSL-1.5) was obtained at thatively higher mulch cover (ML64%), but in
wide treatments the lower mulch cover produced fos& compared to fully mulched cover
plots. The reason could lie in the effectivenesdhef surface treatments in allowing water to
penetrate and infiltrate as well as limiting wdtesses from the soil surface. Thus, all the narrow
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RSL-1 fully covered benefitted from the canopy shaw both sides, and the mean ET across
mulches was significantly larger than the other RSh contrast, the mulched wide runoff had an
advantage in reducing evaporation losses and progatfiltration into the runoff area. These
calculated ET values across treatments for the evgadwing season do not show simple linear
relationships between RSL and mulch levels as tiepyesent the whole treatment and not a
section of it. Therefore it is difficult to logidgltry to explain the treatment differences without
having a more detailed monitoring of a single plotreatment.

Table 7.3 Seasonal evapotranspiratidaT] as partitioned into calculated soil evaporati&s) (
and transpirationEv) for different runoff lengths (RSL) at differer¢viels of mulch (ML); on

Kenilworth Bainsvlei ecotope for 2008/09 maize seas

RSL ML Treatments
0 (Bare)| 1(12%) | 2 (39%) | 3 (64%) | 5 (96%) Mean
1 303.0 319.8 2939 | 3045 | 302.9 304.8a
1.5 252.4 254.7 268.7 | 2156 | 232.1 244.7¢
ET 2 252.5 224.1 209.8 | 229.9 | 263.1 235.9¢c
(mm) 3 251.1 251.9 2815 | 233.6 | 289.1 261.4b
LSD RSL = 12.4 mm
Mean | 264.7a | 262.6a | 263.5a| 245.9b | 271.8a | |20 " 13 6 mm
1 153.8 148.9 136.5 | 1257 | 111.6 135.3a
1.5 138.1 133.1 120.7 | 110.0 95.9 119.6b
Es 2 137.8 131.2 114.7 | 100.3 81.6 113.1c
(mm) 3 135.2 127.8 109.2 93.0 71.9 107.4d
LSD:RSL = 6.2 mm
Mean | 141.2a| 1352b | 120.3c | 107.3d | 90.3e | ‘S \/' o1 mm
1 149.2 171.0 1575 | 178.8 | 191.3 169.5a
1.5 114.3 121.6 1479 | 1056 | 136.2 125.1c
Ev 2 114.6 92.9 95.1 1295 | 181.5 122.7c
(mm) 3 115.8 124.2 172.3 | 1406 | 217.1 154.0b
LSD:RSL =13.9 mm
Mean | 123.4c | 127.4c | 143.2b | 138.6cb| 181.5a | oo\l - 1t & mm
1 0.49 0.53 0.54 0.59 0.63 0.56a
1.5 0.45 0.48 0.55 0.49 0.59 0.51b
EVIET 2 0.45 0.41 0.45 0.56 0.69 0.52b
(%) 3 0.46 0.49 0.61 0.60 0.75 0.58a
LSD: RSL = 0.029
Mean | 0.47c 0.48c 0.54b | 0.56b | 0.66a LSD: ML = 0.032

Means followed by the same letter are not signifilyadifferent (P < 0.05)

It is an important measure to manage surface texasnRSL and ML) for Es reduction under

IRWH technique. From the IRWH technique, the Esugalas showed to be suppressed by both
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the mulch and shading effects. Results from Tat8edémonstrate that addition of mulch on the
runoff area on a sandy loam soil reduced Es Iosees a bare by about 5%, 15%, 24% and 35%
for the mulch covered plots of ML12%, ML39%, ML64&ad ML96%, respectively. This clearly

indicates that Es losses were significantly resdowith every increase in mulch cover on the
runoff strips. Thus, in all RSL treatments the mrestiricted Es losses were calculated for the full
cover mulched treatments with a mean value of @@ during the growing season. Thus, the
bare treatments showed significantly higher Es emloompared to any of the mulched plots.
Furthermore, the other factor that reduces Es $ogses the shading effect of the canopy. As
discussed in Chapter 5 and 6, the wide RSL tredtnéh high plant densities reduced the Es
losses the most. Thus the lowest Es (79.0 mm) Wwasreed from RSL-3 with full mulch cover

(ML96%). The narrow runoff with lower plant densitgd an effect of full canopy shade, but all

RSL treatments were significant different, with lnegt mean Es value of 135.3 mm for RSL-1
and lowest mean Es (108.8 mm) for RSL-3 treatmekpparently, water conserved by the full

mulch cover was available for transpiration whichswncreased by 65% and conserved more

about 21% over bare treatments (Table 7.3).

Unlike the Es, the transpiration (Ev) clearly degeion the plant and available water in the soil.
The results of Ev were provided from the ET valbgssubtracting the estimated Es values for
different treatments. This is an opportunity to lgsa the effect of surface treatments on the
amount of transpiring water for yield generatiomotigh the season. The analysis of variance
showed that there was a significant difference flmsth ML and RSL treatments on Ev values
(Table 7.3). The highest mean Ev value was obseinged fully mulch plots (181.5 mm) and
lowest from the bare treatments (123.4 mm) with b&ue of 15.5 mm. Similarly, the narrow
RSL-1 treatment showed a significantly higher Evnpared to all other RSL length plots.
However, RSL-1.5 and RSL-2 were also significaritedent and rendered lower Ev values of
125.1 mm and 122.7 mm through the whole growing@eshan the RSL-3 plot (Table 7.3).

The EV/ET ratio is an indication of the portionT that would be productive in producing the
grain yield. The mean EV/ET value results were ifigantly higher for both wide RSL-3 (58%)
and RSL-1 (56%), than the RSL1.5 and RSL-2 treatsne@hich gave lower EV/ET values (about
52%) with insignificant differences with LSD valwé 2.90% (Table 7.3). With regard to ML
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treatments, the full mulch resulted in significgritigher EV/ET with a value of 66% than all other
mulches, showing that nearly two thirds of the Edaswised for grain production. The lowest
EV/ET was found for bare treatments with a meanevalf 47%, indicating that less than half the
ET was used for grain production (Table 7.3).

Therefore, it has been shown that IRWH treatmeritis mulch and shading effect lost a smaller
portion of ET to Es compared to bare plots. In ptwerds the mulch applications of IRWH
techniques were successful in minimizing the unpetige losses of water through Es. Moreover,
the canopy shade cover also played a great raledincing Es, but it was different for different
positions along the runoff section and so it ndtemted in this calculation for the whole

treatment.

The seasonal detail of Ev, Es and ET across tredsimaand how they were partitioned into four
growth stages is given in Appendix 7.1. The resatlisewed statistically inconsistent over the
growth stages for different runoff lengths and rhulcover (Appendix 7.1). The GS-l had
significantly higher differences than growth GS+ut the Es values for GS-Il and GS-Ill were
shown to fluctuate for different treatments. Howewbe soil evaporation Es during GS-I was
always shown to be significant higher than the ofghe growth stages, as expected due to the
presence of few leaves in the beginning of themedsor a clay soil at the Glen/Bonheim ecotope
(47% clay) Botha (2006) reported that EV/ET valtesmaize under IRWH was in the range of
37% - 43% with various surface treatments while tomventional tillage gave only 28%.
Similarly, ES/ET values were reported as 57% - 6B86,EV/ET« ES/ET. These values were not
of the same order as these results for the findysbbam soils of this experimental site, where
EV/ET >» ES/ET for higher mulch covered treatments. Howefar bare or lower mulch cover
EV/IET was in the range 41 - 53%. This demonstrétesadvantage of surface treatments in
minimizing the unproductive losses of water througg Therefore, it is suggested that despite
lower crust formation on this soil compared to ckayls, the fine sandy loam soils could play a
big role in promoting infiltration capacity and iminimizing Es losses, in particular together with
mulch treatments. This implies that the KenilworBainsvlei ecotope is suitable for the

application of the IRWH technique, as long as ttambined with mulch treatments.
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7.3.3 Yield and water productivity

7.3.3.1Yield response and dry matter accumulation

The comparison of bare plots as affected by RStriments for the cropping seasons in terms of
grain yield and biomass yield (AGDM) had revealaghsicant differences (P < 0.05) with LSD
values of 356 kg hhand 652 kg ha respectively. The statistical analysis showed thatmean
grain yield for maize was higher during the secormpping season but the AGDM was higher
during the first cropping season with highest vahfe3535.2 kg hd and 8091.3 kg hy
respectively (Fig. 7.6a and b).
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a) Second Cropping Season (2008/09)
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Figure 7.6 Grain seed yield and biomass yield (AGDM) of a zeacrop for all RSL treatments
during two consecutive cropping seasons (2007/@B2008/09) on a bare (un-mulch plots) at
Kenilworth Bainsvlei.
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The analysis also indicates that the mean yieldRf8t-1 was better, then followed by RSL-3 >
RSL-1.5 > RSL-2, however there were insignificaatigtions between all the RSL treatments.
On the other hand the AGDM performed significatgtter for RSL-1 compared to the rest RSL
treatments. Nevertheless the lowest mean biomadd YAGDM) was observed for RSL-3
treatment with a value of 6767.3 kg ha& herefore, it can be suggested that the firssaedad
more favourable resource availability comparedhs second season and this can be seen from
the generally higher biomass yield performance ti@ncontrary, the higher grain yield obtained
during the second cropping season was due to wiegse of rainwater as the effect of surface

treatments.

The final grain yield showed no significant diffaoes for different mulch levels (Table 7.4).
However, there was a significant higher seed yielsharrow (RSL-1) than the wide (RSL-3)
treatments and the mean values of grain yield dseck very slightly (approximately only less
than 1%) in order of increasing RSiz. 1, 1.5, 2 and 3 m runoff lengths (Table 7.4). Bass
means varied between 5668.7 kg'temd 7290.3 kg hafor above ground dry matter (AGDM).
The statistical results of AGDM revealed that andigant difference according to the effect of
RSL treatments (P valug 0.05) with LSD values of 569.1 kg hand 673.3 kg hj respectively
but, mulch levels did not statistically influenc¢her biomass parameters. Similar to seed yields,
the narrow RSL-1 gave significant higher AGDM comgohto the wide 3 m runoff length
treatment, while the 1.5 and 2 m runoff lengthsvatm no significant variations. Evidently,
AGDM followed an order of increasing RSL-1>> RSLRSL-1.5 > RSL-3. The harvest index
(HI) varied between 0.45 and 0.50 for AGDM acroke tifferent treatments, however, Hl
appeared not to be so sensitive to treatmentsdihdot show any consistent pattern or order of

increasing or decreasing values and had no signffidifferences between the treatments.
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Table 7.4 Grain seed yield, biomass and Harvest Index (bi)af maize crop under IRWH with
different runoff lengths and mulch applications idgrgrowing season 2008/09 at Kenilworth
Bainsvlei.

Crop Runoff length Mulch treatments (ML%) Mean
parameter (RSL) 0% 12% 39% 64% 96%
1m 3277.5| 3359.4| 3304.6 31028 3157.8 3240.3a
1.5m 3184.8| 2924.8) 2951.3 31089 314pR.6 3062.5ab
(kgehe;l) 2m 3096.7| 3100.0| 3024.2 29984  2915.2 3026.9ab
3m 3051.4| 2740.6| 3051.6 2939p  2666.2 2889.8b
Mean 3152.6| 3031.2| 30829 3037.2 2970.9.SD:RSL = 216.8
1m 7147.6| 7290.2| 6886.3 64984 6794.2 6923.3a
1.5m 6516.3| 6096.7] 6265.9 6466/8 6428.1 6354.8ab
AKGEM 2m 6506.6| 6476.8] 6477.9 64799 6327.9 6453.8ab
(kg ha) 3m 6580.4| 6071.4| 6121.6 63165 5668.7 6151.7b
Mean 6687.7| 6483.8| 6437.9 6440.4 6304.7.SD:RSL = 596.1
1m 0.46 0.46 0.49 0.48 0.47 0.47a
1.5m 0.49 0.48 0.47 0.48 0.49 0.48a
HI 2m 0.48 0.48 0.47 0.46 0.45 0.47a
(AGDM) 3m 0.46 0.45 0.50 046| 0417 0.47a
Mean 0.47 0.47 0.48 0.47 0.47 i

AGDM = above ground dry matter. Means followed ltyy $ame letter are not significantly different (®©5)

The pattern of biomass yields showed the same tasnthe grain seed yields. However, the
variation is slight for both grain seed and biomgs#ds. The main possible reason for the results
having small variations could be due to the faat thore water for yield was harvested from bare
plots than mulch cover treatments, so more soiemas available. But the higher mulch cover
conserves much more water by suppressing Es cothpakere treatments, so that the treatments
compensate to each other. Moreover, from the rumsfilts (Chapter 4, Sections 4.3.2 and 4.3.3)
more water was collected / harvested from 2 m W& compared to other RSL treatments with
various mulch cover. These processes of: i) rurafffall and ii) Es-reduction for various mulch
applications and different lengths of the runofnds to “narrow the variations” across the
treatments as they work against each other or cosape for each other. Thus, a comparison in
terms of water or precipitation use efficiency amdhe rainwater use productivity is crucial for

evaluating the variations in the IRWH techniqueémi-arid area.
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7.3.3.2Use of efficient rainwater for yield

Comparison of results of rainwater use efficiendifRSE%, PU and WUEr+) for maize crop
under IRWH as affected by surface treatments (R&L ML cover) are presented in Table 7.5
and 7.6.

i) Rain storage efficiency (RSE%)
Mulch application was done at the end of the falfmeviod (Dec 2008), one week before sowing,
so that no data is available for RSE under diffenenlches. However, there is a large variation in
RSE values between RSL treatments, which reflecinfluence of runoff and infiltration ratios
for various runoff lengths in the basin and rureoéa (Table 7.5). For the purpose of the analysis
the sub-plots allocated for mulch levels were cdersd as replications for the bare treatments.
This can be attributed to illustrate the effectadp’s ability to extract water from the root zone
from the bare treatment during the fallow perio@siles, the water consumed by the previous
cropping season also affects the RSE value by ibotitig to the current cropping season. The
corresponding mean RSE in the runoff area, RA (8:0¥8.7%) was smaller compared to the
basin area, BA (13.9% - 17.3%) in general to stea¢er and to be efficiently used during the
growing season. There was also a significant diffee (P < 0.05) of RSE values for the basin and
runoff area. The RSL-1.5 treatment induced MgR8E values (19.3) in the runoff area
compared to the rest treatments and lowest meanvBiBe was observed in the RSL-2 treatment
with mean value of about 6.0%, but the small amhafnwater stored on runoff of RSL-2
treatment during the fallow period (4.4 - 7.1%) @ared to other treatments is difficult to
explain. Nevertheless, the basin area of RSL-2rtreats stored about the same range of the other
treatments (7.3% - 19.4%). Results obtained fronE Rfhalysis indicating that significant
variation of the stored water during fallow periodcurred in the runoff area but the there was
little or insignificant variations in the basin arbetween RSL treatments and all sub-plots. In
addition to the RSE, other forms of water use &fficy (PUEy; and WUEgr) for maize under

IRWH were also calculated.
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Table 7.5Different rain storagefficiencies for maize under IRWH as affected bijedent runoff
lengths during the fallow period prior to 2008/@&ason for basin (BA) and runoff (RA) area.

Indicator Treatment Section Replications allocated for mulch level cover Mean
(RSL) 1 2 3 4 5
im BA 10.9 17.4 15.6 16.8 16.9 15.5
RA 7.5 12.8 12.2 10.0 11.5 10.8b
15 BA 28.6 13.1 17.7 14.1 10.8 16.9
= m RA 28.0 104 26.5 7.3 24.4 19.3a
RSE om BA 194 115 7.3 14.4 14.9 13.5'
(%) RA 4.9 4.4 7.1 6.6 6.5 5.9b
3m BA 10.5 154 15.0 16.6 13.2 14.7
RA 114 15.2 8.8 8.3 10.1 10.8b
BA | 173 | 143 | 139 | 158 | 139 | S0,
Mean LSD: ML _
RA 12.9a | 10.7ab| 13.7a | 8.0b | 13.1a (RA) = 4.1

Means followed by the same letter are not signifilyedifferent (P < 0.05). The superscript lettar indicated for
the basin area (BA) significant analysis levels.

i) Precipitation use efficiency (PU[g)
Precipitation use efficiency (P was calculated in terms of the use of rainwateough the
fallow and growing period together. This is the mmemprehensive and important efficiency that
makes use of the water losses by intensive soiemateasurements. There were significant
differences for the treatment effects of RSL and &élver on PUF, with LSD values of 0.026
and 0.023, respectively. The PiJBf different runoff lengths with various mulch disptions
varied between 4.8 and 6.2 kg*ham*. However, the statistical highest Pi/Ealue was found
in narrow RSL-1.5 treatment and followed the RSlalthough RSL-2 was greater than the wide
RSL-3 treatment. The trend showed variations féfeint mulch cover on the runoff strip with
ML64% cover only slightly better than the lowest BYvalues for ML12% treatment but
significantly different according to the statistidhe PUE, results indicate that the narrow RSL
treatments were better at converting rainwater meze grain compared to wide RSL but the
mulch effect did not show a consistent trend, thotlgere was a significant variation between
different mulch levels. The possible reason for lamd irregular variations in PWHs due to
primarily to the variation in pre-seasonal advaatafjRSE from the fallow period, secondly there
was little or no dependence of grain yield on muklel effects. Moreover, there were opposite
advantages of in-field runoff for bare and low nhulglots versus the reduction of soil water
evaporation and enhancement of infiltration on wadd fully mulch covered plots.
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iii) Water use efficiency (WUEy)
The consideration of evapotranspiration in evahgatainwater efficiencies may be able to show
an advantage in practicing IRWH techniques for sana climatic conditions. WUE was
calculated using the residual ET from the wateahed calculations from planting (Dec 2008)
until harvest (May 2009). The results indicate thatWUE: varied between 9.1 and 15.4 kg*ha
mm* during the 2008/09 growing season for different R8d ML treatments (Table 7.6).

Table 7.6 Different precipitation and water use efficiencies maize under IRWH as affected by
different runoff lengths and mulch cover during #898/09growth period.

Indicators Treatment Mulch level treatments (ML%)
(RSL) 0% 12% 39% 64% 96% Mean
1m 5.9 6.1 6.0 5.7 5.8 6.00b
1.5m 6.0 5.7 6.0 6.2 6.1 6.10a
PUEy
(kg hat 2m 5.6 5.2 5.3 5.6 5.7 5.56¢
mm'l) 3m 5.3 4.8 5.6 55 51 5.34d
LSD: RSL = 0.026
Mean 5.70bc| 5.45d 5.73b 5.75a 5.68c MR = 0.023
Im 10.7 10.3 111 10.0 10.3 10.5b
1.5m 13.0 12.3 12.1 154 14.0 13.3a
WUEgr
(kg hat 2m 12.4 12.9 13.9 13.3 11.8 12.9a
mm?) 3m 12.0 | 107 10.7 12.4 9.1 11.0b
LSD: RSL = 1.156
Mean 12.0ab| 11.5b 12.0ab 12.8a 11.3b ML = 1.034

*PUEfg calculations were taken by combining thewgrg season precipitation with the mulch effect éralfallow
period without the mulch effect on the RSL treatsien
**Means followed by the same letter are not sigaifitly different (P < 0.05)

Statistical analysis revealed that both the surfee&tments (RSL and ML) had significant effect
on the efficiency of water use as a function ofpeteanspiration. One wide (RSL-2) and one
narrow (RSL-1.5) treatment showed a significantheig WUE:r value than the other two
treatments RSL-3 and RSL-1, which were similar. Effect of the mulch cover on the runoff
was shown to have a significant higher WAJEalue at 64% mulch cover with lower values on
fully covered mulches, but there were small diffees for bare and lower mulch cover
treatments. The variation in WEvalue for various RSL and mulch cover reflects there
efficient conversion of water into maize grain dielue to the fact that more water was conserved
in the 1.5 m runoff with 64% mulch cover than thiglevfull mulched treatment. As, one narrow
(2.5 m) runoff treatments showed higher rainfatirage efficiency (RSE) in the basin as well as

in the runoff area one might have expected thaemsthould have been available to convert to
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yield. In contrast, on narrow runoff (RSL-1) treaimts due to less dense canopy shading effect on
the basin system of IRWH, the efficiency of coniamnsof water to grain was expected to be
lower than wide treatments. In other words, theebaarrow RSL-1 had suppressed less soil
surface evaporation (Es) compared to dense canopiegle treatments. Besides the wide (RSL-
3) treatments had also less contribution of add#ioin-field runoff that cause to lower the
conversion of water to yield compared to RSL-1.8 &5L-2 with higher in-field runoff to the

basins.

From Table 7.6 therefore, it can be seen thatWtEsr variations could apparently be due to
dual effect of in-field runoff and Es suppressiogoni mulch and canopy shading. Moreover,
despite the better yield found in narrow RSL-1 tirgents, the fluctuation of water use efficiency
therefore must be a reflection of the effect oface treatments. A higher RSE and lower WUE
were found for RSL-1.5 and in contrast with lowe3BRon basin and runoff area (13.5 and 5.9%)
and higher WUEr (12.9) calculated for RSL-2 treatments. Howevlese variations in the
efficiency should be examined further by applyirige twater productivity as a function of
transpiration of the crop (WH).

7.3.3.3Water productivity (WP g,)

The overall results indicate that the Waried between 12.1 — 31.3 kg haam™ for maize grain
yield (Table 7.7). The statistical results showt ttheere were significant differences due to the
effect of surface treatments (RSL and ML) on APut the combined effect of the treatments
was not significant (Table 7.7). A different efeaicy trend from the WUE& was observediz.
RSL-2, RSL-1.5, RSL-3 and RSL-1 for runoff lengtigare (ML0%) and lower mulch cover
(ML12%) have significantly higher WA values, while the lowest value of \WRvas found for
wide fully mulched treatment. The mean WRalue for different RSLs and across mulch cover
treatments ranged between 17.3 - 26.3 kg tman* for grain yield. The results of WR in
general were higher than those in a previous studynaize under IRWH with various types of
mulch, where the range of value was 10.7 - 11.R&gmm™* (Botha, 2006), and also higher than
other WR, results where Passioura (2006) found a range leet&d¢o 15 kg hamm™. However,
Gregory (1989) suggested that an equivalengW8&lue for a maize crop value would be 9.4 kg
ha' mmi* for semi-arid ecotope. In comparing different tneents of ML and RSL for the value
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of WPg,, some inconsistent was found in the degree oflyédficiency in terms of transpiration
(Ev). However, from the results, it is revealedttht bare and lower mulched (MI12%) RSL
treatments had significant higher values than fialiich cover (96%). On the other hand, both
RSL-2 and RSL-1.5 showed higher WRompared to RSL-1 and RSL-3 treatments in the
experiment. Further explanations for these efficiesineed to be investigated.

Table 7.7 Water productivity for maize grain yield, for difent mulch levels (ML) and runoff
length (RSL) treatments in 2008/09 growing season.

Indicator Treatment] Mulch level treatments (ML%)
(RSL) 0% 12% | 39%| 64% 96% Mean
Im 21.6 194 20.7 17.1 16.2 19.0b
WPe, 15m 28 .7 25.7 22.0 31.3 23.8 26.3a
(kg hat mm—l) 2m 27.4 31.0 30.6 23.6 17.1 25.9a
3m 26.0 21.7 17.5 20.5 12.1 19.6b
LSD: RSL = 2.65
Mean 25.9a | 24.4ab| 22.7ab| 23.1b 17.3c ML = 2.97

The data set of W (Table 7.7) was plotted against rainwater avadldblthe crop roots during
growing period i.e. precipitation plus the run-d? ¢ Ron = P.) (Fig.7.7). Result showed that,
there is a reasonable relationship betwegan® WR, for different RSL treatment across various
mulching rate with Rvalue of 0.74, 0.61 and 0.74 for RSL-1, 2 and 3espectively. As Hillel
(1972) has remarked, it appears that the greatestigpe for increasing water productivity lies in
allowing the crop to continue transpiring duringt@rashortage by controlling the processes of
water losses, such as enhancing runoff to the lmawinreducing soil evaporation which are both
possible in the IRWH technique. When considering timk between crop productivity and
transpiration it is tempting to use rainfall asdpii However, seasonal rainfall and transpiration
are not synonymous and it is essential to emph#si#eseasonal transpiration or direct water use
by the crop is associated with crop productivithefiefore, the considerable higher Walues

for some treatments manifests that the advantadparef or lower mulch cover plots to enhance
runoff amount and make it available for crop prdoiky. On the other hand, the RSL-2 with
lower mulch cover (ML12% and ML39%) and RSL-1.5atraent with relatively higher mulch
cover (64%) obtained highest water productivity@®B8WR,) for a maize crop on the Kenilworth
Bainsvlei ecotope compared to higher mulched pdRSL-3 (< 20.0 of WR)). So perhaps, the

water infiltrating on the 1.5 and 2 m runoff strigsavailable to the maize roots and so has
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promoted a higher yield compared to water store@ onstrips possibly not being available to the

crop.
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Figure 7.7 Relationship of seasonal rainwateg{Ro=R) to crop water productivity (VR) for
cropping season 2008/09.

From the result obtained in this experiment, orpdéee sandy loam soil of Bainsvlei form, a 1.5
and 2 m runoff with bare or minimum mulch cover agvhigher water productivity by
accumulating runoff and by suppressing water lodsesto evaporation. This result has important
implications for the management practices of IRVEhljt confirms the need to optimize water use
in terms of yield per unit water for transpirationorder to achieve higher WP in water scarce
semi-arid conditions. In addition, it is importaatdescribe the effectiveness with which rainwater
was converted into grain yield and dry matter paticdu. It was suggested that Passioura (2006);
Botha (2007) and Malcolm Hensley (pers. comm., 2@&pt. Soil, Crop and Climate Sciences,
University of the Free State) that the advantageisifig of rainwater productivity is that one
considers long-term values of rainfall, which giaetruer reflection of the ability of the
management practices to convert rainwater to gyeld. One would have wanted more than 2
years data to be able to consider the rainwatedyatovity (RWP) over many more cropping
seasons. Therefore, for the purpose of reliab®menendations concerning the best and
alternative strategies of surface treatments amdnapare the management options, it is desirable
to have long-term yield predictions of the IRWH tgys. Thus, Malcolm Hensley (pers. comm.,
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2008, Dept. Soil, Crop and Climate Sciences, Usitgof the Free State) suggested the use of
simple empirical model with only long-term rainfalata as input o achieve this objective of
evaluating management practices of the IRWH teclesgn semi-arid area. Alternatively, long-
term crop yields can be obtained with a crop grosithulation model such as DSSAT or APSIM

or AquaCrop and compared to the transpirationfafliaor water use.

7.4 Conclusion

The main focus of the study was to evaluate thergitl role of the technique of IRWH in terms
of water balance components and water productsdtyas to assess the management practices
under rainfed conditions. Therefore, the indicatessd are: grain seed vyield, above ground dry
matter, HI, ET partitioned into Ev and Es, RSE, RUB/UEer, and WR,.

Based on the results, the main conclusion is tiafrtaction of rainwater infiltrated in the basin
area of RSL-2 increased with increasing mulch comed thus it becomes more productive
compared to other treatments. Secondly, the res#ts considered the critical periods for
available plant water during the sensitive growligses of the maize crop. The results showed
higher plant available water for the narrow runsffile soil water content on the wide treatments
dropped lower near to the LL valughirdly, seasonal ET values in the maize fieldRWH with
different surface treatments varied in the rang21@ — 320 mm. The narrow RSL with lower
mulch cover (ML12%) showed higher ET than the fallich cover. From this study, it was found
that Es losses were significantly restricted wittrease mulch cover. The higher plant densities in
wide RSL basins also efficiently reduce Es lossethb shading effect, whereas Ev was highest

from full mulch cover plots and lowest from bareatments.

The overall ET partitioned to Ev (EV/ET) was higli@r wide RSL (58%) and the full mulch also
yields higher EV/ET (66%) than narrow and bareoardr mulched plots. In general, these results
showed that EV/IET> ES/ET for higher mulch cover treatments but foreband lower mulched
treatments the EV/E¥& ES/ET. This is probably due to the advantage sarfeeatments have in
minimizing the unproductive water losses. The highéltration capacity of the soil reduces the
Es losses. This is thus an indication that theabiity of the site for IRWH technique is
unquestionable. From these results, the final gyasid did not show significant differences for
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various mulch levels, but the narrow runoff (RSLshowed higher yield than wide RSL-3 i.e.
decreasing slightly with increasing size of theaffinThe performance of the HI is slightly
variable among the treatments, which was indicativéhe small variations in terms of direct
yield evaluations for different treatments. The megason for this small variation is due to the
fact that more water for yield was harvested froamebplots than the mulch cover plots and
presumably higher mulch conserves more water bgresging the Es. So the two processes work

to complement each other.

One of the parameters of the conservation tillagieé rainwater stored prior to planting. In this
case, the RSL1.5 runoff obtained higher RSE contpréhe rest RSL but it was not possible to
compare the mulch effect on RSE as mulch was gniyied for the second cropping season. In
evaluating the use of precipitation from both talofv (R) and growing period ¢}, the narrow
runoff showed slightly better values than the widmtments. In expressing grain yield per unit
ET (WUEgy) the 2 m and 1.5 m at ML64% mulch cover gave S$icgmt higher values than the
two extremes of RSL treatments (RSL-1 and RSL-3)e WR, values obtained from the
experiment (2008/09) were highly variable in thega of 12.1 to 31.3 kg Hamm* with higher
values for RSL-2 and lower values for wide RSL-3wfull mulch cover. From the relationship
of rainfall for productivity, WR,, it became clear that there is a fairly reasonaileelation

between the mulch rates and maize productivityupérland.
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CHAPTER 8

Characterize Profiles and Relationships of Temperatre, Water Vapour
and Wind Speed within Maize Canopy

"The interaction of environment with a plant isdbgh the flow of heat energy.
There is no other way...
All energy absorbed by a canopy / leaf must be @uieal for
(through storage within the canopy or loss from ¢haopy)
and hence the energy budget for a plant must baldnc
David M. Gates (1968)

8.1 Introduction

IRWH is really a different approach to dry landnféng, and as its focus is on water use, the
different part of the Soil-Pant-Atmosphere watemtcmium (SPAC) are all an integral part of the
system. Much research has been done on the soilceom parameters within the IRWH
technique. However, little effort has been investedharacterising the atmospheric components
of this soil-plant-atmosphere system. Although matydies have measured the soil water
balance as a source of water for the IRWH crop yctdn technique, no-one has attempted to
guantify the demand side of the equation from amoapheric point of view. The wider adoption
of IRWH has increased the research interest in IRME posed a number of questions about the
least understood parts of the system, namely tleeomieteorological processes and parameters.

Therefore this study was initiated.

However, progress in understanding air profile trefeships requires intensive and continuous
micrometeorological measurements (Rosentatrgl., 1983), with adequate attention given to
high accuracy and reliability (Monteith and Unwqrth990). According to Monteith and
Unsworth (1990), with sufficiently precise instrumtation, profiles of wind speed, temperature
and water vapour can be measured to represent gertieal gradients within a crop canopy.
Therefore, central to many micrometeorological arg-layer studies is the use of flux—profile
relationships (Ni, 1997). The understanding of pnefile relationships of climatic variables,
together with flux estimation, is an essential stepnatching the rainwater supply to the soil
with the demand by the atmosphere and thus imprgveductivity and sustainability in any
water conservation agricultural technique (Meyerd RawU, 1987). Therefore, to characterize
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profiles of temperature, water vapour and wind dp&éthin a maize canopy, over this
alternative arrangement of basin and runoff arisasf paramount importance in evaluating the
heat exchange and hence the available energy fpoéanspiration and thus water for crop
production.

An assessment and evaluation of the vertical g®fdf various climatic variables is of great
importance as this would provide further knowledf¢he thermal exchange processes between
the crop canopy and surrounding environment. Sévesas are necessary including the
structure of the canopy, characterizing the vergprafiles and potential of thermal exchange
processes with height, both within and/or aboveog canopy. However, exchange processes are
still inadequately understood and thus the detamedthanism of how heat and water vapour
exchange processes occur within a maize canopy dro@ping system of in-field rainwater

harvesting (IRWH) is unknown.

To verify and characterize the profile relationship the first important step to having reliable
flux estimation. This is in order to be able to lexaée the management practices from an energy
balance as well as water balance point of view.oAvenient and well-established approach to
achieve this goal is to estimate the flux densiv@hin the boundary layer that lies both within
and above the vegetative area (Monteith and Unswd@90).In a cropped field, the height
where the heat energy exchange occurs dependseoprdfiles of dynamic meteorological
parameters and on the flow within the thermal maérboundary layer (Arya, 2001). These
processes are used not only to aid the undersuaditurbulent transport but also as a tool that
allows the vertical turbulent fluxes to be predicteom the more-easily measured and predicted
vertical gradients of the profiles. In this regamheasurements of micrometeorological
parameters (such as water vapour pressure, tempesatnd wind speed) at different levels and
during different crop growth stages will contributethe understanding of how the net radiation
in a crop land is balanced by the combination afsdde and latent heat fluxes and the
conduction of heat flux through soil surface.

In this experiment therefore, vertical profilesddterent maize growth stages are assessed, while

making certain assumptions of horizontal heteroigmé air temperature and water vapour and
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the wind speed drivers across the experimental.fi@kenerally, from the measurements one can
derive simple profile relationships that are thesedito evaluate the heat and water vapour
parameters that describe the transpiration andogaipn processes for wide and narrow strips
under IRWH system. The key aims of this part ofshely, therefore, were:
* to examine and characterize the vertical profilegemperature, vapour pressure and
wind, by comparing wide and narrow runoff stripsidg different growth stages; and
* to describe relationships between the wind speg¢d/€tsus water vapour pressure
(ea) and virtual potential temperaturgv)( versus water vapour profiles within a

maize canopy under wide and narrow runoff strips.

8.2 Theoretical basis and description of methods
8.2.1 Basic thermodynamic relationships
In thermodynamics, the density of air and total edpheric pressure depend mainly on the
effects of altitude, air temperature and water vagmessure. Savags al. (1997) mentioned
that below an altitude of 750 m the correction wh@spheric pressur®) may be insignificant,
but above this altitude it is necessary in ordeavoid systematic errors. The density of air refers
to the total density of dry aip§ = M,(P — ea)/RT) and the density of water vapous,,(=
M,ea/RT), where M, and M, are molecular mass of air and water, ea is theahuetater vapour
pressure (Pa)P is the atmospheric pressure (Pa), R = 8.315411 *Kifothe Universal gas
constant and T the air temperature (K). Assumiiag tihe atmospheric pressuf® @t an altitude
h is that at sea-level less the pressure due touviying air of depth h, as follows:

P =P, —pgh 8.1
wherep is the air density (Kg i) and g is the acceleration due to gravity in"‘mBandP, are

atmospheric pressure at a given altitude (h) asgaievel (0) in KPa, respectively.

The relationship between the change in temperaamd pressure in a parcel moving
adiabatically is used to relate the potential terajpee @) to the atmospheric pressure. The
potential temperature is defined as the temperathweh an air parcel would have if it were to
be brought down to a pressurexaf(” KPa adiabatically from its initial state as:

6 = T(1000/P)¥ 8.2
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whereP is air pressure in KPa and the potential tempesdt has the convenient property of
being conserved during the vertical movement adiaparcel, provided that heat is not added or

removed, and the exponeht= R/c, = 0.286 where ¢ is specific heat of dry air at a specific

atmospheric pressure.

For moist unsaturated air, with Dalton’s law of tpdrpressuréP = P; + ea), wherePy is
change in air pressure, one can apply a temperakependant function to the specific gas
constant for dry air, instead of humidity-dependeariables. Then, in practice, the correction is
adapted to the temperature by using the virtuamal temperaturedy) as a parameter for heat
exchange processes. According to Stull (1988), viinial temperatures are defined as the
temperature which dry air would have if its pressand density were equal to that of moist air.
To account for the effect of moisture on buoyanascé a virtual potential temperature (K) is
defined as:

0, = 06(1+0.61q) 8.3
where the specific humidity is denoted by q @wdis the virtual potential temperature and is
always greater than actual temperature and therdifte between the two may reach as large as
7 K in warm tropical areas and be as small as 2 Kid-latitude areas (Rosenbezgal., 1983).
Therefore, when buoyancy forces are involved, @migdi of v are preferable, rather than
considering the actual potential temperatures ¢PE@71; Busch, 1973; Rosenbetgal., 1983;
Arya, 2001).

Different studies express the water vapour in thesing different terms (Panofsky and Dutton,
1984; Rosenbergt al.,1983). The parameter most often used in micromelegy studies is the
specific humidity (q) and is defined as the mixnagjo of the mass of water vapour to the mass
of moist air containing the water vapour. In a lore@nse, this is directly related to the actual
water vapour pressure (ea), which is a fractiothefpartial pressure exerted by the water vapour
in the boundary layer. The actual water vapourqunesis usually lower than saturation vapour
pressure (es), and both are dependent on temperaitcording to Savaget al. (1997), Malek
(1993) and Arya (2001) the preferred variable tmpare and use in calculations of variation in
water vapour is water vapour pressure variableseads of relative humidity which is

temperature dependent.
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8.2.2 Correction of psychometric temperature dependant costant

During data processing for profiles, the primafdgus should be on accurate expressions of the
calculations of the so-called “temperature depenhdanstant” used in energy and mass transfer
processes. This constant, affects the value olilzdbd heat energy flux densities and hence a
full understanding of the variation of the psychameeconstanty (KPa K?) is important. It is
also expected that the removal of water vapouwaperation from a surface is dependent on the
atmospheric pressure. Therefore, the correctiorthef psychometric constant for a given
atmospheric pressure other than sea level pressungperative. The common relationship is
given as:

Y =Yo(P/F) 8.4
wherey is the psychometric constant at atmospheric presBuandy, is psychometric constant
at sea level pressureP,(= 101.325 KPa), with values from 0.0655 to 0.0668a K as air
temperature increases from 0 -°Q0 The atmospheric pressui, is calculated at a given
altitude (h) using Eq. 8.1 (Savageal.,1997).

Furthermore, using the theory developed by mangareders, and by following the factors and
processes of the thermodynamic laws, it should btssiple to calculate and to provide a
relationship between water vapour pressure andaligiotential temperature in profiles within
maize canopy. This leads to the appropriate int¢ation of heat and mass transfer processes

within a crop canopy.

8.3 Materials and methods

8.3.1 Experimental design and layout

The detailed climate, soil and topography chargsttes of the Kenilworth Bainsvlei ecotope are
given in Chapter 2 Section 2.3. The field layoutl aneasurement position are shown in the
diagram in Chapter 2 Section 2.4 (Fig. 2.2). THealnaize field under IRWH was divided into
four replicate blocks, with each main plot consigtof four IRWH runoff strip length (RSL)
treatments (1, 1.5, 2 and 3 m) with rows extendimggentire length of the field in the East-West
(E-W) direction. For this study, the remaining tHagithout any mulch treatments was used, by
selecting only two RSL treatmentgsz. 3 m and 1.5 m to represent a wide and a narrowffrun

strip length, respectively. During the maize grogveeason, as part of continuous measurements,
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profiles of temperature, humidity, and wind speedasurements were performed within the
maize crop canopy. During the measurement periogket consecutive growth stages with
specific runs of measurement periods were seledtiegel.growth stages represent early and late
vegetative growth stages after the crop canopyattased a height of 1.2 m and 1.6 m, and at

maximum canopy height (average of 2.2 m) when tbp s in the reproductive stage.

Micrometeorological profile measurements were matlgour levels and the sensors were
installed at various heights by shifting them ontical poles, according to the crop growth. The
heights were changed three times through the gpp@mniod, as indicted in Table 8.1. The focus
of the analysis was on the vertical profiles of fpaential virtual temperature, water vapour
pressure and wind speed, during the three selegtedth stages, from measurements taken at
four heights within the maize canopy on both wi8en) and narrow (1.5 m) runoff strips. When
the crop attained a height of 1.2 m and later 1,.& set-up of the instruments were fixed at the
four prescribed levels of 0.3, 0.6, 0.9 and 1.2nd @.4, 0.8, 1.2 and 1.6 m respectively, above
the soil surface within the canopy. When crop hievghs at a maximum (2.2 m), at reproductive
stage, the sensors were moved up to levels of 0.%8, 1.65 and 2.2 m (Table 8.1).

Table 8.1 General information about the days of the measenésnand sensor position:are

heights above ground surface levels of the micreoretogy measurements; DOY represents
day of year.

Growth stages Early vegetative Late vegetative Maximum height
Observed period (Date) 5-11 Feb., 2009 20-25, 2609 10-15 Mar., 2009
DOY 36-42 51-56 69-74
Profile position Height (m)

z; (M) 0.30 0.40 0.55

Z,(m) 0.60 0.80 1.10

z3(m) 0.90 1.20 1.65

z (m)=hc* 1.20 1.60 2.20

*Crop height at top level = hc

In these canopy profile observations, the four dsye@ measurements were denoted appér
portion” (UP), “mid-uppet (MU), “mid-lower’ (ML) and “lower portiori (LP). These portions
or layers of the maize canopy represent the topmamayer, upper part above the midpoint,

lower part below the midpoint and the bottom layespectively. The variation in measurement,
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in these strata (layers) of the vertical profilggyes an opportunity to characterize the
micrometeorological parameters and their interastiithin crop canopies.

8.3.2 Measurements

In order to measure the profiles within a maizeopgn a tripod stand-pole with extended arms
was erected in both wide (RSL-3) and narrow (RS)-tunoff section areas. An identically
instrumented tripod was placed in the centre afireoff section of each treatment by selecting
the third runoff strip on the southern side frora thur consecutive runoff strips making up each
treatment plot (Fig. 8.1). To ensure that the mesamants made by different sensors at same
height in narrow and wide runoff strips, the trippdles and arms were checked frequently.
Intensive care was also taken not to allow the@wsrn® touch plant parts, in particular in narrow
runoff strips. The position of the sensors was wgowbf the vertical pole holding them
(prevailing N-NW wind direction). Plant samples wéaken at 10 day intervals from 15 Jan. to
25 Mar., 2009 to monitor the basin leaf area réBbAR), and plant height, the dates being 25,
35, 45, 55 and 65 days after planting (DAP). Thasaeement procedures for leaf area and plant
height are described in Chapter 2, Section 2.3.

Figure 8.1Sensor arrangements in the runoff section withennttaize canopy at 1.6 m crop
height on 25 Feb., 2009 for the 3 m length runtips
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8.3.3 Instrumentation
The following measurements were performed at feuels within the maize canopy:
(a) wind speed was measured using three-cup wheeghySanemometers (Model 03001)
with stalling speed of about 0.15thsnd
(b) temperature and humidity were monitored usifgR30 temperature and relative
humidity probe, which contains PRT and Vaisala-IRRTEAP sensors for temperature
and relative humidity, respectively (Model HMP50ngzbell Scientific, USA). These
HMO50 sensors were housed inside white plate nadiathields (Campbell 41303-5A
Model) (Fig. 8.1).
The sensor positions within the crop canopy afdle levels are illustrated in Fig 8.1 for the 1.6
m crop height. All micrometeorological data werearled on a CR1000X datalogger (Campbell
Scientific, USA) every 5 min. and averaged over t¢weir. Instrumentation was frequently
checked and data regularly downloaded to a laptmppater with some overlap from the

previous download.

8.3.4 Data handling and processing

In order to compute the necessary meteorologicalnpeters, several steps of data processing are
required. These steps include: data downloadirertlyr from the datalogger in the field and data
storage in simple spreadsheet templates. Secorallydata was checked and a decision was
made about data quality and availability for coatins time periods, before implementing
intensive data processing. As parameters for egprgshumidity and temperature are
interconnected, they must be manipulated to cdeullae required derived parameters. The
measured relative humidity, RH (%) is defined as:

RH = 100 = (ea/es) 8.5
where egs saturated vapour pressure (KPa), calculatedyukmfollowing equation:
es = 0.6108exp (17.2694T/273.3 + T) 8.6

where T is the temperaturC).

Once the, es is calculated, it is a simple matiause measured RH and ratios to calculate the

actual vapour pressure, ea values (Alinal., 1998). Hence the moisture profiles can be
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expressed in the form of actual water vapour pressu KPa unit rather than the relative
humidity in %.

In the case of profile temperature measuremenis,assential to consider the theoretical bases
of the temperature dependant constants. The psyeteoic constantyf determines the correct
values of heat and mass densities in the boundgey.I This constant is also dependent on T, ea
and on acceleration of gravity (g) and atmosphemssureR). In the profile analysigv and ea
were calculated using the above procedure, aswsll@hey for this altitude (h = 1354m) was
calculated as 0.055 KPa'Kassuming that the density of the airis 1.211 kg i, and the
atmospheric pressureR? = 85.245 KPa was calculated using Eq. 8.1. Virtpaktential
temperatures used in the analysis of the profileseevealculated according to equations 8.3 and
8.4, in order to remove the temperature variatimmssed by changes in pressure and altitude of

an air parcel.

8.3.5 Method of statistical analysis

To compare the differences in the observations é&tvthe two groups, wide and narrow runoff
strips, for each layer in the profile, a statidtidata analysis was conducted using a two-tail
paired t-test procedure with SAS 9.1.3 statistsmdtware for Windows (SAS Inst. Inc., 2006).
Significance levels of R 0.05 and K 0.0001 were used based on the variability asstiatth

the measurements. These comparisons were carrietbrothree different periods during the
season. In addition to statistical methods, graghémd tabular representations were used to
illustrate and compare the diurnal variations @& gnofiles within the canopy for specific days

and hours. The relationships were expressed usipiyieal regression procedures.

8.4 Results and discussion

8.4.1 Maize canopy structure

During the selected vegetative and reproductivéogsy the maize crop was growing rapidly
(Fig. 8.2). The wide (RSL-3) and narrow (RSL-1.t8atments follow the same trend for both
crop height (hc) and basin leaf area ratio (BLAB)t the wide runoff treatment shows a higher
BLAR.
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Figure 8.2 The course of crop heighthd) and basin leaf area ratio (BLAR) during vegetativ
and reproductive stages at 10 day intervals frondiaiof January to March, 2009.

The BLAR trend showed that in both RSL treatmetfits, BLAR increased with the plant growth
during 35-55 DAP and reached a “plateau” after @%P00Fig. 8.2). At later growth stages, a
significant difference was found for BLAR betweendes and narrow runoffs treatments.
However, the statistical analysis of the plant heidata revealed no significant differences
between treatments. The wide runoff area dicttatithe basin area must have more plants (6.4
plants nf) (as both treatments had same plant populationtqei land area), therefore
effectively giving a higher BLAR over that partath the narrow runoff plots which had fewer
plants in each basin area (3.3 plant§ @s there were more basin areas per total larsd Bhese
vegetation characteristics, plant density and BLARye an effect on the processes of heat and
water vapour within the maize canopy at differendbwgh stages. The variation in canopy
structure of a maize crop under IRWH will be an artpnt consideration when evaluating the
vertical distribution of meteorological variablasch as temperature, water vapour and wind and

their role in the energy balance of the canopyswidsurface.

8.4.2 Comparison of profiles within the canopy
Table 8.2 shows the summary of the statisticallt®$or each of the parameters wind speed (u),
Ov and ea within the canopy at a crop height of 1.2,ahd 2.2 m, which correspond to a) early

vegetative, b) late vegetative and c) maximum ¢tr@ght stages.
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Table 8.2 Statistical comparison between wide and narrow R®htments; for hourly wind
speed (u), virtual potential temperatufe)(and actual water vapour pressure (ea) within the
canopy at 4 levels for a) early vegetative stagerwbrop height = 1.2 m (n=144), b) late
vegetative stage when crop height= 1.6 m (n=96) @ndt maximum crop height of 2.2 m
(n=120).

a) Early veg. stage b)Late veg. Stage c)Max. crop height
Parameters | Layer H)eight {m) Sig.glevel He)ight (m : Sig.gLeval H)eig(hh) pSig.gll_evel
LP 0.30 * 0.40 *x 0.55 *x
Wind speed| ML 0.60 ns 0.80 * 1.10 *
(u) MU 0.90 *x 1.20 * 1.65 *
upP 1.20 ns 1.60 *x 2.20 *x
. LP 0.30 *x 0.40 * 0.55 ns
Virtual pot. g 0.60 = 0.80 : 1.10 ns
Te”}g\‘j)rat”re MU 0.90 ns 1.20 g 1.65 :
upP 1.20 *x 1.60 *x 2.20 *
LP 0.30 *x 0.40 * 0.55 *
Wgtfgs‘gi'[r’g“' ML 0.60 ns 0.80 wx 1.10 wx
(ea) MU 0.90 ns 1.20 *x 1.65 *x
uP 1.20 * 1.60 * 2.20 *

*and** significance levels at P value P< 0.05 and(@0001, ns= not significant differences.

During the early vegetative growth stage, the pesfof all three parameters showed statistical
variations in some of the different layers but aball levels (Table 8.2a). The wind speed profile
at MU had highly significant differences at (P €@1) between wide and narrow plots but in
the top (UP) and middle (ML) part of the canopyréheere no significant differences between
the wide and narrow runoff strips. But bdt and ea had highly significant differences in the

upper (UP) and lower parts (LP) of the canopy.

In contrast to the crops at the early vegetatiagesi{hc = 1.2 m ), when the crops attain a 1.6 m
height (during late vegetative stage) there wegmitant differences in all the measured
variables (uv and ea) between wide and narrow runoff treatmedntgarticular, u and ea
showed highly significant differences at a P vatu@.0001 significant level (Table 8.2b) at all
sampling levels. When maximum plant height (averafg@.2 m) was reached after 65 DAP,
statistical results showed highly significant diffiaces for the profiles of u and ea between the
wide and narrow runoff strips (Table 8.2c). Thisnsagreement with results obtained for all the
profile-levels during late vegetative stage. Howevbe 6v below the middle of the canopy

height was not significantly different, even at &ue of 0.05, between wide and narrow runoff,
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while the upper two levels were significant at B.@5. The reason for the less or non-significant
differences ofov in lower portion is not clear. Nevertheless, wittle turbulence under low
wind conditions (< 1 m™Y, almost all the heat exchange between the leamdsair above,
occurred in the top half of the canopy. The bottaatif of the canopy is a very weak heat sink in

both wide and narrow runoff strips due to presesfdewer leaves.

8.4.2.1Early vegetative growth stage profiles

Representative profiles of u for the morning angtidae for a series of periods of 08:00 - 13:00
hrs typically have low values near the surface iaotease with height through the canopy (Fig.
8.3). In general, the wind speed was higher innfegning and becomes calm during midday
(Fig. 8.3). The wind speed increases from the lowesel near the ground (LP) to the upper
layer (UP) of the crop for both treatments atiatlets which is considered a typical pattern within
a crop canopy (Monteith and Unsworth, 1990). Dutlmgmorning (Fig. 8.3a), the wind speed in
narrow runoff is much higher than in wide runoffaditheights and times. However, as the wind
speed decreases on both RSL, by midday (11:00001&e differences between them become
insignificant at 13:00 (Fig. 8.3b).

...... PR W_8 corosi@pecoss W_9 IOy VTN W_lo PSR W_ll reesi@rnnes W_12 covosefresoss W_13
——N8 ——N-9 —a—N-10 ——N-11 —e—N-12 —&—N-13

12 e ‘... ........................ 12
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o
w
1
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o
(o))

0.3 | feus

0 . . a) Morning b) Midday
0 1 2 3 A 3
Wind speed, u (my Wind speed, u (mY

Figure 8.3 Observed wind speed, u (s profile measurement during (a) morning and (b)
midday within a maize canopy with crop height, Hcl®2 m in wide and narrow RSL, at
Kenilworth Bainsvlei, on 06 Feb., 2009 (47 DAP)i Blad W-i represent narrow and wide strips
at specific i hour of measurement.
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The hourly profiles of water vapour in the mornifidg. 8.4a) and around midday (Fig. 8.4b)
both show sigmoid-shaped ea profiles, within theopy with the values at LP and UP being
similar. In the wide RSL, for ML and MU parts ofetltanopy, the profile of edecreases slightly
(lapse) with height and returns back to a highduevan the UP of the canopy (Fig. 8.4) because
of the higher wind speed in this part of the can@pl) (Fig. 8.3). In narrow RSL, the decrease
is from ML to UP, near the top of canopy with peakin the ML part of canopy. At this stage of
vegetative growth, in both wide and narrow run@teons the moisture concentration in the UP
layer decreases as the day progresses with inegeasitemperature and the resulting increases
in evaporative demandh the MU portion of the canopy the ea values ease with height in

both wide and narrow runoff strips (Fig. 8.4a).

In the middle layer of the canopy the ea valuessaalight decrease in ea with height in both
wide and narrow runoff strips (Fig. 8.4a). The apawf ea with crop height and the effect of
turbulence due to higher wind speed with heightseduthe shape of the profiles on wide and
narrow runoff strips. This is probably due to faet that wind does not penetrate into narrow
runoff. However, the values of ea decrease througti® day at each different profile height in
both the wide and narrow runoffs. For example & tlegetative stage, in the daytime, the
highest ea values (1.51 — 1.62 KPa) were obseruedgithe morning hours and the lower ea
were measured during the late afternoon hours ®01@.10 — 1.21 KPa) before sunset. This
would provide a larger vapour pressure deficih& time which is then part of the driving force

for the highest evapotranspiration rate to occuhiattime of day, probably as one would expect.

The 0v profiles within the canopy, at crop height of It were the same shape as the water
vapour profiles measured in the daytime on thatiqdar day (Fig. 8.6f). Figure 8.6e shows a
slightly higherbv in LP the lowest part of the wide canopy, but witthe layers of MU and UP
the temperature differences were small. Duringntioening hours no differences were observed
between wide and narrow at ML and MU layers of¢heopy. For example, there is a higher
during the morning time in the ML part of the capowith small changes LP-UP of 1.2 K and
0.6 K for both the wide and narrow RSL respectivelgd maximunbv were observed at all
heights in the late afternoon hours (Fig. 8.49).
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During the daytime, in the wide row runoff ared® towest (LP) and the second lowest (ML)
values forfv are always higher than the rest of the canopsh siatbv wide is greater thaév
narrow (Fig. 8.4e&f) and attained a maximum valug23K for wide and narrow rows at 16:00.
This implies that there is a build up of heat ia thwest layer nearest to the soil surface in the
wide treatment. During the midday period, it sedhet the temperature in the narrow rows
remains the same at both ML and LP while the walesrhave a higher temperature especially
at LP (Fig.8.4f&g). The wide strips have a lovgervalue at ML during the midday period than
the narrowdv creating a steeper gradient in this layer, budtthey were most similar. At the
lowest level LP the narrow rows continue to haveveer Ov than the wide rows, probably due to

the shading on this runoff section from closer plamws.

At the afternoon (Fig. 8.4b&c), ea profiles remaunchanged from midday profile
measurements, but the values of ea are lower, laitlst ea having occurred at 16:00, after a
steady decline through the afternoon and then desuthcrease in ea again around sunset. The
value of ea in late afternoon (16:00) in UP and bfiLthe canopy was lower by 0.25 KPa
compared to the midday profile measurements foligwna typical diurnal ea cycle (Fig. 8.4).
Fig. 8.4h show®$lv measurements during the nighttime with slighilynsoid-shaped profiles,
and increasing at the LP part of the canopy in wideff and to a slightly inversion condition
through the rest of the canopy. Conversely, in laerow runoff thebv profiles illustrate
inversion in the lower part half of the canopy dhnen lapse conditions, from the LP and towards
to the top of the canopy. The lower middle parttted canopy in the narrow runoff strips is
warmer than the wide runoff at night. Thereforenaght (Fig. 8.4h) under low wind speed
conditions a free convection state occurs and terlme is generated by the relatively warmer
canopy in the narrow runoffs. This is the reasory tie ML part of the canopy shows inversion
in wide rows for both ea an@lv profiles (Fig 8.4d and Fig. 8.4h). It is expecthat the net
radiative energy loss at the MU and UP can be balthty the available heat source within the

canopy.

The diurnal changes in wind speed showed higharegain the narrow than wide runoff, and
reached peak at 09:00am with values 2 & 2.8 @isd 1.4 & 2.2 mon the UP & LP parts of
the canopy, respectively (Fig. 8.5a & b). Howewsr,on the lower portion of the canopy was
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shown to increase from the morning and reached pedte afternoon with more variation in
the narrow than wide strip (Fig. 8.5¢ & d). Frone thbove discussion it can be seen that the
aerodynamic characteristics of the canopy (vegetatstructure played a big role within the
canopy and up into the boundary layer above themarisee also Chapter 9 Section 9.3.4).
Experimental studies on agricultural crops (Shadat Sohumann 1992; Wilsoet al., 1982; Ni,
1997) have shown that turbulence within and jusivalplant canopies was dominated by highly
coherent eddies with length scale and canopy sirest(not measured). The variation in
turbulence, accounts for most of the vertical tpans of momentum, heat and water vapour
within the canopy in both wide and narrow strips.the system of IRWH with wide row
spacing, the influence of canopy structure wouldrdéfore be imposed through changing

boundary conditions and its influence on turbulantflow around the crop environment in the

runoff area.
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Figure 8.5 Diurnal changes of wind speed (u) and potentiaipiratures 6) through the
daytime on 6 Feb., 2009 on wide and narrow runofjs
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8.4.2.2L ate vegetative growth stage profiles

Profiles in Fig. 8.6a&b illustrate that in the widenoff, the wind increases from 8:00 - 10:00am
and is greater than the narrow runoff at all timascontrast, during night time the wind was

blowing at about the same magnitude within the pgnaf both runoff strips sizes, and it is

constant in the middle part of the canopy and m®ed slightly at the upper level of the canopy

in the narrow strips (Fig. 8.6a&b).

An illustration of typical daytime and nighttime aad6v within canopy profiles is shown in
Fig. 8.6c&d for the canopy height 1.6 m. At midday,narrow, inversion and lapse conditions
show only a little change except a drop in tempeeadf 2 K between 9:00 and 11:00 (Appendix
8.2b). For the wide rows, the highest ea valuegwearest the soil surface, the lowest in canopy
with a slight increase in ea again in the top (l&®r. For the narrow runoff the peak ea is at ML
in the lower middle of the canopy and then decre&séhe lowest level (LP) and further up the
canopy to the top of the canopy (UP). These diffees are about half to 0.1 KPa in size across
the height of the canopy and up to 0.2 KPa diffeesnbetween different times of the day. For
the narrow runoff area, the ea profiles demonstaatiecrease from base of canopy upwards
(from LP to ML to MU) showing inversion of garofiles. As the highest ea is in the lower part
of the canopy, it may imply that the water thatpated from the lower leaves is not leaving
the canopy due to dense vegetation. In the didreatls, higheu was observed in the wide than
narrow strips, during a typical calm day with wispeed of less than 1 it ¢Fig. 8.7a). This is
opposite to the windy period shown on 6 Feb. (Bi§), hence under these calm conditions,
above the wide runoff strip, most of the heat erdaais by the buoyancy force within the lower
part canopy. For example, in wide runoff the dilirctsange inea showed continuously higher
values at the lower portion of the canopy (LP & Mitpund midday (11:00-13:00) (Fig. 8.7¢c &
d). However in narrow strips, due to small eddiesiad the plant leaves and closer plant rows
across the runoff, theaon ML reached peak value at 11:00, then ea rentagier in the lower
part of the canopy (Fig. 8.7d), probably due to lwind speeds of less than 0.2 th s
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Figure 8.6 Hourly wind speed (u), water vapour pressure &) virtual potential temperature
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Therefore, under calm wind conditions, in particuath narrow strips, temperature and water
vapour have small profile gradients and low turhulaixing in the lower part of the canopy, so
play an important role in suppressing the evapomafFig. 8.6 and Fig. 8.7). In a study of
temperature and water vapour pressure within maapepy, Stigteet al. (1976) described the
key role played by the soil surface in creatingalanicroclimatic variations within lower part of

the canopy, under less windy conditions for a mam@ with narrow rows.
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Figure 8.7 Hourly windspeed (u) and water vapour pressurk defour heights for the narrow
and wide throughout the day at Kenilworth Bainsv#di Feb., 2009 (62 DAP).

8.4.2.3Maximum canopy height profiles

The wind profiles within canopy had a similar tremdh the exception at 8:00 and 11:00am in
the narrow strips but small variations occurredhi@ upper part of the canopy during nighttime
(Fig 8.8a-c). Theea in a wide runoff at UP and LP throughout the dalways higher than
those measured in narrow strips (Fig. 8.8d-f).h& middle part of the canopy (ML and MU) the
ea had greater values in the narrow runoff durimeggrmorning and then in the afternoon and late

evening hours, while the difference in ea betwesmaw and wide is less or equal.
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Figure 8.8 Hourly wind speed (u), water vapour pressure &) virtual potential temperature
(6v) profiles in the narrow and wide for either th@mming (08:-10:00) or at midday (11:00 -
13:00) and nighttime (21:00 - 23:00) at KenilwoBhinsvlei, on 11 Mar., 2009 (80 DAP). N-i
and W-i represent narrow and wide strips at specHiour of measurement.
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The profiles show that the location of maximum temapures varied within the vertical canopy
profile for ML and LP for narrow and wide runoff&i¢8.8g-i). From 10:00 until 16:00 the
highest temperature during this stage were recardédee LP (except 1 h) for both the wide and
narrow treatments (App. 8.3). This would indicdtattunder the IRWH system the heat sink is
lower than the upper part of the canopy, with aimaxn difference in temperature between the
UP and LP reaching 5 K at 10:00 and 11:00 on threownatreatment. In contrast, the highest
gradients on the wide treatment were at 16:00 eadhed 6 K, which could have been caused by
the slanted rays of the sun that late in the ab@mnreaching through the wide runoff area
directly onto the leaves (Fig. 8.9a&b). Perhaps, dliferences between the warmer parts of the
canopy can be attributed to the layout of the ruistyips or the latitude of the site and the date
being in March, so these details would have todyesiclered when comparing with the literature
reports. For example, these features correspotldetoesults of Raupach (1979) and Denmead
and Bradley (1968). They described that a notéddure in all profiles within the maize
canopy, is the existence of “hot spot” at about @Bopy height during day and high radiation
periods. Therefore, it is evident that, the cano@g a net heat source for most of the day with
strong heat production around leaves on the togr laf/the canopy. This meant that, the lower
portion or bottom part of the canopy constitutedeak heat sink for most of the day time.
Moreover, under full canopy stage, that particday illustrates well how the entire or core
canopy may heat the air surrounding it, and crgatitemperature variation within canopy rather

than changing in a vertical one.

The figures of 8.8g-i also clearly demonstrate tattmorning and midday time the narrow
runoffs are slightly warmer than the wide onesibuéate afternoon it can be seen that the reverse
conditions occurred with the wide rows being a biglv. In summarizing the typical sequence
of observed ea an@l profiles structures is similar to the profilestbe late vegetative growth
stage, as discussed in section 8.4.2.1. Howevae thay be some profile magnitude differences
as a result of diurnal variations of net radiateord other energy fluxes at the soil surface and
within the canopy (Chapter 10, Section 10.4.3.3urial changes in temperature and water
vapour were experienced over the wide and a naruowffs strip due to the air in the canopy
being heated in the morning and cooled rapidlyuaisst or night fall (Fig. 8.9c&d). Typical
examples of the magnitude of measured values atteel times during the morning, midday,
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evening and nighttime hours over the wide and matreatments are shown in Appendix 8.3a

for Ov profiles and Appendix 8.3b for water vapour pexfi

As can be seen in Fig. 8.9a in a wide runoff aheadaytime egrofiles show a slight decrease
with height for much of the canopy and the surfager above (LP); a slight increase (inversion)
in the UP of the canopy is probably due to incrdasanspiration from the leaves in that layer.
In the case of nocturnal (21:00 - 23:00), vapowspure shows a similar trend to the daytime
profiles but with very slightly changes (not showhlowever the night time profiles may be
more complicated due to the dew formation (Jacoixs Mieveen, 1995) and so will not be
addressed here. A low evaporation rate probablyiraoes from the soil surface as a result of a

free convective state that dominates in the loveet @f the canopy.

The vapour pressure peaked in the morning, fror@QLQntil 11:00 in both the wide and narrow
treatments; somehow this was then followed by nicesiase in temperature which showed a wide
rising plateau from 11:00 until a peak at 16:0Gha wide and starting an hour earlier on the
narrow treatment. This meant that under lowonditions a decoupling between the above and
within canopy processes developed more in narr@n the wide strips. Then the unstable lower
part of the canopy in narrow rows is capped (caleeand thereby decoupling from the above
canopy. Therefore, the canopy structure and thgdnay force from the soil surface are the two
variables important to this free convection staie the low windy conditions under IRWH
cropping system. In a maize crop with 0.75 m roacspg, Jacobs and Nieveen (1995) described
how a free convection state occurs in which tunbcgels generated by the relatively warm at the
lower part of the canopy. This situation is in agnent with the narrow strips when the bottom
portion of the canopy showing highar during the late morning and late afternoon hours.
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Figure 8.9 Diurnal trend of water vapour pressure (ea) anth&irpotential temperatue8v) at
four heights in the narrow and wide at Kenilworthifisvlei, 11 Mar., 2009 (80 DAP).

Figures 8.9c&d clearly demonstrate that at morrangd midday time the narrow runoffs are

slightly warmer than the wide ones but in late rafb®n it can be seen that the reverse conditions

occurred with the wide rows being a slightly higher So it appears that the plants on the wide
runoff strips were heated by the late afternoon and retained that heat for a few hours.
Therefore, the inversion form @k at lower canopy (ML) in wide rows is due to treetf that
leaves are fully exposed to full sun slanted r&esequently, during late afternoon after some
hours of exposure to the sun, the wideis greater than the narrow roWwg and showed a net

radiative loss of energy from the surface durirtg &fternoon time at 16:00 (see Chapter 10).

However, in the narrow rows the direct sun hitlo@ top of the canopy and reflected back some

radiative energy, but narrow rows remains higher than widiv around midday. The nocturnal
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variations or differences in temperature profilesvide and narrow runoff strips are smaller and

often negligible (Appendix 8.3b).

8.4.3 Relationship between profile parameters

In evaluating the characteristics of the profilethim the maize canopy, all the variablesea &

Bv) showed variation in different growth stages awer the course of the day. Moreover, all
variables rendered variations on the magnituddefentity according to the diurnal variations.
For example, the nocturnal eafv changes are much weaker and smaller relative tongdayas

in the night the air movement is mainly dominatgdree convection, whereas during the day a
mixed convection is nearly always present in trecesses of heat and water vapour exchanges.
As most evaporation takes place during the daylighirs, one is more concerned with these
times, therefore, the correlation between the et within the canopy, was investigated for
daytime hours (08:00-17:00) only.

During different growth stages different microcliticaand profile characteristics were observed
(see section 8.4.2). For example, on a relativehydwday (DAP 47) the diurnal changes of u
versus ea anélv versuseagave good agreement with a second degree polyn@anallinear
fitting, respectively for both wide and narrow p#i From this regression analysis of the
combined data set profiles, the coefficient of deteation (R) obtained were 0.78 & 0.71 and
0.86 & 0.85 for the wide & narrow RSL treatmentstloe u versus ea (Fig. 8.10a) &ivdversus
earelationships (Fig. 8.10Db).

The result from Fig. 8.10a can be expressed abptinRSL treatments the effect of wind on ea
varied at different layers due to the lower remow&lmomentum from the wind flow is

transferred downward. This means that slow movingi@av occurred deep in the lower part of

the canopy, but the magnitude of wind speed wdsrdifit in wide and narrow RSL treatments
(as describe in Section 8.3.1). In other words, Ithveer layer of the plant canopy receives a
smaller supply of momentum and removal of ea thinotignspiration was also lowered due to
reduced penetration of radiation in the lower parthe canopy. Moreover, as pointed out in the
above section, the sparse canopy structure of tamtgrd maize under IRWH is poorly coupled

to the atmosphere. Therefore, in general the efbéat on ea concentration was due to its
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influence on the resistance of boundary layer &edcanopy and soil surface resistance (Ham
and Heilman, 1991). This implies that the loss aitew vapour through Ev and Es by maize

plants and from the soils surface of the basinsrandff strips depends on wind.

e  Wide o Narrow ---- Poly. (Wide) — --------- Poly. (Narrow)
2.0

ea (KPa)
|_\
o

Wide (RSL-3):y = -0.165% + 0.528x + 1.171
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R2=0.71

0.0 T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
u(msh)

0 e  Wide o Narrow --—--Linear (Wide) ----- Linear (Narrow)

1.5_ ;gr‘

1.0

ea (KPa)

Wide (RSL-3):y = -0.034x + 12.186
05 ] R2=10.86

Narrow (RSL-1.5): y = -0.034x + 12.212
R2=0.85

0.0 . . .
305 310 315 320 325
ov (K)

Figure 8.10 Daytime relationship a) for wind speed (u) verswusger vapour (ea) and b) for

virtual potential temperatur®y) versusea of all profile measurements (n=40) on 6 Fel0920
(47 DAP) on wide and narrow runoff strips.
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The Ev and Es (ET) within the canopy increasestheoncentration but it is determined by the
magnitude of the wind speed. Thus, Fig 8.10a gleillstrates that for both RSL treatments
with increase in u the concentration of ea withi@ canopy increases up to a certain level of ea
(i.e. about 1.6 KPa), but this plateau was reactiedrange of 1.4 - 1.8 mfsnd 2.0 - 2.4 m’s

for wide and narrow RSL treatments. This confirimat tthe resulting variations in Ev and Es in
the wide and narrow tillage of IRWH modify the & within the canopy, thus creating
gradients in ea. In other words, indirectly Ev &xlrates were affected by the wind speed order
of magnitude. So that, the driving force for ETaay RSL is the gradient of ea and the resistance
to ET processes is related to wind speed effe@aononcentration within the canopy. This can
be explained in sparse planted maize under IRWidiapossibly referred to via the relationship
of u and ea through the evaporative demand anteodriing power of the air within the canopy
in both wide and narrow strips. This meant thatwise RSL is faster in response to evaporative
demand of the atmosphere and supplying higher drpmwer of the air compared to narrow

RSL treatments.

In the case of the relationships between the grofitasurement &k andes it is of interest to
find out if the combined four layers within canofiy?, ML, MU & UP) agree with different
criteria based on the windy condition on 47 DARy(R.10b). The linear regression line is well
fitted with only slightly higher intercept in theide compared to narrow strips. but there were no
significant differences between the wide and narsivips at P < 0.05 significance level.
However, both trends showed with an increas@vithe concentration of ea within the canopy
decreased sharply. This meant that, the loderand higher ea results in a lower rate of
transpiration from the plants and limited evapamatirom the soil surface. While under hot
sunny (highev) and windy condition Ev can exceed the rate aclwhvater can be supplied
from the soil and hence stomata may close to ptewater losses from the maize plants.
However, in general the wind profile within the widtrips causes more eddies compared to
narrow strips, and thereby maintains the ea gréslimore favourably between the air within the
canopy and evaporating surface (plants and sofselr. As a consequence, ET increases
dramatically with increase turbulence but only opctitical limit determined by the humidity

and temperature within the canopy and of courseaalty on the available energy (radiation).
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To summarize the relationship of climatic variablgghin the plant canopy in influencing Ev
and/or Es under the tillage system of IRWH, the fe&yor is the movement of air and turbulence
that is a function of wind speed and that dependghe length of runoff strips. Increased
movement of air within the plant canopy will resumlthigher ET rate, thus a high wind speed has
an implication in the control of ET because wingi@ies the movement of saturated air in the
plant canopy. On the contrary, under weak wind g the air within the canopy may not
move very much, raising the humidity of air arouhd canopy such that the air tends to become
saturated air unless it is replaced by drier aor. &ample, for the case of low wind conditions
(62 DAP), the vertical profiles relationships oftbha versus ea arl/ versus ea were shown to

have poor relationships (Appendix 8.5).

8.5 Conclusion

Very few literature references have been found lm gpatial and temporal distribution of
weather variable profiles within the crop canopyd @mone considering the technique of IRWH.
Nevertheless, it should be clear that a compretienand good description of Ev and Es
processes must necessitate a thorough study ovetieal profiles within plant canopy, in
particular during the daylight time. This undersliawg of vertical profile within canopy
improves the formation of an impression for thesoeawhy wind and temperature profiles
related to water vapour concentration within thaopgy for wide and narrow RSL treatments.

Thus, from the results the following main conclusia@an be drawn:

i) Growth stage had a pronounced effect on the végicdile in terms of the magnitude and
structure of the parameters within a maize can®pg. existence of inversion increasing ea
andov at UP in the wide runoff canopies is as a regithe wake-generated turbulence in
the upper layer of the canopy. It is speculated tha turbulence is higher in wide
compared to narrow strips. In a broad sense, the differences between the water vapour
profiles in wide and narrow runoff are the shapehef profiles in the lower and upper part
of the canopy. In wide runoff strips lapse condiicextended from lowest measurement
level (LP) to the upper middle section (MU) of ttenopy and inversion was apparent at the

top of the canopy.
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i)

ii)

Unlike the water vapour profiles, the temperatwaifes do not show uniform changes over
the course of the day. In most profiles during ohagt the temperature had a slight inversion
or lapse in the lower part of the canopy and dunighttime it was close to isothermal
conditions due to the fact that canopies trap mbste outgoing long-wave radiation. The
main difference observed on the wide runoff arethé temperature inversion at the top
(UP) of the canopy during the midday hours androfiese to isothermal conditions in the
late morning and nighttime. The reason for the msit;n of temperature inversion into this
part of the wide canopy is as result higher air emgnts compared to narrow strips.

Results showed that, from the relationship of u eadconcentration, ea reached plateau at
about 1.6 KPa at a range of wind speed value of 1.8 m & and 2.0 - 2.4 m'sfor wide

and narrow RSL treatments, respectively. ThusBh@nd Es within the canopy increased
the ea concentration but it was determined by thmel wrder of magnitude. This indicated
that the sparse maize canopy of the wide RSL csuighly more drying power of the air in
response to atmospheric evaporative demand comparedrrow RSL treatment. This is
due to the variation in air flow in wide and narromnoff strips that would create gradients
in ea for ET processes. From the study it was fasad that during windy condition with
increase ofbv the ea concentration within canopy decreases ath brunoff strips.
Nevertheless the wind profile within the wide strigauses more eddies compared to narrow
strips. As a result ET increases dramatically wittrease turbulence but depend on the

magnitude of humidity and temperature profiles witlne canopy.

177



Chapter 9 Above canopy profile characteristics & VPD relatson

CHAPTER 9

Profile Characteristics and Water Vapour Pressure [&ficit Relations

above a Maize Canopy

9.1 Introduction

Understanding of the momentum and heat transfetarend above the canopy is an essential step
to quantify and evaluate the heat and water vapuwhange processes. The assumptions
underlying the theory of one dimensional energyhexge can be challenged for a number of
circumstances that are of agricultural interesiuidiong various tillage systems (Stigter, 2010). For
instance, in the system of in-field rainwater hatirg (IRWH) with different arrangements of
runoff and basin area, it can be seen that varsouall-scale processes occur within and above
crop canopy. A maize canopy under IRWH acts asieceaand/or a sink of heat energy and water
vapour. Besides this the air surrounding the coplways in turbulent motion, which causes
efficient mixing and exchanges of heat and watgroua, with the crop surface. Therefore, it is
noted that, an understanding of the effects ofvibrtical profiles of heat and water vapour at

canopy level gives a clear indication of the fluxes

Various experimental measurements have confirmed horizontal wind speed is strongly
sheared at canopy height and attenuates quickhinihe canopy (Rosenbeeg al., 1983; Allen

et al., 1998). The canopy effects are felt from the groupdo canopy height which is described
as the roughness sub-layer (Garratt, 1992). A goatkrstanding of vertical profile of horizontal
wind speed within and above a plant community iprerequisite to understanding turbulent
transport of water vapour as well as temperatwetdhtions within a crop canopy (Arya, 2001;
Figuerola and Berliner, 2006). Over time, the mbarizontal wind speed (u) will vary rapidly
with height above the ground through the roughrasds-layer, particularly within the plant
canopy, due to the effects of drag exerted by tigedying surface (Raupadt al.,1991; Kroon
and Bink, 1996). Water vapour and heat fluxes amesof the most important constituents of the
atmosphere which also have great biological impoega(Rayet al., 2002). The bulk rates of
exchange between the canopy and the air flowing ibwan be determined by measuring vertical

fluxes in that part of the boundary layer.
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Within the plant canopy, turbulence is generateminfrseveral sources. First, there is solar
radiation absorbed by the leaves and soil surfab&h warms the surrounding air. The induced
buoyancy of warm air leads to the generation obulence (Monteith and Unsworth, 1990).
Another important factor is frictional resistanceair flow due to the soil surface and vegetative
cover (Allenet al.,1998). In the IRWH system, the bare area (runwiihs) between the planting
zone (basin) and the next basin is drying out dua high solar radiative load and can generate
plumes of hot air (Figuerola and Berliner, 2006he3e plumes may therefore enhance a strong
lack of horizontal homogeneity due to the arranga&mébasin area and runoff sections in IRWH.
On the other hand, within the canopy layers inldhsin area, an increase in temperature occurs
near the level of maximum leaf area where mostefdolar radiation is absorbed. However, in
general the highest temperature was observed ilower and middle lower portion of the canopy
for narrow and wide strips, respectively (see. @&ap, section 8.3). Thus, the source of semi-
homogenous characteristics within the maize canomer IRWH system is a balance between
the processes of energy input by radiation andethstribution by convection, However, the

details of these profiles have not been measurieatdoe

The experimental maize field under IRWH techniquaswnot specially designed for
micrometeorological-based studies, however, ldterais used to evaluate profile characteristics
and relationships. In reality, this was difficult the IRWH tillage systems are heterogeneous in
nature, as the experiment has runoff strips ofouarisizes alternated with basin areas of maize
rows. So the IRWH field, does not meet the idealditions for a micrometeorological study, but
the purpose was to measure the vertical profikemiperature and VPD both within and above the
maize canopy of a typical IRWH system. These mi@worological measurements will be used
to express the heat exchange processes for wetrgralirfaces and air passing over it. The main
objectives of the study were:

» to characterize the vertical profiles of temperat(using virtual potential temperature
0v), water vapour pressure (ea) and wind speed hjnnand above a maize canopy
for dry and wet conditions in wide and narrow rursifips; and

» to describe the water vapour pressure deficit (VBBgJer different atmospheric and

soil surface conditions for both wide and narrowafd strips.
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9.2 Materials and methods

9.2.1 Experimental layout

Measurement of profiles and water vapour pressefieitl(VPD) was conducted during the last
part of cropping season of 2008/09 from 16 April2-May, 2009 (DOY 106 — 132). The main
experimental design and treatments were describedChapter 2, Section 2.2. Detailed
descriptions of the site and the layout arrangeroktite micrometeorological studies are given in
Chapter 2 Section 2.3 and Chapter 8 sections 8Thé. detail characteristics of Kenilworth
Bainsvlei ecotopeare also given in Chapter 2 Section 2.3. Totalfadlimeceived during the first
measurement period (DOY 106-121) on wide runoffpstvas 9.1 mm, while 21.9 mm was

received during second measurement period (DOY-12&2) on narrow runoff strip.

9.2.2 Measurements and research approach

From the four RSL treatments in this overall projenly two RSL treatments were selected,

3 m and 1.5 m to represent a wide and a narrowfirgtiop lengths. The micrometeorology
observations were taken over the wide RSL treatrfrent day of year (DOY) 106 - 121 (first
period) and over narrow RSL treatment from DOY 12232 (second period), as sufficient
instruments were not available for simultaneous sueaments. Within these periods, several
measurement days were then selected in order tuiloeshe profiles within the RSL treatments.
The criteria for selecting the days were only tetalrepresent a typical dry or wet day given the
prevailing weather condition such as the magnitoflevind speed and diurnal temperature
variation (Table 9.1).

Table 9.1 Selected days for profile characterization stuftiesvide and narrow runoff strips and
average day time weather condition (8:00 -18:06) dtam automatic weather station

Treat Selected days (DOY) RF T RH u VPD
' & Soil Cond. (mm) | (DOY) (°C) (%) (m s:l) (KPa)
107 Dry - - 23.5 25.0 1.8 2.3
Wide 108 Dry - - 22.5 30.2 2.6 2.0
112 Dry &Windy - - 17.9 51.0 4.7 1.1
117 Wet 5.9+1.5| 115&116| 17.6 39.4 1.2 1.3
125 Wet & Windy 6.2 124 16.2 70.7 3.6 0.6
Narrow 126 Wet 6.3 125 17.7 65.9 1.9 0.8
127 Wet 9.2 126 17.4 49.6 2.0 1.1
131 Dry - 17.1 445 2.4 1.2

RF= rainfall, T= temperature, RH= relative humidjty= wind speed and VPD= vapour pressure deficit.

As the weather conditions are not like a treatnibat one can impose during a selected time

period, one has to use the weather conditions dlcatirred naturally during the available
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measurement period. However, the focus of thisystumks concentrated on the variations through
the diurnal cycle of both day and night. Thus, nseafnhourly data of each variable Qv,and ea)
were calculated for four time periods each of thneers. The four time periods in the diurnal
variation were set-up to represent the morning((8:00:00), midday to afternoon (12:00 - 14:00),
evening time (18:00 - 20:00) and night time (22:@3:00).

9.2.3 Instrumentation

The climatic variables were measured both withinopy (1.8 and 2.1 m) and just above the
canopy (2.4, 2.7, 3.0, 3.3 & 3.6 m) up to the refiee level (4.5 m). A long mast was firmly
attached to a tripod stand and buried deeply td biwé arms and sensors steady at the required
height. The average height of the maize canbgydt its maximum was 2.2 m. Sensors collected
hourly observations of temperature, humidity anddvspeed at eight heights of 1.8, 2.1, 2.4, 2.7,
3.0, 3.3, 3.9 and 4.5 m above ground surface @ig.

Figure 9.1Sensor arrangements in the wide runoff sectioniweind above the maize canopy
from 1.8m up to the reference height of 4.5 m o\@#l, 2009.

Measurements performed at eight levels within drala the maize canopy were as follows:
» wind speed was measured using three-cup wheelySamémometers (Model 03001)
with stalling speed of about 0.15;s
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* temperature and humidity were monitored using HMR&@Dperature and relative
humidity probe, which contains PRT and Vaisala-INRKEAP sensors for temperature
and relative humidity respectively (Model HMP50 Gaell Scientific, 1994 USA);

 HMP50 sensors were housed inside white plate iadiahields (41303-5A Model);

» all micrometeorological data were recorded on a @RX data logger (Campbell
Scientific, 1994) every 5 min. and averaged ovex loour for storage;

» the datalogger used for these measurements wasaproged to periodically save the
data;

* instruments were frequently checked and

» data was regularly downloaded with some overlamftioe previous download.

9.2.4 Data handling and analysis

All data handling and processing followed the sgraeedure as described in Chapter 8 Section
8.3.3. The data analysis was for diurnal variatiand to compare different weather conditions of
dry, wet, windy and rainy days. Air temperature aelhtive humidity were used to calculate the
vapour pressure deficit (VPD) for each layer in grefile. Furthermore, evaluation of profiles
and vapour pressure deficit (VPD) were performeddmonstrate the atmospheric driving forces
for the latent heat fluxes. Under relatively stromigdy conditions, the dependence of VPD and
temperature on wind speed magnitudes was illustraging a simple regression for wide and

narrow runoff strips.

9.2.5 Statistical analysis

From the recorded hourly climatic variables (8&,and u), a statistical analysis was done on
results of three-hour means for the effect of tohday (morning, midday, evening and nighttime)
and on 8 profile heights of measurements (z) oaectedl days during first and second periods of
measurement. The statistical package used wasftwage SAS 9.1.3 for Windows (SAS Inst.
Inc., 2006). In the analysis, replicated three sinaetwo way factorial Randomized Complete
Design (RCD) was adopted. Means and LSD for thenrtreatment effects were computed and
presented in Appendix 9.1 and 9.2. Empirical relahips between climatic variables were

derived using regression procedures.
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9.3 Results and discussion

9.3.1 Climatic variables within and above canopy

The main characteristics of the measured data gluhe two measurement periods (runs) are
plotted to give a general impression of the treatdifferent exposures: within canopy (1.8 m),
immediate above the canopy (2.4 m) and at referkavet of 3.9 m above the ground (Fig. 9.2).

In general, from the data of relative humidity, RfFlg. 9.2a & d), it can be seen that during the
first run (wide RSL), minimum RH (midday value) neases slightly and decreases again but not
to such a low level. During the second run (narR®L), the minimum RH decreases after it
reached a maximum on DOY 126 following the rainflhe RH had small differences according
to the level, but within canopy measurements rendelatively higher values compared to the
reference level measurements as will be seen lam@never, for air temperature data (T) the
highest values appear at the reference level &l & e). In general, in both RSL the trend of T
values moves in the form of 3-4 day periods whefiuttuates at about the same level, in
particular in the case of the second run over tagow RSL. Moreover in the first run
measurements, RH has a narrower daily range anshepo increase from DOY 107-117 while
minimum temperature decreases, which representsaih@ition on rainy wet days and to some
extent it reverses from DOY 118-120.

Winds were from north (N) and northwest (NW), armemain weak during most of the
measurement period with an average of less thars2and rarely exceed 4 ni' §Fig. 9.2¢ & ).

On days 112 and 125 DOY the wind was quite stramgng daytime and approached 7 th s
However, it exhibits a clear diurnal cycle with ammum and maximum values at around midnight
and noon respectively, while the strongest wind waserved at reference level above ground.
The implication of these variations in the measutath of RH, T and u at different levels helps
one to form a general picture and thus better wtaleding the variation in heat and water
exchange processes within and above canopy for andenarrow RSL arrangements. One must
continue to bear in mind that it is not possible‘’dontrol’ the weather, but one has to select
specific day to ‘use’ to describe the phenomenauoig within the range of natural variation

during the measurement period.
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9.3.2 Vertical wind speed profiles

The profiles of horizontal wind speed within andoa® maize canopy for diurnal variations
showed that u increased with height on both drywaeddays (Fig. 9.3). The diurnal change over
the wide RSL, on a dry day (DOY 107) shows u wahér in the morning than afternoon hours
and with a rapid increase from the level just abibnvecanopy to 3.9 m height, and then remained
almost constant above that level. The lowest u n@ashed in the evening hours and it remained
quite calm throughout the night time (Fig. 9.3a8)eTobserved data on a day after rain (DOY 117)
also shows that in both morning and around midtlagre were lower winds, with the highest
wind being observed around noon only up to 1.5gicenopy height and decreasing very slightly
above that level, and then during the night tirhe,wind increased sharply with height from that

level (1.51¢) (Fig. 9.3b) as was often seen.

From Fig 9.3c&d for narrow runoff strips, the wisgeed profiles through the diurnal course of
day show similar trends but with different magnéadon dry (DOY 131) and wet days (DOY
127). For example, at around midday (12:00 - 14tB@)minimum wind speed profile observed is
within the canopy with values 0.9 and 1.5 ™nan wet and dry days respectively and the highest
wind speed was measured at 4.5 m height with 2433ah m &. However, on a dry day (DOY
131) during morning hours the wind speed ceasésctease just above the canopy (2.2 m) and
then increased at h6(3.3 m) level but decreased sharply above 4 m fteground (Fig. 9.3d).
This indicates a slight “bulge” formation in theuddrium layer (just above the canopy) and
being more pronounced in the thermal boundary Igg¢rl.Hic) under the local advection
conditions. Very small “bulge” phenomena also ocediin a wide RSL during the morning hours
and often extended to around the midday (Fig. 8.2g9 but they are not as prominent as DOY
131.
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Figure 9.3 Observed wind speed profiles within and above pgran wide runoff strips on dry
(DOY 107) and wet (DOY 117) days and on a narromoftistrips on dry (DOY 131) and wet
(DOY 127) days at Kenilworth on 17&27April and 7&¥ay, 2009. (LSD value between
periods: DOY 107 = 0.206 ni'sDOY 117 = 0.150 m§ DOY 127 = 0.323 m'5& DOY 131 =
0.198 m &)

The wide bare runoff strips between adjacent rawsday and due to high incident solar radiation
the soil temperatures may reach very high valuek thos generate plumes of hot air. These
plumes may therefore enhance the strong horizdext&l of homogeneity due to the structure of
row crops especially with wide runoff strips. Witlny bare soil between adjacent plant rows,
Figuerola and Berliner (2006) described the resmtiltacal advective lowering of the upper
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boundary layer of the internal boundary layer d@aaquilibrium layer as a common phenomenon.
While the incomplete cover of the plants and tlemaisted plumes from the bottom of the canopy
would lead to an increase in the height of the loweundary layer (Pruegest al, 1996;
Figuerola and Berliner, 2006). Thus, the considenabf the presence of local advection within
the incomplete canopy cover of the IRWH tillagetegs was a crucial factor in estimation of
water movement or in other words crop evapotraatipin in semi-arid areas. This implies that, in
IRWH tillage systems the two important factors Imgvihigh complexity for evaluating
evapotranspiration are: the local advection anch Hgmperatures of the bare soil between
adjacent plant rows. Another two days (DOY 112 &)ldoth with common strong wind
conditions but with different weather regimes haveen selected for the vertical profile
interpretations (Fig. 9.4). On both days, the maximmean wind was observed up to nearly 6.0
m s' around midday time. The wind is stronger on wideoff strip on day 112 but the
temperature only reached about 22.3However, the magnitude of the wind was diffensithin

the canopy, being lower on the later rainy day (DO25) on the narrow runoff, with values

below 1.5 m § during 3 of the time periods (Fig. 9.4b).
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Figure 9.4 Observed wind speed profiles within and above pgram narrow runoff strip on a dry
day (112 DOY) and on wide on a wet day (125 DOY Kanhilworth on 22 April and 5 May,
2009. (LSD value between periods: DOY 112 = 0.33§'r& DOY 125 = 0.397 m9)
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On both these days (wide and narrow RSL) the wpekd increased from the morning into the
afternoon (Fig. 9.4). During this midday periode thighest wind speed value was at reference
level (4.5= 2hc) reaching 5.8-0.26 m & and the lowest measured value was within the ganop
with 2.1+ 0.27 m & on both wide and narrow strips. Stull (1991) désamiia diurnal pattern in
which the wind speed increases sharply after seinastains a broad maximum in the early
afternoon and again decreases sharply near siiget.9.4a&b show the typical profile of wind
speed in the case of weak turbulent mixing, wHike Wwind speed increases slightly with height
above the ground, it moved smoothly towards newtoaditions during the evening and night
time. However, the increase in wind speed in thalidgium and thermal boundary layers (2.4 -
3.9 m) during morning and around midday is as alred more rapid and efficient transfer of
momentum from above the canopy through an evoluimgtable or convective boundary layer,
during wet periods over the narrow runoff stripg(FB.4b). Moreover considerable effect of
advective conditions was also expected during e&yplay time under wet conditions (DOY 125)
(Fig. 9.4b). Therefore, from these vertical windfges, the particular importance of making
measurements at specific height intervals abovee vidd narrow RSL and under different

weather conditions (wet and dry / windy and calmditions) can be seen.

9.3.3 Virtual potential temperature profiles

The magnitude of the variables and thermal stgbalanditions depend on the canopy structures
and the prevailing weather conditions. Hence, sdifferences in virtual potential temperatures
(6v) are expected between the wide and narrow RSy. @b). From the observeéw 3-hourly
means, during the course of the day, it was searthie profiles obv within the canopy in wide
RSL (Fig. 9.5a&b) were more stable or near neutcmhpared to the profiles in narrow runoff

(Fig. 9.5c&d). These graphs represent the dry agidcanditions during the measurement period.

From Fig. 9.5a the profiles clearly demonstrater nezutral stratified conditions, so that the
vertical turbulences in wide runoff strips was sgssed compared to the narrow runoff strips.
The highest temperature occurs at height of 3.8 mide and had increased by 2-3 K on the dry
day and 5-6 K on the wet day. Fig. 9.5a-d illugtrdtat the nocturnal profile was under stable
conditions during evening and night time throughtta profile on both dry and wet days. This

condition was stable until the moment before senméen lowering of temperatures occurs,
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where thefv profiles are characterized by slightly nocturnalarsions, produced as a result of

radiative cooling of the surface within the canopy.

Shortly after late morning (midday and afternoampderate to extremely unstable conditions
were observed on wide runoff strips on both daydrgfand wet conditions (Fig 9.5a & b). The

possible reason for unstable condition during tée (@Fig. 9.5b) is due to the surface heating that
leads to an upward exchange of sensible heat drsmkguent warming of the lowest layer above
the canopy (z=2.4 m), which is probably due towbsdical convergence of the eddy heat fluxes.
Thereafter, the heat exchange processes progrigsdeteriorated and the night time inversion

developed from below to just above the canopy aad weplaced with an unstable convective

layer between heights of 2.4 and 3.9 m.

Under wet conditions (after rainy day) in the mamihours (8:00 - 10:00), Fig. 9.5b
demonstrated that in the lowest air layer just &line crop canopy the layer grows rapidly at first
in response to heating from below and its growthtiooied throughout the day. However, at all
levels the increase iflv from 8:00 — 10:00 to 12:00 — 14;00 whaigher under dry (9-10 K)
compared to wet condition (6-8 K). During dry dg¥sg. 9.5a) the growth of the mixing layer
was very weak during the daytime and immediatelipdang the transition period to evening,
when the sensible heat at the surface changedaejthe unstable conditions suddenly collapsed
and were replaced by a shallower stable boundamsr.ladAccording to Fig. 9.5 this layer was
stratified between 3.3 — 3.9 m height.
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Figure 9.5 Calculated virtual potential temperature profi@shin and above canopy on a wide
runoff strip for dry (107 DOY) and wet (DOY 117)ydaand on narrow runoff strip for dry (DOY
131) and wet (DOY 127) days at Kenilworth on Kemifthh on 17&27April and 7&11May, 2009.
(LSD value between periods: DOY 107 = 1.77, DOY ¥L1.677 K, DOY 127 = 1.563 K &
DOY 131 = 1.690 K)

On the narrow strips, the highest temperature oeduat 3.9 m height and it was never more than
3 K above the rest of the profile (Fig. 9.5c&d) idigrthe morning and midday periods. Whereas
the lowestov was observed at the highest reference level ®indl. but within the canopy level

(1.8 m) for all period®v had higher values than just above the canopyugnt 3.3 m above the
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ground. Nevertheless, the most important thingeirodynamic method is the consideration of the
profiles just above the canopy and at the referdenel. With this in mind, the more unstable
conditions existed around midday time in both wade narrow strips with gradient of about 0.6 —
0.8 K on the dry day and 0.7 — 0.8 K for wet sahditions. In all cases, the stable conditions

developed progressively during late afternoon arehieg time (Fig. 9a-d).

Therefore from the profiles, daytime unstable ctads (convective boundary layer) had three
features or a layered structure: one was the uttaer, wherédv decreased with height within
this shallow layer, and the turbulence is generbtedind shear and buoyancy. This layer started
from just above the canopy stretching to betweénahd 2.4 m height. The second layer is a
mixed layer, in whichbv remained more or less uniform and comprised thi& bonvective
transfer layer. This layer was dominated by buoyagenerated turbulence except during
morning and evening transition hours, when shefacef also became important. As stated by
Figuerola and Berliner (2006), there was a thirgetaabove the mixed layer, being a shallow
transition layer in whicldv increased with height and the turbulence stattedecrease with
height. Thus, from the above profile descriptione theight of inversion can be used as an
approximation of the mixed layer for the thermakemal boundary layer height above the crop

canopy in maize crop under IRWH system.

During windy days (Fig. 9.6a) and rainy days (Fidgb&c), one often observed irregular profile
structures. For instance on a windy day the comxetayer in the thermal internal boundary layer
above the crop canopy was lowered to 2.7 - 3.0ighh€eThis was because the strong wind shears
may generate some intermittent and sporadic tumleelevhich is not connected to the surface
boundary layer. During calm or with weak winds awface heating, a thermal mixing layer
developed only around midday, while a neutral sitlawas evolved during night time and

morning hours. This situation was also illustrateéig. 9.5¢ under moderate windy conditions.
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Figure 9.6 Calculated virtual potential temperature profieishin and above canopy for windy
days on a wide runoff strip on dry day (112 DOY¥@am narrow runoff strip (DOY 125 &126)
on rainy wet days at Kenilworth on 22Apr. and 5&8M&009). (LSD value between periods:
DOY 112 =0.926 K, DOY 125 =0.560 K, DOY 126 =233K & DOY 131 = 1.167 K)

However as illustrate in Fig. 9.6b, with stronganas but on a relatively cold day, with some
showers during the daytime (DOY 125), the mechanefect of the canopy appears to be
increased and consequently dominates the therrfegt efbove the canopy. This implies that the
wind speed decreases as approaching the crop nogvsha lowering in wind speed with the
surface drug or shear stress increases and theléode intensities increase within the canopy.
Perhaps the most dramatic change in the thermeinat boundary layer occurs when stable
stratified air flow over the cold canopy surface@mters much warmer air within the canopy
(z=2.1 m) relative to the air above canopgy4.4 m and above). Conversely, if tbe differences
between the lower layer (z=1.8 m or 2.4 m) and ufgpeer (z=3.3 m and above) were fairly large
the thermal boundary layer developing over the vearsurface would most likely be very
unstable or convective (Fig. 9.6c).

9.3.4 Vertical water vapour pressure profiles

Observed vertical measurements of water vapouspregea) for the same period and positions

as thebv profiles were also plotted against the verticalgheito show the profile and diurnal
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variations. On a dry day (DOY 107), ea was highiniw the canopy at both heights (z=1.8 & 2.1
m) compared to that measured near the top of thepga(z=2.4 & 2.7 m height), due to the water
vapour released by transpiring leaves within tlog ¢Fig. 9.7a). Above this level 3.0 m) ea

responded to the mixed layer of the thermal bountiarer, so ea profile was first lapse then had

inverted.
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Figure 9.7 Observed water vapour pressure (ea) profiles witnid above canopy on a wide
runoff strip on dry (DOY 107) and wet (DOY 117) dagt Kenilworth 17&27 Apr., 2009. (LSD
value between periods: DOY 107 = 0.026 KPa & DOY £10.027 KPa)

In Fig. 9.7b, on a day after rain (DOY117) with atvsurface condition, the development of ea
profile was similar to those shown in Fig. 9.7 todry day. However, the magnitude of ea on
DOY 117 was higher for each period due to the niaely available water from the wet surfaces
throughout the 24 hour measurement period. Durlhgeaiods of that day, ea profile showed

higher values at a level within the canopy (1.8whgre the upper portion of the canopy was a
source of heat and transpiration. Above this leweérsions were present up to 3.0 m height and
again a lapse condition continued up to highestregice level (4.5 m). During a dry day the
change of ea with height was of about a similar mtage (0.06 KPa). This indicates that the

effectiveness of vapour removal increased withegasing day time temperature. This implies that

as the day progresses with increasing evaporatidraaspiration, the water vapour concentration
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lowered during a typical daytime (around midday}thwa larger VPD as the driving force.
However, during night time with low temperaturdsg reverse conditions exist with higher RH
with a smaller driving force for evapotranspiratidduring the wet day (DOY 117), the data
showed ea profile goes sharply lapse, but gradietite profile remained lower due to a cooler
temperature (1°C) and relatively higher humidity (40%) in daytiraed thus experienced less of
a driving force (Fig. 9.7b).
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Figure 9.8 Observed water vapour pressue@) (profiles within and above canopy on a narrow
runoff strip on dry (131 DOY) and wet (127 DOY) dagt Kenilworth on 7 &11May, 2009. (LSD
value between periods: DOY 127 = 0.063 KPa & DOY £3).040 KPa).

The values of ea were higher during the day just aéceiving 9.2 mm rain (DOY 127), than on
previous days (not shown) or subsequent dry dags @EOY 131), thus one expected a lower
evaporation rate. These ea values were also irdacerby both the diurnal variation in
temperature and prevailing wind conditions (asdatéd in Fig 9.1, 9.3 & 9.5). On the dry days,
there was much less variation in ea comparing daaly raght than when the surfaces are wet
following rain on either wide or narrow runoff tte@ents, however the magnitude of the
differences was larger on the narrow treatmentst¢up.4 KPa) as much more rain had been

received at that time.
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On the cold windy day, after a long dry period,réhevas little water to evaporate and the
differences throughout the day were of the orded.06 KPa similar to the other dry days (Fig.
9.7 & 9.9). On the rainy day, the ea during middend the afternoon were higher than those
during the morning and the night, due to the ragreasing the amount of freely available water,
to maintain the atmosphere nearly saturated (F#). rom the previous temperature data (Fig.
9.6) one saw that there was little to no changehéentemperature from within the crop up to the
highest measurement level at all times during #e @&hd night. So these differences in ea were
due to the presence of additional moisture fronr#nefall. The generally higher concentration of
water vapour (> 0.115 KPa) throughout the day coedbiwith rapid cooling during the evening
hours (Fig. 9.6) would have caused much condemsaifodew after the rain had stopped.
Evaporation from the surfaces was low, as expedel to the atmosphere being almost saturated
throughout the rain periods on that day
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Figure 9.9 Observed water vapour pressue@) (profiles within and above canopy on a narrow

runoff strip on dry (112 DOY) and wet (126 DOY) dan Kenilworth 11Apr. & 6May, 2009).

(LSD value between periods: DOY 112 = 0.008 & DOY 126 = 0.031Pa).

There were apparent similarities in the thermadnmal boundary layer across all treatments, such
that the heights for the surface layers could beerdened and are illustrated in a schematic

transect constructed from the profile measuremetenover the IRWH field of maize (Fig 9.10).
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Nevertheless, on days with different conditions; Hivet / windy / rainy, the advection across
wide and narrow varied and was also dependent ad wonditions. From the features of the
and ea profiles, the mixing layer in the therm&binal boundary layer was typically at the height
just above the canopy about ic52.4 - 3.3 m) and above this there was a shalkmthermal
transition layer (3.3 - 3.9 m or 4.5 m). In additithhe analysis of the profiles demonstrated that th
diurnal variations of moisture content and tempeest (ea andv) were also related the wind
speed and turbulence at each locality and theittippsin the thermal internal boundary layer

under local advection, for the IRWH maize system.

A
1) Surface layer

2)z=39-45m

Canopy roughness

Figure 9.10The schematic diagram of boundary layer basedaiiil@omeasurements for a maize
canopy under IRWH 1) the surface layer, 2) inteb@indary layer, 3) equilibrium layer and 4)
canopy roughness layer 5) thermal internal bountdeygr under local advection conditions.
Therefore several arguments have been put forwardxplain the anomaly of flux gradient
relationships for different profile measurement mad wide and narrow runoff strip lengths.
However, in the aerodynamic method for the estiomatf energy balance components, the most
important step is to consider an imaginary plarsated above the canopy within the surface
layer. According to Rana and Katerji (2000) anddgrret al. (1996), the aerodynamic method
has to be applied at heights that are larger tharcanopy roughness length and smaller than the
boundary layer depth. Thus in the present study@files with a maize crop of heightid) 2.2 m

the two heights for the aerodynamic method areidensd: just above the canopy 2.4 m and at
the highest reference level 4.5 m of the intermairalary layer. Savag al. (1997) and Jacohst
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al. (1992) also described the ‘internal boundary layer being of most interesting in crop
micrometeorology studies, which was also definedBoytsaert (1982) as the region of the

atmosphere above crop canopies affected by stegeban the surface conditions.

9.3.5 Water vapour pressure deficit relations

Both dry and wet conditions and rainy and windysdalgowed a similarity for the diurnal profiles
but differ in the magnitude of the driving forcer fevaporation that could exist in a particular
period. Thus, in order to elucidate this, vapouespure deficit (VPD) was calculated and
compared through the diurnal variations for botdevand narrow runoff strips (Fig. 9.11). VPD
values on all treatments were low early in the mmyrand then increased as solar radiation and
temperature progressively increased throughoutddngdight hours and then sharply declined
between about 17:00 and 19:00 (Fig. 9.11). Howeateapproximately 8:00am all the profiles in
dry and wet begun to differ and maintained tho$emdinces throughout the daytime until the late
afternoon sudden decline. The VPD on the wide stigluring the period of 10:00 - 18:00, were
between 1.5 and 3.2 KPa at reference height oh3fom the ground and between 0.5 and 2.2
KPa on the narrow strips. This would indicate tiatthe wide strips the wind was able to replace
the air between the rows and thus maintain a higheing force for evaporation. VPD within and
just above the canopy (1.8 and 2.4 m height) sdoslightly lower values compared to the
reference level but late in the afternoon the whplefile was more uniform (Fig. 9.11).
Conversely, on the wet day (DOY 117) the VPD witthe canopy did not increase so rapidly in
the period from 9:00 - 15:00 hours at the referdagel (Fig. 9.11b), that stretched between 0.5 -

2.0 KPa and declined in the late afternoon.
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Figure 9.11 Atmospheric water vapour pressure deficit (VPDitgga of diurnal variations for
different layers during a) dry day on wide (DOY 1,08) wet day on wide (DOY 117), c) dry day
on narrow (DOY 131) and d) wet day on narrow (D7 1The wet and dry periods represent by
W and D.

On the narrow treatments, on a dry day the referdeel VPD was 0.5 KPa higher than that
measured within the canopy and they were more &iroih a wet day, after receiving a relatively
larger amount of rainfall (DOY 127) (Table 9.1 s®ection 9.2.2) (Fig. 9.11c&d). The value of
VPD at midday on the wet days (DOY 117 & 127) wasdr compared to a dry day (DOY 107 &
131). Thus the increment of the VPD with progregsiturnal radiative energy was slow and
attained its maximum in the late afternoon at 15160rs. The maximum VPD over the narrow
strips was observed at reference level during thyedady, at about 2.2 KPa at 15:00 hours,
whereas on the wet day VPD reached a maximum ofKR& (Fig. 9.11c&d). From the
comparison of the wet and dry days, it can be Hestrthe VPD on the wet day maintained a more

constant value between 14:00 and 16:00 once itynezached its maximum of about 1.75 — 1.90
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KPa (Fig.9.11c&d). The possible reason is due & dboling effect on the air within the crop

canopies and less mixing due to the closer rows.

Overall, as the air temperature changes, VPD canige a better indication of the current
atmospheric evaporative demand (de Jager & vanl®gd9), since it combines the effect of both
temperature and humidity in a single value. Howewénd also affects the VPD value in the crop
canopy as it removes the moist air and usuallyassd it with drier air under these semi-arid
conditions (Allenet al.,1998), but it depends on the moisture conteni®firicoming air and how
much the air in the canopy is changing. In additmmvater availability and uptake processes, the
transpiration losses play a great role in rate afewmovements in plants (Tanner and Sinclair,
1983). VPD is a main driving force for transpiratitnsses from leaves, especially in the upper
part of crop canopies as it responds to the imntedsairrounding environmental factors -
temperature, water vapour, solar radiation and wspded (Rayet al., 2002). Among these
environmental factors the wind speed has the maosiptex relationship with the VPD values,
especially in the arrangement of row crops as theeeadvective effects from the adjacent dry
land surfaces. In this study of IRWH, the sizeld adjacent runoff strips may have an effect of
generating advection between the maize plants sowows or on the side of the basin area. In
order to evaluate this situation, two windy daysehaeen selected for comparing the effect of
wind on the VPD for the wide and narrow runoffs.eT¥PD data from late morning until the
afternoon hours (10:00 - 16:00) have been useeétermine the effect of wind speed on VPD and

temperature on wide and narrow strips (Fig. 9.121&8%

On the wide runoff strips on a windy dry day (DOY2)}, the VPD values at all levels in the
profile decreased (from 1.5 to 0.5 KPa) with insieg wind speed from 2.2 to 3.5 i within
canopy, from 3.0 to 4.5 ni'gust above canopy and from 4.3 to 6.1 Tnas reference level (Fig.
9.12). In a similar manner, the air temperature alscreased with increasing wind speed. Both
the VPD and temperatures within and above canopthefwide runoff strips had negative
correlations with wind speed during the dry windydFig. 9.12).

199



Chapter 9 Above canopy profile characteristics & VPD relatson

*VPD-18 aVPD-2.4 eVPD-39 oT-1.8 aT-24 oT-39
2.0 24

VPD - 1.8: R? = 0.86
22 VPD - 2.4: R? = 0.91
~ VPD-3.9:R?=0.90
T-1.8:R2=0.81
18E  T-24:Re=087
F  T-39:R2=0.85

=
(6]
!
1

VPD (KPa)
=
o

16
0.5 +
Wide DOY 112 (dry) 14
00— N AN
0 1 2 3 4 5 6 7

Wind speed (mY

Figure 9.12Change in vapour pressure deficit (VPD) and tempeza(Temp.) with wind speed
for a selected windy day (DOY 112) during the dagifrom 10:00 — 16:00 on a wide runoff
strip. Linear line denoted: solid line = VPD and-dash = Temperature.

On a dry day, when the surface is not wet, thentateat energy is smaller than the sensible heat
and an increase in wind speed is expected, whicteases the sensible heat at the expense of
latent heat (Fig. 9.12) (see Ch. 10). The strongdwon a dry day played a significant role to
enhance turbulence, thereby reducing the boundaygr |resistance above the canopy and,
consequently, facilitating the movement of watepauar from the upper part of the canopy. In
addition, strong winds also served as means o§p@ming sensible heat from the relatively dry
runoff strip into crop rows. From Fig. 9.12 thenefoit is illustrated that, with an increase in @in
speed VPD would increase for all profiles but wilferent wind magnitudes, due to the
atmospheric and surface resistance. However, ¥egevalues were still small compared to days
with higher temperature and lower relative humidityr example, DOY 107). Monteith (1973)
and van Bavel and Hillel (1976) described the éftdcplant or crop resistance to diffuse water

vapour movement or relative humidity of air on wdbex losses from a dry surface.

On the narrow runoff strips, for the case of a wetdy day, VPD and temperature values have
less dependence on the prevailing wind speed $Fig). As the wind speed increases, the VDP
over the wet plant surfaces increases and temperatafiles also tends to increase. The relations
showed a fairly positive correlation with some sm@d values.
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Figure 9.13Change in vapour pressure deficit (VPD) and tewrtpee (Temp.) with wind speed
for a selected windy day (DOY 125) in a daytimarir@0:00 — 16:00 on a narrow runoff strips at
a range of levels above the soil surface. Linese tlenoted: dot-dash = 1.8 m, solid line = 2.4 m
and dotted = 3.9 m.

Note that, VPD over the wet surfaces always in@eagth increasing wind speed, but it depends
on the availability of energy for latent heat ofpeasation and must remain in balance with
sensible heat losses. The higher VPD gaves a gréateng force for evaporation loss from the
canopy. The behaviour of increasing VPD with wipeed under wet day conditions means that
more energy was used by evaporating water as fratisp while bringing more dry air to the

crop canopies. Therefore, in the case of narrowffwsirip, during the wet days (Fig. 9.13), the
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advection of the sensible heat by the wind into dfeg rows caused a stronger VPD or water
vapour gradient. These situations of local advectéten occur, when a high wind speed was
present in the runoff section. However, as longhasupwind fetch was assumed to be fully or
partially sufficient, only the locally generatedvadtive effect would be measured in the row
crops. The origin of the sensible heat for the llamvection depends on the state of the soll
surface, particularly whether wet or dry, as well an the width of the runoff strip which is

generating the advection (see Chapter 10, Secfigh3d).

It is expected that wide runoff strips for both veetd dry conditions will have higher advection
compared to narrow runoff strips. Kanemasu andA(kB74) reported the importance of within
row advection for sorghum plants sown on wide aaiaw strips of 0.91 m 0.46 m row spacing.
They found that, evapotranspiration from wide raves about 10% greater than narrow ones, and
was attributed to a higher transpiration rate mwhder rows due to the consumption of sensible
heat generated at the soil surface. This is irdgapeement with the study of estimation ET for
wide and narrow using energy balance method (se@t€h10), where the wide runoff strip had
higher ET and used more energy to evaporate watepared to narrow runoff. For instance, the
result from Chapter 10 showed ET around midday0@ 1:15:00) on wide strips was higher by
about 47% and 16% compared to narrow strips urlRfH system for dry and wet conditions.
Hanks et al. (1971) referred to within-row advection of sensilfieat generated on dry soll
surfaces that can be also consumed by increasespiration of the plants adjacent to the dry

soils.

9.4 Conclusion

The IRWH tillage system studies included a widen(Band a narrow (1.5 m) bare runoff strip
with same size bare basin area of 1 m. The effddisese features on the surface boundary layer
within and above canopy were investigated on a raumob selected days after the crop reached
maximum height. In both wide and narrow treatmetiis, wind speed of the profile increased
with height. However, under the local advectiondibans, there was the formation of a bulge
(distortion) in the equilibrium height (just abothee canopy) and in the thermal boundary layer at
about 1.5hc height on narrow strips, a slightly idgon also occurred on wide runoff strips.
Therefore, it was suggested that, the presendeedbtal advection in the wide runoff strips of a

IRWH system could be a common phenomenon causingtieas in water vapour removal under
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the heterogeneous nature of IRWH tillage systenweé¥er, it depends on the size of the runoff,
degree of wetness of the soil surface and is nmikeéy/lwith higher temperatures and under windy

conditions. In general, advection is more pronodrinevide runoff strips than narrow strips.

In addition, from the profile ddv and ea it is possible to derive an expressionhiemmal stability

stratification which was shown to be influencedtbg canopy structures (wide or narrow RSL)
under wet and dry conditions. On wet days, thelajers just above the canopy grew rapidly
which may continue throughout the day, whereagjrgrdays, the growth of the mixing layer was
very weak. However, in general on wide strips wittiie canopy the profile had a relatively more
stable or near neutral condition than narrow striggs tends to make the vertical turbulence in
wide runoff greatly suppressed compared to narripss It was also noted that, due to surface
heating on the wide runoff strip, there could bestahle conditions shortly after sun rise which

warmed the lowest layer above the canopy.

On the other hand, results showed that VPD andeestyres were strongly correlated with wind
speed, which indicated the dependence of VPD ord wipeed at all heights in the profiles
between the rows of the IRWH system. From the mtestudy, it was suggested that, profile
characteristics within and above plant canopiespéaging a great role in determining the VPD
and consequently, can help to explain the transpiraate of the crop. Furthermore, the study of
the profiles of climate variables and VPD relati@mhance the understanding of the heat energy

exchange processes under this heterogeneous majzeanopy of the IRWH technique.
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CHAPTER 10

Comparison of Energy Available for Evapotranspiration under In-Field

Rainwater Harvesting with Wide and Narrow Runoff Strips

10.1 Introduction

The Bowen ratio energy balance (BREB) method pewid practical approach with high
precision to obtain reliable evapotranspiration \EStimates at field and crop scale (Gavilan and
Berengena, 2007). Biomass production is relatatié@amount of transpiration and by promoting
more efficient water use higher production levelgynbe obtained. In order to achieve higher
water use productivity under conservation tillagactices, such as in-field rainwater harvesting
(IRWH), the proportion of evaporation lost from tts®il surface needs to decrease and
transpiration needs to increase. Hence, a deemlrstanding of the energy supply required for
ET is needed and can be acquired by precise measur@the energy and water budgets of a

crop land.

Several micrometeorological and other methods hmeen used to determine ET at crop level,
including the BREB method, eddy covariance, weigHysimeter and sap flow gauges as well as
adaptations to the Penman-Monteith model (Sawdga., 1997; Jareaet al., 1998; Steduto and
Hsiao 1998a and b; Savage, 2009). Recent studiesdiso shown that the energy balance of a
cropped land can be obtained by various methodsranttls. Steduto and Hsiao (1998a) used the
BREB method with gradient techniques to determingediurnal pattern of fluxes of well-watered
maize fields compared to adjacent maize fieldsgusiater stored in the soil. Zeggatfal (2008)
applied the BREB method and partitioned ET of azmairop into transpiration for the crop
canopy and soil water evaporation at soil surfameell Chavezet al. (2009) developed an
operational method to estimate hourly crop ET (song and maize) using a two-source energy
balance model, which showed good agreement witly ede/ariance and BREB methods. Zhao
et al. (2010) simulated latent heat flux by using the rRan-Monteith (P-M) model and
demonstrated that the application is reasonable fi@iatively homogeneous maize field. Hipps
and Kustas (2001) cautioned the use of the Penn@rtévih model over heterogeneous (sparse,

non-uniform) canopy and surface conditions, becaliféerences in canopy and soil surfaces had
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a significant influence on the energy balance. @tmmparison of different methods under a wide
range of conditions, however, gives a variety adutes with varying levels of soil water

availability and amount of intercepted solar energy

The aerodynamic method, corrected for stabilitythef atmosphere, is a recognized commonly
accepted method to measure turbulent fluxes ofildenand latent heat over a cultivated crop
field in semi-arid areas as shown by Oke and Sciiif0), Malek (1993) and Savage al.
(1997). This method relies on the existence ofngtn@lationships between fluxes of sensible and
latent heat via temperature, humidity and wind grais. Stability correction factors have been
proposed that modifies the original aerodynamicatiign (Oke and Schild, 1970; Malek, 1993).
Such modifications with different stability corremt factors based on estimates of zero plain
displacement heightd] and the roughness parameteg)(can result in sufficiently accurate

measurements of sensible and latent heat fluxes, (C8k’8; Monteith and Unsworth, 1990).

Water harvesting interventions are not widely eatdd in terms energy balance components,
despite the broad base in quantifying water lossesugh ET in in-field rainwater harvesting
(IRWH). Quantification of water loss by ET is ofipary importance for monitoring and
managing limited water resources at various spatiales of field crops in arid and semi-arid
areas (Lecinaet al., 2003; van Rensburg, 2010). A better understandih@nergy balance
exchange processes is necessary to quantify arldirexpe ET losses from IRWH under maize
production with different runoff strip lengths. Ake tramline, plant rows in the IRWH are
arranged between bare runoff strips, it was theeefbypothesised that they will give varying
energy partitioning according to different runaffiig lengths. The purpose of the study was:

» to quantify the components of the energy balancé; a

* to compare the available energy so as to estimatmiEa maize crop under IRWH with

wide and narrow runoff strip lengths.

10.2 Theoretical bases
The micrometeorological method is based on the areagent of available energy (Rn - G) and
direct or indirect measurements of sensible (Hg) latent (LE) heat flux using the shortened

energy balance equati¢gRosenbergt al.,1983):
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Rn—G =Hs + LE 10.1
where all the terms, net radiation (Rapil heat flux(G), sensible heat flu{Hs) and latent heat
flux (LE) are expressed in Wmand the fluxes are considered positive when conitg the

canopy or soil surface and negative for outgoingds.

The BREB method combines the aerodynamic and ersigyice methods to determine how the
available energy is partitioned. The Bowen rdiis the ratio of sensible heat flux (Hs) to latent
heat flux (LE) and can be determined from gradreaasurements in the atmosphere above a crop
canopy (Rosenbemg al.,1983; Rana and Katerji, 1996; Savagal.,1997):
p="= 10.2

To derive Eg. 2, it is assumed that the coeffigasftheat Kh) and water vapouK{w) are similar.
Using energy balance Eq. 10.1 and Bowen ratio, &fche determined as follows:

LE= (Rn—G)/(1+p) 10.3
Heat, water and momentum exchange at a surfactudnelent processes often estimated from
vertical gradients of temperature, water vapour amud speed above the surface using flux
gradient relationships. According to Oke (1987) Muahteith and Unsworth (1990) the modified

aerodynamic equations for determining or calcutaitis flux can be written as follows:

— 2 (61-62)(uz-uq) -1
Hs = ok oy a—az (Pm®h) 104

wherep,, is air density (1.4 kg i¥); C, is specific heat of air at a specific atmosphprissurepP

(J kg*K™); k = 0.41 is the von Karman constantis measurement height (mj;is displacement
height (m);u, and u, are wind speed at two levels ()36, and 6, are potential temperature at

two levels (K), andp,,, and @,, are stability functions for momentum and heatpeesively.

The Richardson Number Ri is an important parantbigrmeasures atmospheric stabilRy.is a
dimensionless measure of the intensity of turbwdemcmixing and provides a single criterion for
existence or non-existence of a stable stratifredrenment (Arya, 2001). Using the logarithmic
finite-difference approximation for wind speed gyatential temperature gradients, the bulk Ri is

expressed as:

Ri=220 h2 10.5

TTrw?
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whereg = 9.81 m € is gravitational acceleratiorT is the average air temperature (K) over the
height interval (m) of(z, — z,)); A6 is the change in potential temperature (K); audis the
change in wind speed (rif)s

According to Malek (1993) and Arya (2001), Ri isga@ve under unstable conditions, zero for
neutral, and positive under inversion or stableda@wns. Therefore the corresponding value of

Monin-Obukhov (M-O) similarity stability parametet = z,,/L) can be estimated as:
Neutral and stable:{ = R;/1 — 5R; for 0 <R; <0.25 10.6
Unstable: C, = Ri forR; <0 10.7

wherez,, is height in the surface layer ahds Obukhov buoyancy length.

According to Oke (1987), Monteith and Unsworth (@99Malek (1993) and Arya (2001) the
generalized stability factoF, (F = [@,,(®), or @,)]"!) can be computed for stable conditions
(Ri > 1) as:

Qi = Oy = @, =(1-5)71, for{ > 0, andF = (1 — 5()? 10.8
and for unstable conditionR{ < 0) as:

Dy = Op= @, =(1—-150)7Y2, for{=0,andF = (1 —150)"* 10.9

where @,,, @, and @, are stability functions for momentum, heat and ewavapour,

respectively.

In addition, estimates of the roughness lengthrpater ¢,) and zero-plane displacement height
(d) are needed in order to obtain accurate estimédtels and LE fluxes in studies that apply the
aerodynamic method, as in this experiment (10.EtgAdcording to Hanks and Ashcroft (1980)
the soil heat flux at the surface {Ban be adjusted at a fixed depth of 0.0&Gy,s) for heat

stored in the upper layer as follows:

s iy 10.10
dt

where the specific heat of the sail) and the change in the soil temperatd®, (at depth of

Gsp = Goog + Cs

0.02 and 0.06 m) over the output interval tioie are required to calculate the stored energy

atdz the depth of soil heat flux plate (0.08 m).
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To obtain the soil heat flux at the surfaces @t a fixed depth of 0.08 (G, og) for heat stored in
the upper layer, the heat capacity of moist §6j) was calculated by adding the specific heat of
the dry soil to that of soil water C{= p,(C4 + 8,,C\,)); wWhere (C,) is the volumetric heat
capacity (JiK™); p, is average soil bulk density for the layer abowe lileat flux plate (kg

3 p,= 1375 kg r?); 6,, is the mass basis soil water content (kg of watrkg of dry soil);
Specific heat of most dry mineral soil€,] and soil water(,,) are 840 and 4180 J kgC*,

respectively

The overall detailed evaluation of the empiricaknis of similarity functions and their
relationships have been described by Francey andattg41981), Rosenbergt al. (1983),
Monteith and Unsworth (1990), Savagfeal. (1997) and Arya (2001).

10.3 Materials and methods

10.3.1 Experimental design

For this study, only two RSL treatments were seléatiz. 3 m and 1.5 m to represent a wide and
a narrow runoff strip length, respectivelfhe micrometeorology observations were taken in the
wide RSL treatment from day of year (DOY) 106-18s{ period) and in narrow RSL treatment
from DOY 122-132 (second period), as sufficientimsients were not available for simultaneous
measurements. Within this period, two days (ond @ath dry and wet conditions) were selected
in order to describe and understand the diurnah@bs within the RSL treatments. The criteria
for selecting the days were based on the followpmgrequisites: days with clear sky and
atmospheric stability conditions in terms of Ri.eT&mospheric stability was calculated using the
non-dimensional Richardson Number X[Rarameter. The selected dry days were DOY 111 and
DOY 122 for wide and narrow RSL treatments, respelst, and wet days were DOY 116 and
DOY 129, respectively. DOY 116 followed a 7.4 mnnravent, while DOY 129 followed a 3-

day rainy period (total rain 21.9 mm).

At this site during summer time, the predominangévailing wind direction is north-west,
therefore to meet adequate upwind fetch the SoudBtefn block was selected for the
micrometeorological measurements. The resultingmmim fetch was approximately 150 m with

a 2.2 m high maize crop in an adjacent field. This,fetch requirement is partially fulfilled; if
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one assumes a fetch to height-above-surface rati@@1 as a rule of thumb (Rosenbeitgal.,
1983).

10.3.2 Background of ecotope

The climate of this ecotope is characterised bigh Annual evaporative demand (2294 mm) and
a relatively low and erratic rainfall (528 mm), uéisng in an aridity index of a semi-arid climate
(Middleton and Thomas, 1992). Kenilworth has meamual minimum and maximum
temperatures of 11°C and 25.8C, respectively. The soil is classified as a Bdigisorm, Amalia
family (Soil Classification Working Group, 1991) or a Wsuartzipsamment (WRB, 1998). The
A horizon is reddish brown with a fine sandy loaamttre (particle size of 88% sand, 3.6% silt
and 8.4% clay content). The soil is regarded ag seitable for dryland agricultural, because it is
deep (2000 mm) and drains freely in the top anduftyeer sub-soil. The soil has excellent water
storage capacity due to a soft plinthic horizorl®®0 mm, which stores excess drainage within
the reach of crop roots, making it available durting spells (Chimungu, 2009). Hereatfter, the

experimental site will be called the Kenilworth-Bsvlei ecotope.

10.3.3 Crop parameters

The maize was planted in tramlines on either sidbebasin in an E-W direction, 1.1 m apart at
plant population of 18000 per hectare in all IRWEatments. The plant spacing within the row
was 0.44 m and 0.28 m in wide and narrow runofpstrrespectively, to obtain the target plant
population across the whole aréae maximum maize height was 2.2 Tine basin leaf area ratio
(BLAR), expressed as the leaf area measured diigietthe basin area, gave values of 2.43 and

1.42 in the wide and narrow RSL treatments atdatiopy cover, respectively.

10.3.4 Weather data and micrometeorological measurements

Automatic weather station: Instruments at Kenilihozonsisted of a tipping bucket rain gauge
(0.1 mm), cup anemometer and wind vane; a pyronagtércombined temperature and humidity
sensor. Data from these instruments were useddcalate reference evaporation (ETo) using the
FAO-56 Penman-Monteith method (Allehal.,1998).
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In field measurements:Profiles of heat, mass and momentum were measustdapove the

canopy and at the reference level (4.5 m) of the R&tments. A tall mast, attached to a tripod
stand was buried to hold the sensors arms firmlgifférent heights up to the reference level
above the ground surface. The data-logger storedyhvalues (means of 5-minute observation
readings) of temperature, humidity and wind speeteights of 2.4 and 4.5 m above ground

surface.

The one-dimensional verticalvind profile was analysedn order to estimatez, and d by
iteratively applyingd to a form of the logarithmic wind lavRpsenbergt al.,1983. Wind speed
was monitored at eight heights (1.8, 2.1, 2.4, 3.0, 3.3, 3.9 and 4.5 m) within and above the
maize canopy, then plotted on a linear scale vesusg) on a log scale at near-neutral conditions
using the criteria 0.00 < Ri< 0.25 (Arya, 2001)eTihtercept on thez(- d axis gives an estimate
of roughness parametes (Monteith and Unsworth, 1990). For maize under IRWe estimates
of d andz, were found to tend towards 0.61 and 0.13 of tm®pg height lic) (d = 0.61hc andz,

= 0.130), respectively

10.3.5 Instrumentation

Wind speed was measured using three-cup wheel ySangmometers (Model 03001) with
stalling speed of about 0.15 nif.sTemperature and humidity were monitored using BMP
temperature and relative humidity probes (CampBeiéntific, USA), which contained platinum
resistance temperature detector (PRT) and Vaid8Il&RCAP sensors for temperature and
relative humidity, respectively. The HMP50 senseese housed inside white six plate radiation
shields (41303-5A Model).

The recording of net radiation (Rn) regarded astipesfor incoming the energy directed away
from the soil, canopy and atmosphere. The four filates used for soil heat measurement were
installed at 0.08 cm depth. Plate installation \wwasomplished by excavating a shallow trench,
creating small slits in one side-wall just smaltlesin the plate dimension then inserting the plate
into the silt and back filing the trench. Hourlyilsemperature profile was measured at depth of
0.2 and 0.06 cm. Therefore, according to Hanks Asiucroft (1980) the soil heat flux at the
surface (&) at a fixed depth of 0.08 (7, 5) is adjusted for storage in the upper layer.

210



Chapter 10 Comparison of available energy for ET

10.3.6 Modelling of net radiation
Net radiation was computed as:

Rn=[(1—a)Rs X FCoss| — [(1 — Viyy)€es0T*/BLAR] 10.11
whereRnis net radiationRsis solar radiationg is albedoFC,; is canopy fraction effectivity,
(1 —Vg,y) view fraction factor of the canopy from the sailrface, €; is soil emmisivity,o

Stephan Boltzman constaiit, is temperature and BLAR is the basin leaf arda.rat

Existing models were combined with empirical equadi from the literature to simulatn at
different lengths of runoff strip under IRWH tecfoe. Oguntunde and van de Giesg004)
maintain that crop land surface albedq (s influenced by canopy albeda_.j and soil surface
albedo ;) as follows:
a=a,— (a, — as)exp(0.75BLAR) 10.12
Soil albedo which includes the effect of zenithlamgf the sun and soil wetness and is calculated
as:
As = Ay + Asg 10.13
whereag, is the soil albedo according to wetness (dry sqj:= 0.24 and wet soik,,, = 0.18).
The soil albedo as a function of zenith ang#® ©f the sun (Song, 1998) was calculated as
follows:
asp = 0.01[(exp0.003586'15) — 1] 10.14

0 = arccos(sin@sind) + (cosPcosd) [% — (t — to)] 10.15

where a; is soil albedo based on soil wetnegs,s the latitude of the location, is solar

declination as a function of the day of yaais time of day and, is time of the solar noon.

Long-wave radiation emitted from the surface alsatebuted to the radiation balance to the
canopy. To consider the effect of outgoing long-evaadiant variations, the view fraction factor

(1 — Vg, ) of the canopy from the soil surface were used miieg to Hamet al. (1991):
Voky = [((Lr = L)* + hEY'/* = hc]/Le 10.16

whereLy is the runoff strip length, . is the inter-row/canopy width , arq is canopy height.
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The above equations (Egs. 10.11-10.16) were usedrputeRn values at different sun angles
both in wide and narrow treatments. ModellRd values were also compared with the observed

values available only from the wide RSL treatment.

10.3.7 Statistical analysis
Analysis of variance was done on the results ofwite and narrow RSL treatments using the
statistical software SAS for Windows (1999). Emgatirelationships of (Rn — G) and LE were

derived using regression procedures.

10.4 Results and discussion

10.4.1 Weather variables and atmospheric stability

The prevailing weather conditions during the twoaswing periodsyiz. DOY 106-121 (wide
RSL treatment) and DOY 122-132 (narrow RSL treatinemre captured by the hourly changes
in the solar radiation (Rs in Fig. 10.1a), air temgture (T in Fig. 10.1b), wind speed (u in Fig.
10.1c), relative humidity (RH in Fig. 10.1d) ananfall (RF in Fig. 10.1e).

The measuring period of 25 days was during autand,as expected for that time of the year the
solar radiation decreased slightly over the meaguperiod, resulting in a slightly higher mean
daily air temperature over the first period (P&} compared to the second period (23)7 The
wind speed was generally weaker in the second gh¢ti® m &) compared to the first period (2.1
m s%), but there were days with peak wind speeds of-6@® m & during both measurement

periods.
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Figure 10.1 Hourly weather variables from automatic weathatieh measurement during the
wide RSL treatment (16 April — 01 May) and narro8lRtreatment (02 May — 12 May): a) Solar
radiation (Rs); b) air temperature (T); ¢) wind;(d) relative humidity (RH); e) daily amount of
rainfall (RF). The four arrows marked the days ctelé for the analysis.

In the absence of rain, the relative humidity wgsdal of semi-arid conditions with low values
during the day and higher values during the nighteanperature declined following the diurnal
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trend. The mean RH was slightly higher in the sdgoeriod (63.7%) compared to the first period
(52.7%), mainly due to more rain (21.9 mm versu® 8m) and longer rain duration. These

weather conditions resulted in a generally loweo BT the second period compared to the first

period.

Within and above the canopy, behaviour of wind terdperature is very complex, and is often
characterized by the stability parameters. Thuscihrevective state for the flux measurement
periods is determined by the stability parametéeion. According to the atmospheric stability,
the conditions in the first period generally hadiéo values oRi than the second period. Despite
these general differences in the weather conditadrthe two periods, it was argued that there
were days that met the requirements of the atmospbs&bility criteria for comparing the RSL
treatments. The selected days under dry and wetittans, had relatively clear and calm night-
time conditions showing stable atmospheric condgjoas seen by thRi variation for each

treatment on each day, for dry and wet periods. (HidRa and b) respectively.
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Figure 10.2 Diurnal variation in Richardson NumbeRif on dry days (DOY 111 and 122) and

wet days (DOY 116 and 129) for wide and narrowpdingth treatments.

During wet days the narrow strip showed slightlgate/e Ri around midday, which indicates the

dominance of mechanical turbulence. However, ineganRi for all selected days met the

criterion for the existence of turbulence in stadnhel unstable stratified conditions, so the flux of

heat and water vapour can estimated with inclusfdri stability parameter.
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10.4.2 Estimation of net radiation

The diurnal net radiation is the fundamental digvierce and is the variable used to estimate
evapotranspiration. However, simultaneous measurewieRn for both wide and narrow RSL
treatments was not possible during this experimant so a simple model was used as an
effective alternative. The Rwas only measured over bare soil in the wide rurstfip but
simulated values of Rn include the effect of sthledo and canopy structure factors. Thus, net
radiation was estimated using Eg. 10.11 for 3 mlabdn RSL treatments. The simulated Rn was
found to be significantly higher in the wide comgaito narrow RSL. On average simulated Rn
was lower by 24% - 38% and 14% - 25% of the Rse&for wide and narrow RSL, respectively.
The wide and narrow RSL day time average simul&edanged from 115.0 - 421.9 Wmand
from 75.4 - 293.1 W, respectively. The nocturnal Rn energy loss fromrow RSL was
slightly greater than from wide RSL. The accuradyttte model was evaluated against the

measuredRnusing a linear regression and Willmott (1982) der value (Fig. 10.3).
600 1:1 .-
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L RMSE 62.36
RMSEs 47.01
r RMSEu 40.97
MAE 50.52
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Figure 10.3Measured and simulated net radiation for the finsasurement periods (DOY 107-
121) data set.

The model was able to estimaRn with a satisfactory degree of accuracy (D=0.98) an
reasonable Rvalue (0.95). However, the RMSE was large (62.3 ¥/ifior this measurement
period. The systematic (RMSEs) and unsystematic SBY) accounted for relatively large
proportion of the RMSE with values 0.75 and 0.66peetively. This implied that errors
estimating Rn were associated with high variabibfymeasured Rn values, due to the diurnal

cycle as it varied each day from low values at isenand sunset to high values at midday. This
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meant that the measurement of Rn underestimatémvat (< 225 Wrif) and overestimated at
higher (> 360 W) solar radiant energy, but showed good relatigsshetween 225 - 360 Wm
2. This variation according to the amount measiradand the simulated one indicate that the
complex nature of row crops and partitioning intml @nd canopy components. Thus special
attention is required in measuring Rn for the romps arrangement, especially in IRWH

techniques.

10.4.3 Comparison of diurnal pattern of energy fluxes

10.4.3.1 Dry days

During the two selected dry days (DOY 111 for wRISL and DOY 122 for the narrow RSL) the
Rs on both the wide and narrow RSL treatments hadlainrends with only the thin cloud
condition at 15:00 on the wide RSL treatment day.(E0.4a) lowering the value by 93.5 Wm
(20%). During the middle of the day and in the reift®n,Rn showed little variation between wide
and narrow RSL treatments (Fig. 10.4b) and theutatied Rn is used as input for the energy
balance and partitioned into G, Hs and LE.

Measured soil heat flux (G) (Fig. 10.4c) was smathpared tdrnbeing only between 3-17% of
the middayRn values a daily basis confirming previous reseasfiadings. For the wide RSL
treatmentG exhibited a smooth trend with highest absoluteiedb2 Wn¥) at midday, but the
narrow RSL treatmentvas variable during the daytime with a larger abigolvalue peak at
midday (76 Wrif) and during the afternoon (74 WWin In general, on a dry day the absolute
values of G were less in the wide RSL comparechértarrow RSL in the daytime and about
equal during night time. So during a dry day theroa RSL treatment which effectively has a
lower plant population over the basin area (andeloBLAR of 1.42), allowed more radiant
energy to reach the soil surface and be conduatedthe soil profile compared to the wide RSL
treatment with a higher BLAR (2.43). This meantttha the narrow RSL treatment more heat
energy was transmitted or conducted at the sdidsearthan the wide RSL and therefore there was

less energy available for partitioning into Hs &id
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Figure 10.4Heat fluxes during a dry day induced by the wigg April; DOY 111) and narrow
(on 02 May 2009; DOY 122) RSL treatments: a) so#hation (Rs); b) net radiation (Rn); c)
measured soil heat flux (G); d) sensible heat (lis); e) latent heat flux (LE).

The Hs (Fig. 10.4d) followed the same diurnal trendsloth wide and narrow RSL treatments,

but the absolute values of Hs for narrow RSL weesatgr than wide RSL between 11:00 and
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15:00. During night time, Hs in narrow RSL was tosgthe soil surface, illustrating the direct

exchange of heat from the canopy to the soil, whesds to influence the magnitude of LE,

despite it being minimal during the night. The gheacrease of the absolute value of Hs in wide
RSL during morning hours indicated that the widerogurface of the runoff area was releasing
heat to the atmosphere. However, after midday tivahe afternoon more heat left the narrow
RSL than the wide RSL.

On the wide RSL treatment, the LE ranged betwedh 41212 Wnt around midday (11:00-
14:00), in contrast to Hs remaining almost cons#rtbout 180 Wif through the 11:00 to 14:00
period after reaching the highest value in late mmy (Fig. 3e). In this case, around midday,
more than half (55%) of the available energy wsedufor evaporating water from the wide strip
treatment and3 remained higher = ~1) around midday compared to morning and late
afternoon, confirming that Hs is less than LE dsfeing almost similar values during the

morning.

On the narrow RSL, thedind LE followed a similar trend to the wide RSIlig(FL0.4d and e).
The energy was partitioned almost equally betwegamhtl LE This was due to the radiant energy
absorbed by the canopy and soil surface being atedunto the soil. The consistent negatise
values indicated that the flux was away from thiétsavards the canopy throughout the day, with
maximum value near 220 Wmoccurring at 13:00. This shows that fluxes Hg within the
narrow RSL together with a canopy directly heatgdradiation, resulted in higher canopy
temperature and thus higher transpiration. Howesgservations during dry conditions show that
wide and narrow RSL treatments had differentadd LE partitioning. On DOY 111 (wide RSL)
with a BLAR of 2.43 most energy was partitionedLis, (8 < 1) which could have included
advection after 14:00, shown by high wind speed8 {4.0 m &) from the late afternoon until
the evening. While, on DOY 122 (narrow RSL) witlBBBAR of 1.42, a large portion of energy
was partitioned to HsB(>> 1) around midday, and conditions were non-advectkeegt for a

short time in the late afternoon at 16:00 - 17:00.
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10.4.3.2 Wet days

Following the period of rainy conditions, but un@eclear sky (DOY116) except with a dip due to
cloud at middayRsandRn had larger values for the wide than the narr@®k Reatment in the
afternoon (Fig 10.5a and b). From 13:00 to theraften, the wide RSRsslowly declined from a
peak of 665 to 507 WirhandRndeclined from 535 to 422 W The maximunRn value only
reached 450 Wihat noon for the narrow RSL measurements afteyrdirys. There was also an
effect of clouds with &ndecline in the afternoon reaching a small plateaglight rise in the late
afternoon (16:00). This could have been due to lesant energy penetration through the
canopy, due to high LAI, as radiation was interedph the upper portion of the canopy with the

mutual shading of the narrow strip plants.

In the morning, G for the wide and narrow runoffdwed similar trends, with G for wide slightly
more than that of narrow (Fig. 10.5c), but undeudly conditions at midday and in late afternoon
it was reversed, with less heat leaving the surfdeeide RSL compared to narrow RSL. At night
G values were positive, with wide RSL G of aboutVB&h? which was greater than narrow RSL
by 25%, indicating more heat energy was going tdw#ne wide runoff surface.

In contrast to dry days, during wet conditions fln&es (Hs andLE) were not similar through the
daytime (Fig. 10.5d and e). In wide RSL, the highdsvalue had an absolute value of 374 Wm
at 13:00. The Bowen ratio partitioning (Hs/LE) wasstly positive during daytime hours but did
not rise above 0.45. This meant that wetting of seface soil in the wide runoff strip
dramatically altered the surface energy balanogeadisas the microclimate in the canopy because
of the reduced albedo and increased absorptioadsdmt energy (Table 10.11). This is when Hs
comprise a relatively small portion of the energyalnce (i.e3 < 0.5) under moderately windy
conditions (2.8 m Y. In this case, in the wide RSL L&ccounted for most of the energy
consumption in the typical daytime, while LE wasdlueed in the late afternoon. On DOY 129
(narrow RSL), the prevailing temperature and wipdesl were lower particularly after midday

and there was little evidence of sensible heat etae
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Figure 10.5Heat fluxes during a wet day induced by the wizie April; DOY 116) and narrow
(09 May 2009; DOY 129) RSL treatments: a) solaiatoh (R9; b) net radiation (Rn); c) soaill
heat flux (G); d) sensible heat flux (Hs); e) ldthaat flux (LE).

Latent heat flux, LE

From the analysis, the diurnal course of LE showddterent values during dry and wet

conditions. After the rain, G decreased more thadry days, particularly after midday. G in both

dry and wet periods for both wide and narrow R®atments represents a significant form of the
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energy transfer. The Rn after rain days was morabla than on dry days, probably due to
diurnal change in soil temperature affected by pgrehading and changing calculated soil albedo

caused by changes in soil surface water contesidBg, one can consider local advection of heat

and water vapour within the air space in the uneegnwidths inherent in the system of IRWH.
This implies that the runoff area is favourable Hiorizontal advection from hot, dry, bare runoff

area to a relatively cool, wet plant canopy inlthsin area under windy conditions.

10.4.3.3 Midday basis of available energy partitioning

As the dailyRn peaks occurred around midday, the average (11:08:00) of the energy flux
partitioning for the selected days on both wide aadow runoff treatments during dry and wet
conditions will be used in the comparison (Tablel)0The average fraction of the available
energy (EF), calculated as the ratio of the laleait flux over the available heat energy [LE/(Rn -
G)], shows that wet conditions were more efficidmn dry conditions and the wide RSL was

more efficient than narrow RSL (Table 10.1).

Table 10.1Analysis of variance comparison of mean of valaesind midday (11:00 -15:00) for
energy balance components for wide RSL (DOY 111 Ei®) and narrow RSL (DOY 122 and
129). Where Rs: solar radiation; Rn-G: net radratiosoil heat flux; Hs: sensible heat flux; LE:

latent heat flux; EF: average fraction on availadergy;3: Bowen ratio; ET: evapotranspiration;
ETo: reference evaporation.

Soil

Runoff

Rs

Rn-G Hs LE EF B ET ETo Temp. | Wind
condition | strip | (Wm? | wm?) | wm?* | (Wm? | (LE/Rn-G)) | (HSLE) | (mmd") | (mmd?) | (°C) | (ms)
Dry Wide | 523.6| 349.0| 166.9 182.1 0.52 0.92 1.57 3.06 .9219 4.9
Narrow | 548.9| 328.5| 137.3 133.8 0.41 1.01 0.82 2.5015.86 3.6
Wet Wide | 519.3| 3985 98.6 299.8 0.75 0.33 2.74 3.02 489 28
Narrow | 450.4| 325.7| 114.7 206.7 0.63 0.63 2.28 2.1817.45 2.7
LSD ns ns ns ns ns ns ns ns -
Soil condition
Dry (mean) 536.3| 338.8| 1522 157.9p 0.46b 0.97 H.20 2.78 17.9 4.2
Wet (mean) 4849 362.1| 106/ 253.2a 0.694| 048 a2|51 2.60 18.5 2.7
LSD ns ns ns 47.1 0.07 ns 0.41 ns - -
Runoff strip
Wide (mean) 521.4| 373.74 132)8  240.9a 0.643 0l63 16a2| 3.04a 19.7 3.9
Narrow (mean) 499.6) 327.1k 1261 170.2b 0.52h 0/83.55b 2.34b 16.7 3.1
LSD ns 41.7 ns 40.7 0.08 ns 0.3y 0.53 - -
Cv% | 138 12.2 38.8 235 13.9 58.7 24.p 12.8 - -
means followed by the same letter are not sigmifigadifferent (P< 0.05, LSD = least square de\dat;

CV = coefficient of variance and ns = no significaifference).

The data set on energy balance components weré highable with CV ranging from 13% to
58% (Table 10.1). The analysis of variance inditdbat both soil conditions (dry and wet days)

and runoff strip length treatments showed signifiadifferences (P < 0.05) for the hourly values
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measured around midday. However, the interactitecedf the treatment (soil condition RSL)
had no significant differences on the energy baarmmponents (not shown). The results indicate
that there was no significant difference in avddadnergy (Rn-G) between dry and wet days, but
the wide RSL showed higher significant valueRaf— G(373.7 Wn¥) compared to narrow RSL.
As a result the fraction of available energy gaveater values for wide (64%) compared to
narrow RSL (52%). Similarly the available energy éeapotranspiration was significantly higher

during wet days (69%) compared to dry days (49%).

During dry days, the wide RSL showed higher flueédds and LE than the narrow RSL, with
differences of about 30-50 WmFrom the Bowen ratio, Hs was the larger portibthe available
energy (B = ~1) during dry days. The mean value @faround midday was doubled on dry
compared to wet days. This illustrated the domamatf Hs during dry conditions although the
evaporative fraction gave significantly greaterues for wide compared to narrow strips. This
implied that higher ET occurred from the wide run@ 16 mm d") relative to narrow RSL (1.55

mm d%), with a significantly higher available energy @mwide than narrow RSL.

Under dry conditions, the LE only used 41 or 52%he&f available energy from the narrow and
wide strips, respectively. Compared to wet condgiavhere 63 and 75% of the available energy
was used for the narrow and wide strips, respdgtiv@his was probably due to the high soil
water content in the top soil that could be evagmataBoth the energy balance calculations and
the FAO 56 method of calculating the evaporatioowsrd that for both wide and narrow runoff
strips, the evaporation was lower under the drydiams than during wet conditions. This
occurred despite the ETo being higher during tlyeperiod (3.06 and 2.50 mni‘ficompared to
the wet period (3.02 and 2.18 mri)dfor wide and narrow RSL respectively. Regardlebs
whether the conditions were wet or dry, the LEhs# wvide RSL was always larger than for the
narrow RSL. If one considers the available evapaasurfaces of both the soil surface and the
leaf surfaces, then both are much larger undewttle RSL. This influences the amount of water

that is then evaporated as shown by the calcutfitetences in ET.
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10.4.3.4 Partitioning of available energy (Rn - G)

The absolute value of latent heat fluxes from bb#hwide and the narrow RSL treatments were
clearly increased with an increase in the availablergy under both dry and wet conditions (Fig.
10.6). The linear regressions between LE and (Bhgave reasonable values for the narrow RSL
treatment with R of 0.88 during dry conditions and 0.93 during wenditions. Similar values
were found for the wide RSL treatments with && 0.87 during dry conditions and 0.96 during
wet conditions. The paired values were also higidyificantly different (P < 0.0001) for the
wide and the narrow RSL treatments as well as fgr ahd wet conditions, showing the
differences between the RSL treatments. Using tREB method, a similar result was obtained
by Hamet al (1991), however Zeggat al. (2008) found no significant differences in compgti
LE from the available energy for an open sparse nfale(4 plants rif) with wet and dry soils.

During a dry day the narrow RSL showed higher LEHiea (64%) with increasing amount of
available energy than the wide strips (59%), irtipalar when Rn - G was more than 200 WWm
During a wet day the wide RSL LE used more avadabiergy than the narrow strips, probably
due to more readily available water from the wek sarface. Therefore, in comparing the effect
of runoff lengths on LE dependence on availableagynevas stronger for wide runoff during wet
days using more than 70% of available energy. hirest, on the narrow RSL treatment, the LE
used more available energy on dry days. This inelicghat as the soil in the narrow RSL dried,
the surface resistance increased, soil water eatipordecreased significantly and water losses

were mainly or solely by transpiration from cromopies.
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Figure 10.6 Relationship of available energy and latent hkat measured at an hourly rate for
wide and narrow RSL for calculated data from 8:000 (Solid-line = wide and dotted-line =
narrow) in dry (a) and wet (b) conditions.

From the IRWH energy balance study it can be ndtibet management practices play a great
role, particularly those aimed at reducing soilevavaporation and increasing transpiration at the
field level. Thus, the results from both wide ararow RSL showed a dependence of ET on the

amount of available energy during both wet and gkeyiods, but wet periods had much higher
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available energy partitioned to LE than the dryiges. These results agreed with the energy
balance study of a maize field reported by Stecund Hsiao (1998b) and Zeggeif al. (2008).
Similar results were also reported for other crgogh as cotton (Haet al.,1991) and vineyards
(Yunusaet al.,2004).

10.5 Conclusion

The method applied in this experiment of IRWH wagdiin order to quantify energy balance
components and compare available energy as anatstoh ET for the wide and narrow runoff
strips. Results primarily indicated thHah simulation was satisfactory with the inclusionatifiedo
and canopy factors for the diurnal changes. Segortiring dry and wet conditions G had
variations in both wide and narrow RSL. Thus, thatabution of both Rn and G to the available
energy had a great influence on partitioning ofadd LE in the IRWH system.

The diurnal pattern of the Hs and LE was influenbgdhe prevailing weather conditions as well
as canopy structures. Energy balance micrometegoalomethod can be used for description of
the different farming conservation agricultural teyss, but interpretation is limited by lack of
simultaneous measurements, which means that assms\ptd to be made. The two days chosen
for the dry conditions were similar and comparisorae can be trusted. The two days chosen for
the wet conditions were, however, more dissimilad ahus care must be taken with these
comparisons. The differences included differenbants of rain received during different time
periods, as well as the midday temperatures ofvile wet day was about 2@ higher than that

of the narrow wet day, and the wide had Rs 519Bpeoed to the 450.4 Wfron the narrow wet
day which is 15% more available energy. Thereiieimportant to compare the values of ratios
or relative percentages to avoid misinterpretatbthe data. Despite this reservation, the wide-
wet was able to convert 75% of available energy etaporative power. The discussion about
the proportion of available energy that is conwkttie transpiration compared to soil evaporation

is covered in another part of the study (Tesfuhu@ég?).

Therefore it is concluded that by comparing theengahd narrow runoff lengths, with basin leaf
area ratio of 2.43 and 1.42 respectively, the BgAR contributed to greater transpiration on

wider runoff strips and can cause loss of moregynby evaporation than on narrow runoff strips.
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The local advection from the runoff area enhancedenevapotranspiration from the crop rows of
the basin area. Thus, the LE flux is higher in widenoff strips due to a higher fraction of
available energy after rain days (wet days) whemensoil water was available to crops through
IRWH. Hence latent heat consumed more energy amdrasult wide runoff was a more efficient

converter of available energy to transpiration #dab promotes more biomass production.
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CHAPTER 11

General Conclusions

Sustainable food production in semi-arid areas i@penainly on the availability of water for
the crops. The major problem of crop productivitysemi-arid area is the shortage of rainfall,
together with its unfavourable distribution throutjie season. Therefore, improved strategies,
such as in-field rainwater harvesting (IRWH) are utiost importance to sustain dryland
farming practices, and hence to maintain crop perbdn. Consequently, promotion of improved
surface treatments such as optimising runoff tarbaieea ratios and applying a mulch as a cover
can contribute to improving the efficiency of raemer productivity. As there is much
competition for the dry stover from the livestoekrhers, it is important to be able to show that it
will make a large difference to the crop productiofherefore, evaluations of potential
comprehensive cultural management strategies amatto improve the understanding of soll,

crop and climate processes within the techniqgu@fH.

The approach presented in this study encompasstc\aiuated the soil water balance and
energy balance components for better maize prantuctnder a system of IRWH for a semi-arid
area under the Kenilworth Bainsvlei ecotope as xample of a fine sandy loam soil. As
Kenilworth Bainsvlei ecotope has different featufiesn the ecotopes where IRWH has been
implemented before, with high clay contents angteeper slopes, these results tend to broader
the application of IRWH. Another new investigatianthat of the energy balance above and
within the maize crop canopy in order to describe fluxes of water and energy driving the
system. Different surface treatments (runoff skeipgth, RSL and mulch cover level, ML) were
evaluated to test the research questionsvhat are the optimal surface treatments? and hew t
microclimate of the maize cropped field changeswilifferent runoff strips lengths. Therefore,
this study hypothesised that these two aspectgrwad energy supply and demand, need to be
balanced or complement each other in the IRWH teclen in order to satisfy both soil water
availability and energy availability in the systeoh IRWH. Based on this hypothesis and the
field experiments and theoretical empirical caltioles, several results have been presented in

this study:
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11.1 Soil water balance components and maize crgpoductivity under IRWH
Predicting runoff from rainfall characteristics:The in-field runoff results obtained from field

measurements proved that by increasing the rutgfflength (to 3m) together with the addition
of mulch cover caused the runoff to decrease, limisng the run-on water able to accumulate
and infiltrate to the basin area. However, theyutiameously increased the infiltration on the
runoff area under the mulch, so the water was atédilable to the crop. During the growing
season, the highest runoff of 43% of the seasanafall was observed on bare narrow runoff
strip of 1 m and lowest runoff was from a wide 3R8L with full mulch cover. The fine sandy
loam textured soil of the Bainsvlei Kenilworth egpé, with deep and freely drained soil profile,
could provide enough rainwater storage capacitgatoy a maize crop through dry spells. So one
needs to be able to balance the frequencies ahthfall and the soils storage capacity with the
amount of water the specific runoff strip lengtm gaotentially generate to supply the crop
requirements. The results obtained from the simdlatinoff confirm that the amount of runoff
produced from a given length of runoff strip waiaction of rain amount and intensity as well
as surface treatments (RSL and ML) with a coefficiaf determination (B of 0.69. As a resuilt,
the long-term rainfall data analysis showed th&80f6 probability the basins under bare narrow
1m length treatment have a rainwater advantagdevei40% probability the wide 3m length
runoff with full mulch cover has the rainwater adtege due to infiltration on the runoff area.
Therefore, it can be concluded that the fine sdodsn soil of the Bainsvlei Kenilworth ecotope

was suitable for use of the technique of IRWH, ttuigs high soil water storage capacity.

Partitioning of rainwater into basins and runoff sips: In the basin area or planting zone, the
rainfall canopy interception (RCI) is a distinctopess that needs to be included in the water
balance for the IRWH technique. In this study tegneated rainfall interception by the canopy
differed according to runoff lengths (due to plaensity differences) and crop growth stages.
The estimation of RCI revealed that the highesrogption was in the range of 4.5% to 9.0% of
precipitation for various RSL treatments. Howewver $mall rain events and during the initial
growth stage, RCI was insignificant as either thees little water to be intercepted or the leaf
area was too small. In general, the RCI capacity ofaize field under IRWH reached a plateau
at about 0.5-0.6 mm for narrow RSL, and 1.0-1.1 fonwide but it is important to note that the

RCI efficiency was dependent on both the rainfdlaracteristics and surface treatments
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(particularly length of runoff strips). This impfiethat the RCI losses (water that would be
evaporated from the canopy and not available fiiltretion) from wide treatments, was higher
than those from narrow RSL treatments, and it ndedbe included in the water balance

calculation.

From the mean results of runoff-rainfall (RR) ratibe lowest efficiency was observed for the
fully mulched wide RSL treatments i.e. only abo@t 4f rainfall, while the highest mean RR
ratio was about 27% from bare, narrow RSL-1 treatsieThe medium RR efficiencies (about
10 - 11%) were observed on mulched RSL-1.5 and R8katments. This variation in RR ratio
clearly indicates that the partitioning of raindridasins and runoff strips depended on the surface
treatments. The advantages of IRWH is that it cotreges the runoff water into the basin so that
it can be used directly by the plants, whereas watétrated into the root zone on runoff strips
only becomes available for crop transpiration bg thature crop during longer dry spells.
Therefore the narrow RSL that collected 27% add#igainfall had an advantage over the wide
RSL which made little additional water availabletb@ crop. The results also showed that the
treatment with the highest fraction of rainwatdilirated (FI) was RSL-2, which was also more

productive than the other treatments.

Quantification and predicting soil water evaporatio From the microlysimetric field
measurements, it was confirmed that different pwmsstin the basin and across the runoff area
rendered different amount of water evaporation fitbe soil surface (Es). This reduction in Es
was affected by shading of the soil surface by dt@ and mulch cover. This study of Es
beneath a maize canopy gave good results when ssihghysical parameters to predict Es
using both Ritchieo() and Stroosnijderf{) models. The values fat’ in the range 2.34 — 4.26
and forp’ 1.38 — 2.06, were in similar ranges to values founithe literature but were not easily
related to different treatments in basin and 1 mofustrips. However, thes€ and '’ values
showed little variation according to the effectcahopy shading or mulch cover. The evaluation
of Es models demonstrated that the simulated E® waderestimated by the Ritchie model
which is dependent on time after wetting and ouwaredged by the Stroosnijder model where
atmospheric evaporative demand is used. The RM8BVBE were higher i3’ model than for

o’ model; with RMSE values for different canopy shmgdand mulch cover in range of 5.92 —
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1.02 mm for3’ and 5.11 — 0.54 mm far’; and MAE values of 5.44 — 0.92 mm fprand 4.46 —
0.49 mm fora’. The detailed results indicated that the timenodel performed well to estimate
Y>'Es from the basin area (FC-BA) and the potentiapevationp’-model performed better for
unshaded runoff strips (UC-RA). However the consitlen of weather parameters may have an
advantage, since the microclimate of the croppiggtesn changes according to surface
treatments in the system of IRWH. The microlysimetesed in this experiment made it possible
to measure daily and compute cumulative evaporatd® beneath maize canopies across the
basin and runoff section of the IRWH structures dadelop appropriate factors for Ritchie and

Stroosnijder equations.

Estimation of soil water evaporation with mulcthAn empirical model to predict cumulative Es
(YEs), developed from the maize experiment with IRgyibtem, was evaluated as influenced by
both organic mulch @ry-mulch) and shading @reen-mulch) on the basin area and across
various portions of the runoff area. Results fréwa basin area gave the highest seasphial of
173.4 and 152.2 mm in the narrow RSL-1 and lowakies were 62.2 and 54.6 mm for the wide
RSL-3, for first and second growing season, respalgt This meant thaf Es from a basin area
beneath a maize canopy was proportional to abdit 6fLthe rainfall for the narrow compared
to 22% for the wide treatments, due to the effédeéss shading in the basin area for the narrow
treatment. On the runoff strip, the highg&s was found from bare soils with various shading
effects; and in contrast the fully mulched (96%ijface was the most effective in reducing soil
evaporation. Thus, the evaporative water loss@®jaortion of seasonal rainfall was about 64%
from the bare treatments, and as low as 30% fdrnfwilch or shade from the plant rows.
Therefore it can be summarized, that eithdny“mulcli beneath or green mulch of a maize
canopy can successfully reduce the Es loss, maltiegwater saved water available for
transpiration by the plants, which is a good reasompromote improved water conservation

strategies.

Water balance and rainwater productivityA soil water balance was quantified for each
component — measured precipitation (P), estimatewff (Ro), calculated rainfall canopy
interception (RCI), measured change in soil wateragie AS), estimated soil water evaporation

(Es), with drainage (D) assumed to be negligiblehghat transpiration (Ev) could be calculated
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as a residual. Hence, it was possible to quartiéyefficiency of water use such as rain storage
efficiency (RSE), precipitation use efficiency )P water use efficiency (WUE), water
productivity (WR,) and rain water productivity (RWP). The resuling into consideration
critical stress periods during the sensitive repobde growth stages, showed higher plant
available water on narrow runoff strips, while thiele treatments were depleted nearly to the
lower limit. From the results of ET, it was revealed that s@rfimeatments (mulch and shading)
were successful in minimizing the unproductive lo$swvater through Es. This meant that a
smaller portion of ET was lost to Es compared to i EV/ET> ES/ET under higher mulch
cover while for bare and lower mulch cover EV/EKTES/ET. The mean EV/ET was in the range
of 39% — 70% for different RSL treatments, wherdea/=T was 30% - 61%. The performance
of the grain yield did not show significant diffeies across various mulch levels on the runoff
strip, but the narrow runoff (RSL-1) showed higged than wide RSL-3. The performance of
the harvest index (HI) is slightly variable acréiesatments, mainly due to more runoff water for
yield being accumulated from bare plots than mualober plots, as higher mulch also conserves
water by suppressing Es. Therefore the comparise@rms of the efficient use of rainwater and

water productivity was of paramount importancevaleating the technique of IRWH.

The rain storage efficiency (RSE) gave a higheuedbr wide RSL compared to narrow, but
mulch effect was not considered. In the case of RUEe narrow RSL showed slightly better
PUEy than the wide RSL due to the effect of full shadinat reduce the Es losses thus allowing
for more water to be transpired. For mean graifdyper unit ET (WUET) and Ev (WR,) the
RSL-2 and RSL-1.5 at low mulch levels (bare to M¥Y3%had significant higher values than
both narrow RSL-1 and RSL-3 treatments. The lowakie for converting water into yield was
obtained from wide runoff strip with full mulch cewduring growing season 2008/09. In general
it would be desirable to have long-term yield potion together with the water use in order to

evaluate management practices under the technfd®\H in the semi-arid areas.

11.2 Profile characterization and energy balance compomgs
The IRWH tillage system has a reasonably sparseer@nopy as it is planted in alternating

wide or narrow rows with a runoff strip betweenrthelhese features create an unusual crop

canopy with many variations in air movement andath absorption and reflection which are
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related to both the heat and water vapour transfecesses. Micrometeorologists use energy
balance measurements to calculate latent heatagfoeation and thus predict ET. However, as
the IRWH system modifies the energy balance it wagortant to understand whether it is
favourable for transpiration, crop growth and prtéhn. The effects of the surface cultural
management practices on energy exchange also nezdedquantified. In the Chapter 8 quote
by David Gates, the pioneer in field plant atmosphHaophysics, it states very clearly that an
understanding of the continuum of space descrilthgg “environment” where a plant must
exchange energy to grow, is a necessity when cemsgl plant function and process. This
principle was applied in these micrometeorologisaidies of IRWH system, whereby the
fundamental concept of vertical profile charactatian within and above canopies was needed
together with the energy balance when partitioremgrgy in plant canopies and at the soll
surface. This lead to a core topic of biophysidatent heat exchange and coupling of mass and
energy transfer within/above the canopy in wide aadow strips. In this study therefore, the
vertical profile characterization was fundamental éxamining the effects of IRWH on
microclimate within/above maize canopy and pantitigg of available energy into sensible and
latent heat.

Within canopy profiles:Variation in canopy structure of the maize crop emtRWH had a
major influence on vertical distribution of metelmgical variables and their role in the energy
fluxes to/from the canopy and soil surface. Resslitswved statistical differences of water vapour
pressure (ea) and virtual potential temperatékg between the wide and narrow strips. The
vertical profiles showed a sigmoid-shaped ea watrease from mid to lower canopy in narrow
and from lower to upper canopy in wide strips. Thse ofdv profile showed no difference in
middle section between wide and narrow strips betlower and upper portion had lowdrin
narrow compare to wide strips. These findings ssgtat the equilibrium layer above the maize
canopy under IRWH tillage system varies in respdaseind speed and caused more eddies and
mixing in a wide runoff strips compared to narrawps. This result confirmed that the effect of
wind on water vapour removal decreased downwardiad flow transfers within the canopy,
which has an influence on the resistance of thenttary layer and canopy and soil surface
resistance. This confirmed the dependence of eeecbration on the wind flow variation within

the canopy for both wide and narrow strips.
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Under windy conditions, the value of ea within tt@nopy increased at higher wind speeds
reaching a plateau of 1.6 KPa at winds in range.4f 1.8 m & and 2.0 - 2.4 msfor wide and
narrow RSL treatments. This provides a clear irtthoathat the wide strips were supplying more
drying power with a higher atmospheric evaporatde@mand than for narrow strips. The
relationship obv and ea also showed that with an increase in teatyre the concentration of ea
within canopy decreases sharply. Neverthelesswihd profile within the wide strips causes
more eddies compared to narrow strips. As a rdstltincreases dramatically with increase
turbulence but also depends on the magnitude ofiditymand temperature profiles within the
canopy. On the contrary, under weak wind conditittves air within the canopy may not move
very much, raising the humidity of air around tlaapy as less saturated air was being replaced
by drier air. To conclude the relationship of climavariables within the plant canopy influence
ET under the tillage system of IRWH, the key fadteing the movement of air and turbulence

that is a function of wind speed which varied adawg to the length of runoff strips.

Above canopy profile characterization and VPD ratats: As the air flow within and above the
canopy changed the surface heat flux in wide andowarunoff strips, this explains the
development of boundary layer approximation. Thsulte showed the wind speed of the profile
increased with height. The local advection was feated by distorted vertical temperature and
humidity profiles that had evidence of the formatiaf a bulge at the equilibrium height (just
above the canopy) and in the thermal boundary layeabout 1.5hc height. This indicated a
depletion of energy from the warm, dry, advective directed towards the runoff strip and
upward flux of water vapour within the internal Inolary layer due to evaporating maize
canopy. The presence of the local advection in IR¥8HId be a common phenomenon causing
variations in water vapour removal under the hegfeneous nature of IRWH tillage system.
However, it depends on the size of the runoff adegree of wetness of the soil surface and is
more likely with higher temperatures and under windnditions. In general, advection is more
pronounced in wide runoff strips relative to narrstups. Since, the enhancement of ET during
advective conditions was expected to decrease weserefficiency as sensible heat energy
supplied by advection can evaporate water but daooaotribute to yield. Therefore, it is
important to estimate the total energy used by &T at least an hourly basis, coming from

sensible heat advection in wide and narrow stripeu IRWH tillage system.
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From the profile ofov and ea it is possible to derive an expressiontli@rmal stability
stratification which was shown to be influence hg tanopy structures (wide or narrow RSL)
under wet and dry conditions. On wet days, the thiae layers just above the canopy grow
rapidly and it may continue throughout the day, rehs, on dry days, the growth of the mixing
layer was very weak. However, in general on widg@stwithin the canopy the profile was
relatively more stable or near neutral conditioantor narrow strips. This tends to make the
vertical turbulence over wide runoff strips areaihg suppressed as compared to narrow strips. It
was also noted that, due to surface heating orwitde runoff strip, there could be unstable
conditions shortly after sunrise which warmed tbwdst layer above the canopy. Results also
showed that, vapour pressure deficit (VPD) and eatpres were strongly correlated with wind
speed. This is a clear indication of dependenc&RD on wind speed at all heights in the
profiles between the rows of the IRWH system. Frtbin present study, it was suggested that,
profile characteristics within/above plant canopées playing a great role in determining the

VPD and consequently, help to determine the traaspn rate of the crop.

Comparison of available energyThe aerodynamic - energy balance method is not anly
approach to quantify the fluxes of LE and Hs, buttamplex interesting experiment due to the
heterogeneous nature of the alternative basin amalffrstrip areas of the IRWH system. Thus,
the present research on the energy balance comisoopens a new chapter in the studies of
IRWH in a semi-arid area. The main focus of theergg balance studies using
micrometeorological measurements was to addrederaliices in available energy for ET
between wide 3 m and narrow 1.5 strips of the IRpU{s. The results indicated that the LE was
dominant and higher in wide compared to narrow RiBking both dry and wet conditions.
However, Hs showed lower values on wide runoffpstrduring wet conditions due to the
advective effect of the runoff area. Therefore, wheée runoff strip with a higher Bain leaf area
ratio (BLAR) had more ET and used more energy oaperxating water compared to narrow
runoff with a lower BLAR. From the results, the dable energy (Rn-G) converted into LE
were represented by about 59% & 64% on dry days7/28l & 63% on wet days for wide and
narrow RSL, respectively. Hence, the ET values rmdamidday (11:00 — 15:00) were estimated
as 1.2 mm and 2.51 mm for dry and wet conditioaspectively. Wide runoff strips converted
the higher available energy more efficiently intbigher biomass production. During wet days,
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the wide RSL used more available energy, while nthaow RSL response to the available

energy was stronger during dry compared to wet.days

In general from this study, it can be concluded,tivater scarcity in dryland agriculture cannot
not be sufficiently well explainednly by soil water balance component studies, as @ &large
extent driven by available energy and partitionoigenergy balance components according to
water management strategies. When quantifying salliating the causes behind and the effects
of availability of energy one should take into doesation the four interacting energy balance
components (Rn, G, LE and Hs) in the tillage of IRVEs well. In order to increase water
productivity, it seems clear that both the soil evatalance and the available energy during all
growth stages have to be improved. The challengeildhbe addressed on the basis of an
integrated approach to water and energy resource®rder to develop comprehensive
management strategies so that: (i) the best pessgd of limited water for rainfed agriculture in
semi-arid areas is made, i.e. minimize unproducivager losses, especially by limiting runoff
and evaporation from soil; and (i) other critiqgadint, from an micrometeorological point of
view, is that the spatial and temporal profile eaéerization and accurate estimation of latent
and sensible heat fluxes for wide and narrow rustfips is necessary in order to evaluate

strategies and optimise water and energy use.

Future studies

The growing interest in the application of integdhtstudies of soil water balance and
micrometeorological parameters for alternative ea@bns is a noteworthy experience in IRWH.
However, many questions remain to be answeredy Rulterstanding the effect of surface
treatments on planting date and density can besaetliby coupling with a crop model like

APSIM in order to run long-term risk analysis. Mover, to do such research on conservation
agriculture system will contribute to creating aheique to partition the ET losses from the
canopy and soil surface on wide and narrow runoips This question will be attempting to

create selection criteria to assess the optimunfacirtreatments and appropriate cultural

management for maize production under IRWH for espeftific ecotope.
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Appendices

Appendix 1.1 Comparison ofaected research studiwith present studgn IRWH. Each number in the column A, B & C csponds to study
descriptionaccordingly, column D describe the measurers performed and column E descrdeneral evaluation of the stu

(A) (B) (®) (D) Measurements / Estimations+ = performed and — = not performed) (E)
1.Country | 1. Climate ;-;g"%
2. Locality | 2. Crop 3 sm);:e
3. Author 3. Mulch . . Crop Evaluate
4. Year 4. RSL Soil Water Balance Comp Micromet/Prof. Energy Fluxes Water Use Param.
Parameter
Ro| Es| Ev| ET| AS| D T RH u Hs | AE G Rn ADM | TDM | PUE | WUE | RWP | WP
1. RSA 1.Semi-arid 1.Clay
2.Tabanch | 2. Maize, 2.17%- Yield
3. Hensley | beans Sunfl. | 45% + + + + + + - - - - - - - + - + + + — | Ro
4. 2000 3.organic 3.2% model
4.2m

1. RSA 1.Semi-arid 1.Clay
2. Glen 2.maize bean,| 2.45%, Yield,
3. Botha sunflower 38% + + + + + + — - - — — - - + — + + + + WB
etal., 3.Various 3.1% Es model
4. 2003 42 m
1. Mexico 1. Semi-arid | 1. clay
2.-Texcoco | 2. maize loam
3. Ventura | beans 2.60% + + — + + + — — - — — — — — — + + - — Yield
etal., 3. - 3.-
4. 2003 4. -
1. China 1.Sub-humid | 1.clay
2.- Loess to arid loam
3. Gabriels | 2. maize 2.14% — — - - - — — - - — — - - — — + - - - Yield
etal, peanuts 3.-
4.2003 wheat
1. RSA 1.Semi-arid 1.Semi
2. Pretoria | 2. maize -arid WB
3. lbraimo | 3.organic 2.Clay + — - + + - - - - - - - - - + + - ~ | Vie
4. 2011 4.1,2,3m loam

3. 6%
1RSA 1.Semi-arid 1.Sand
2.Bainsvile | 2. fallow Clay Fallow
| Parades 3.Bare 2.8.5% + + - + + + — - - — — - - — — - - - - WB
3.Zerizghy | 4.1,2,3m / 18%
4.2011 3.1%

Current 1.Semi-arid 1. fine vield
Study 2. maize sandy Ro. Es
RSA 3ML (0-96%) loam + + + + + + + + + + + + + + = + + + + EB’ Wé

Bainsvlei | 4.1,1.5,2,3m | 2.8.5% moael

ecotope 3. 1%

where Ro=Runoff, Es=Evaporation, Ev=Transpiration ET= Bparanspiration, 4S=water content, T=Temperature, RH=relative hunyiditui=Wind,
Hs=sensible heat fluxiE=Latent heat flux, G=Soil heat flux, Rn Net radin, Y=yield, ADM Above ground dry matter, TDM=Totatlry mater,
PUE=precipitation use efficiency, WUE=water useaihcy, RWP=Rain water productivity, WP =Water guativity and RSL= Rurff stripe length.
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Appendix 2.1 Profile description of the Bainsvlei form soil HiGhungu 2009)

Map/photo : 2926 Bloemfontein Soil form and famy: Bainsvlei Amalia

Latitude + Longitude: 29: 1° 00"“/26: 08" 00" Surface rockiness: None

Altitude: 1354 m Occurrence of flooding: None

Terrain unit: Lower foot slope Wind erosion: Slight wind

Slope: 1% Water erosion: None

Slope shape: Straight Vegetation/Land use: Agronomic fieldpso

Aspect: North-west Water table: None

Microrelief: None Described by: M. Hensley & J. Chimungu

Parent Material Solum: Origin single, aeolian Date described: 14/06/09

Underlying Material: Sandstone (Feldspathic) Weathering of underlyiatenmal: Weak physical to moderate
chemical

Alteration of underlying | Ferruginised

material:

Horizon Depth (mm) | Description Diagnostic horizon

A 0-250 Moist state; dry colour: yellowish red (5YR5/6); isiocolour: reddish brown (5YR4/4); texture: fine| Orthic
loamy sand; structure: apedal massive; consisténabte; few fine normal pores; water absorptitn:
second; few roots; gradual smooth transition.

B1 250-420 Moist state; dry colour: red (2.5YR4/8); moist amdored (2.5YR4/6); texture: fine sandy loam; Red apedal
structure: apedal massive; consistence: friabiefiiee normal pores; water absorption: 1 second; fe
roots; gradual smooth transition.

B2 420-700 Moist state; dry colour: yellowish red (5YR5/8); istocolour: red (2.5YR4/6); texture: fine sandy | Red apedal
loam; few fine faint black illuvial humus mottlestructure: apedal massive; consistence: friable;
common fine normal pores; water absorption: 1 s@cfaw roots; gradual wavy transition.

B3 700-1200 | Moist state; dry colour: yellowish red (5YR4/6); istocolour: reddish brown (5YR4/4); texture: fine| Red apedal
sandy clay loam; common fine faint black illuvialrhus mottles; structure: apedal massive;
consistence: slightly firm; common fine normal pmrevater absorption: 1 second; clear wavy
transition.

B4 1200-1450 | Moist state; dry colour: strong brown (7.5YR5/8)pist colour: strong brown (7.5YR5/6); texture; fineNon diagnostic; yellow
sand; few fine faint black illuvial humus mottlestructure: apedal massive; consistence: friabléewa brown Aeolian sand
absorption: 1 second; few roots; clear wavy trémsit

B5 1450-1850 | Moist state; moist colour: strong brown (7.5YR4Mxture: fine sandy loam; many medium distinct Soft plinthic
grey and yellow reduced iron oxide mottles; manylime distinct red and black oxidised iron oxide
mottles; structure: apedal massive; consistenizhlé; water absorption: 1 second(s); few roots;
gradual smooth transition.

C 1850-2220 | Similar to B5 with patches of weathered feldspasisindstone; colour of mottles similar to BS but enprominent.
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Appendix 22 Summary of chemical and physical characteristifsaoBainsviei form soil.
(Chimungu 2009)

Physical properties
A Bl B2 B3 B4 B5

Coarse sand (2 - 0.5 mm) (%) 0.4 0.3 0.3 0.3 0.3 0.4
Medium sand (0.5 - 0.25) (%) 7.1 5.2 54 4.1 3.3 7.1
Fine sand (0.25 - 0.106 mm) (% 61.4 55.1 53.8 44.9 64.3 61.4
Very fine sand (0.106 - 0.53mm) (%)| 16.8 15.1 155 18.0 17.3 16.8
Silt (%) 4.0 4.0 6.0 8.0 4.0 4.0
Clay (%) 8.0 18.1 18.0 22.1 8.1 8.0
Bulk density (Mg m-3) 1.66 1.68 1.66 1.67 1.68 1.66

Chemical properties
pH ( water) 5.2 5.1 6.3 6.1 6.7 6.5
Ca (cmok.kg-1) 7.2 15.3 11.0 16.2 11.3 11.1
Mg (cmole.kg-1) 4.3 10.2 10.4 9.4 11.7 10.3
K (cmolc.kg-1) 2.5 3.6 2.2 2.6 2.1 2.0
Na (cmok.kg-1) 4.1 3.8 2.7 2.5 2.4 2.7
Clay -S value - Eutrophic* - - - -
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Appendix 3.1 Rainfall characteristics in-terms of rainfall evemhount, duration and intensity
for growing season 2008/09 at Kenilworth Experinaéitarm, (Pi = peak intensity).

Gs DAP Event Amount Event Duration Event Pi Event Mean Event Median
(mm) (min) (mmh?) Intensity (mmH)  Intensity (mmkt)
l 6.6 * * * *
7 15.7 * * * *
12 16.6 * * * *
16 2.5 * * * *
23 18.3 340 30 9.0 6.0
24 15 260 1.2 0.8 0.6
33 13.3 210 46.8 13.0 5.4
GS-l 34 0.8 110 1.2 1.2 1.2
35 0.3 35 0.02
37 2.9 60 6 5.4 54
38 1.1 40 2.4 1.8 1.8
38 2.5 145 4.8 2.1 1.2
41 25.9 1200 14.4 35 2.4
42 1.1 125 1.2 0.8 1.2
45 5.4 25 20.4 10.2 10.2
49 1.7 35 8.4 4.3 4.3
51 2.2 120 3.6 2.4 2.4
53 2 175 7.2 3.7 3.0
53 0.4 90 1.2 0.9 0.9
54 2.9 165 1.2 1.2 1.2
55 0.9 40 2.4 1.8 1.8
55 8.9 400 4.8 2.8 2.4
56 1 265 2.4 0.6 0.2
57 1.7 120 6 4.4 6.0
58 3 170 6
GSHI 58 08 50 24 14 1.4
58 1.6 15 16.8
58 4.5 205 7.2 3.6 3.0
59 12.4 125 30 12.7 8.4
60 0.3 60 1.2 0.7 0.7
62 3.3 155 3.6 2.5 3.6
63 4.6 55 12 7.2 7.2
63 0.4 45 1.2
64 15 130 7.2 3.2 1.2
69 1.1 55 10
70 6.8 170 14.4 4.5 1.2
70 2.6 75 7.2 3.8 2.4
81 0.8 15 6
81 7.1 45 44.4
GSHiI 86 10.6 140 24 9.4 48
97 0.5 10 2.4
97 1.3 15 8.4
105 10.6 125 24 10.8 8.4
111 1.8 190 2.4 18 138
127 0.1 5 1.2
127 15 30 1.5 4.6 1.2
127 4.6 135 28.8 11.4 4.8
128 1.2 35 4.8 3.6 3.6
129 0.4 10 5
GS-IvV 131 0.3 30 10
132 1.1 15 2.4 1.8 1.8
137 6.2 140 4.8 4.8 4.8
138 8.5 415 10.8 3.4 1.8
142 6.4 195 7.2 3.9 3.6
150 2.1 160 3.6 2.0 2.0
150 5.6 30 33.6 12.5 3.6
Total 249.8
Highest 25.9 1200.0 46.8 13.0 10.2
Lowest 0.1 5.0 1.2 0.6 0.2
Mean - Observed 4.5 134.8 9.8 4.5 3.2
Glen Mean Long 43 130.0 225

term
*at the beginning of the experiment the automagather station was working.
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Appendix 4.1 Calculated values of rainfall interception, RCInginfor different RSL treatments
for each rain eventduring growing season (2008/09) using equation ZHe figures in
parenthesis indicate the percentage (%) that camvgrception of the rain event.

Growth stage
GS) GS-| GS-II GS-II GS-IV
DAP 23 33 37 41| 54 58 70/ 81 86 106 127 1B8
RF (mm) 198 141 65 259 12.7 223 10,5 7.9 106 10.6 7.447
. | 0058 0069 0019 0151[0470 0719 0449|0353 0453 0456 0333 0588
03) (05 (03) (17)| @7 (2 (43)| (45 (43) (43) | (45 (4.0
0.076 0082 0013 0.124 | 0.569 0.854 0.565| 0.446 0569 0573 | 0422 0.732
RSL 151 02 (06 (02 @4 | @5 (38 (4|67 (4 (4| 657) (0
(m) , | 0076 0.120 0019 0211|0673 0.994 0640| 0.508 0.645 0.649 | 0480 0.824
04) (09) (03) (22) | (53) (45 (6.1) | (64) (6.1) (6.1) | (65 (5.6)
3 0.094 0.145 0.019 0.881 | 0.833 1.205 0.881 | 0.705 0.887 0.893 0.669 1.118
(0.05) (1.0) (0.03) (25) | (6.6) (5.4) (8.4) | (89) (84) (8.4) | (9.0) (7.6)

Appendix 4.2 In-field runoff to rainfall ratio (RR) for runofftap lengths of 1, 1.5, 2 and 3 m
with different mulch cover levels (bare, 39% & 96@tiring growing season (2008/09).

Growth stage (GS) GS-I GS-ll GS-llI GS-IvV
DAP 23 33 37 41 54 58 70 81 86 10p 127  1B8
MLO0% 029 043 014 0172 009 035 0.2 0.23 0.30.400 0.30 0.21
RSL-1 | ML39% 0.22 034 016 0113 0.10 o011 0.1 0.20 0.12 018160 0.16
ML96% 018 031 0.2 013 0.07 009 0.1 0.17 0.09 023250 0.15
MLO% 0.20 022 0.05 0.1Q 0.05 0.16 0] 0.23 0.12200 0.17 0.15
RSL-1.5| ML39% 0.20 0.18 0.08 0.08 0.06 0.13 0.0 0.10 0.08 0113110 0.10
ML96% 0.17 020 0.10 0.0 0.06 0.09 0.0 0.16 0.07v 012170 0.10
MLO% 0.16 0.25 0.08 0.08 0.05 020 0] 0.26 0.19.3200 0.29 0.30
RSL-2 | ML39% 0.14 0.12 0.08 0.04 0.08 0.13 0. 0.08 0.04 0,11.140 0.07
ML96% 0.12 0.6 0.1 0.07 0.05 0.10 0. 0.07 0.05 0,07.140 0.04
MLO% 0.12 014 0.04 NA |005 NA 010 025 021 032 020 0.1
RSL-3 | ML39% 0.09 010 0.04 003 003 014 0.03 0.04 0.02 008130 0.03
ML96% 009 006 0.02 009 000 000 0.00 0.03 0.00 004050 0.01

N0 oW~ wwo s

TERN

264



Appendices

Appendix 4.3 Runoff mulch level factor (RMLF) as a functionratilching level (%) cover for
three runoff strip length
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RSL-2: RMLF = 0.8640¢0-007ML (RP=0.74)
RSL-3: RMLF = 0.9795¢~0-018ML (RP=0.99)

. R
where RMLF= runoff mulching level facto(RMLF = W) and ML = percentage of
(bare)

mulching level cover for all of the rain events idgr2008/09 . The calculations were made on
three runoff strip lengths (RSL-1, 2 and 3m).

Appendix 6.1 Relationship of BLAR for all RSL treatments (n4Btween 2007/08 and 2008/09
cropping season at flowering (65 DAP)
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Appendix 6.2 Seasonal estimation &kin the basin for growing season 2007/08 and 2®@)8/0

Cropping RSL Growth stage) Es (mm) I(Os(gcr)i\(/)v(ijn_}_g Es % of Re((jo./oi)n Es
season treatments GS-| GS-Il GS-Ill (.I‘a\? Es (mn‘;) rainfall (1-EESKes0)
RSL-1 60.9 28.0 53.4 31.1 173.4 61.4 63.9
RSL-1.5 48.3 22.3 42.4 24.7 137.6 48.7 71.4
2007/08 | RSL-2 37.0 17.1 325 18.9 105.6 37.4 78.1
RSL-3 21.8 10.1 19.2 11.1 62.2 22.0 87.1
Mean 42.0 19.4 36.9 21.5 119.7 42.4 75.1
RSL-1 72.6 23.8 35.3 20.5 152.2 60.9 76.9
RSL-1.5 57.6 18.9 28.0 16.3 120.7 48.3 81.7
2008/09 | RSL-2 44.2 14.5 21.5 12.5 92.6 37.1 85.9
RSL-3 26.0 8.5 12.7 7.4 54.6 21.9 91.7
Mean 50.1 16.4 24.4 14.2 105.0 42.0 84.0

Appendix 6.3 Seasonal estimation &k on the runoff area for growing season 2008/09

Growing Reduction in
Canopy shade Mlzltcr?a_lle):vel Growth stageyEs (mm) period Ej:ﬁaﬂf Es (%)
GS-l | GS-ll | GS-llI | GS-IV (mm) (1-CESK £po)
0 (Bare) 74.1 24.3 36.1 21.0 155.5 62.2 76.4
Full canopy 1 (12%) 69.4 | 22.8 33.8 19.6 145.6 58.3 77.9
shade 2 (39%) 57.6 18.9 28.0 16.3 120.7 48.3 81.7
3 (64%) 47.3 15.5 23.0 13.4 99.2 39.7 84.9
5 (96%) 33.9 11.1 16.5 9.6 71.1 28.5 89.2
0 (Bare) 76.5 25.1 37.2 21.6 160.4 64.2 75.6
Partial canopy 1 (12%) 71.8 23.6 34.9 20.3 150.5 60.3 77.1
shade 2 (39%) 59.9 19.7 29.1 16.9 125.7 50.3 80.9
3 (64%) 49.7 16.3 24.2 14.0 104.2 41.7 84.2
5 (96%) 36.3 11.9 17.6 10.3 76.1 30.5 88.4
0 (Bare) 78.9 25.9 384 | 223 165.4 66.2 74.9
1 (12%) 74.1 24.3 36.1 21.0 155.5 62.2 76.4
Unshaded 2 (39%) 62.3 20.4 | 30.3 17.6 130.7 52.3 80.1
3 (64%) 52.1 17.1 25.3 14.7 109.2 43.7 83.4
5 (96%) 38.6 12.7 18.8 10.9 81.0 324 87.7
Appendix 6.4 Seasonal estimation &k on the runoff area for growing season 2007/08
. o Growth stagey Es (mm) Grovyir(;g Es% of Reguc(toi/o; in
anopy shade perio . s (%
GS-l | GSHI | GSHIl | GSAV |y rainfall (1-(ESh co0)
Full canopy shade 60.9 28.0 53.4 31.1 173.4 61.4 63.95
Partial canopy shade 64.2 29.6 56.3 32.8 182.8 64.7 61.99
Unshaded 66.1 30.5 | 58.1 33.8 188.5 66.7 60.81
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Appendix 7.1 Summaryof water balance components sheet for croppingose2008/09 for different growth stages under diifie surface
treatments (RSL and ML) for Kenilworth Bainsvleiogape.

RSL RSL-1 RSL-1.5 RSL-2 RSL-3
ML 0% | 12% |39% |64% |96% | 0% | 12% |39% |64% |96% | 0% | 12% | 39% |64% | 96% | 0% | 12% | 39% | 64% | 96%
. GS-l 114.5 114.5 114.5 114.5
£ | s 64.6 64.6 64.6 64.6
E [Gsu 30.9 30.9 30.9 30.9
a GSIV 39.8 39.8 39.8 39.8
GP 249.8 249.8 249.8 249.8 249.8] 249. 249.8 2498 .824 249.8 249.8 249.8 249.8 249.4 249. 249.8 249.849.8 249.8 249.8
GS-| 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0
o= GS-| 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0
o E GS-lll 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HE GS-IV 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.Q 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GS-l 0.30 0.30 0.30 0.30 0.30 0.29 0.29 0.29 0.2 0.29 290 0.29 0.29 0.29 0.29 0.33 0.38 0.33 0.33 0.B3
_ /E\ GS-I| 1.64 1.64 1.64 1.64 1.64 1.99 1.99 1.99 1.9 1.99 541 1.54 1.54 1.54 1.54 1.95 1.95 1.95 1.95 1.p5
&) = GSs-ll 1.26 1.26 1.26 1.26 1.26 1.59 1.59 1.59 1.5 1.59 201 1.20 1.20 1.20 1.20 1.664 1.66 1.66 1.66 1.66
= GS-IV 0.92 0.92 0.92 0.92 0.92 1.15 1.15 1.15 1.1% 1.16 .87 0 0.87 0.87 0.87 0.87 1.19 1.19 1.19 1.19 1.19
GP 4.12 4.12 4.12 4.12 4.12 5.02 5.02 5.07 5.0p 25.0 3.89 3.89 3.89 3.89 3.89 5.1 5.1 5. 5.1 51
GS-l -44.8 -32.9 -15.5 -20.7 -9.4 -14.3 -36.5| 5.3 -52.y -9.3 -28.9 -30.5 -32.5 -17.9 -13.1 -31.p -27|5 -6]7 -13.9 -6.2
0 ’E\ GS-I| 19.0 46.0 5.2 19.4 19.5 26.1 -6.2 -11.4 -8.9 -5.4 25 1.9 4.8 16.7 25.7 5.7 17.3 -8.9 22.p 37/|8
< g GS-lll 79.9 71.9 79.0 82.1 46.9 7.7 19.1 21.2 32. 28.p .6 43 -1.2 -7.4 -7.8 27.1 52.5 28.4 43.4 -7.5 32|0
~ GS-IV -12.4 -19.8 -29.9 -50.4 0.2 -21.4 4.7 -2.1 -29.4 0.94 -25.5 -11.5 -5.6 -0.5 -6.0 -4.7 11.9 34.9 -0.3 0.2
GP 41.6 65.2 38.8 30.3 57.2 -1.9 -18.9 13.0 -58.p 27.8 -5.6 -41.3 -40.8 -9.5 33.8 21 30.p 63|2 0J5 63.9
D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0
35 GS-l 79.6 81.3 98.7 93.5 104.8 105.6 99.6) 1195 73.7 .9104 101.4 95.7 80.9 86.6 92.7 86.4 81,2 95|12 89.4 .698
8 ’é\ GS-II 81.9 108.9 68.1 82.4 82.5 88.7 56.4 51.7 53.y 57/0 59.3 56.6 61.0 73.9 84.0 59.0 71.5 4714 79.1 95.6
o IS GS-lll 109.5 101.5 108.7 111.7 76.5 37.0 55.3 55.% 65.4 .3 57| 69.0 41.9 38.9 33.8 54.5 77.9 53.p 69(6 30.3 159.
E ~ GS-IV 31.9 28.1 18.4 16.9 39.1 21.1 43.4 42.4 22. 129 282 29.9 29.1 35.6 32.0 28.2 45.3 69.3 34(8 35.8
GP 303.0 319.8 293.9 304.5 302.9 252.4 2547 268[7 .621% 232.1 252.5 224.1 209.8 229.9 263. 251.1 251.981.5 233.6 289.1
GS-| 73.4 71.0 65.1 59.9 53.2 65.9 63.5 57.9 52.4 457 576 62.6 54.7 47.8 38.9 64.5 60.9 521 44{4 34.3
” ’g GS-I| 24.1 23.3 21.4 19.7 175 21.6 20.8 18.9 17.2 150 162 20.5 17.9 15.7 12.8 21.7 20. 171 14{6 11.3
L I GS-lll 35.7 34.5 31.6 29.1 25.9 32.0 30.9 28.Q 25.5 22 2.03 30.4 26.6 23.3 18.9 31.4 29.6 25,3 2116 16.7
~ GS-IV 20.7 20.1 18.4 16.9 15.0 18.6 17.9 16.3 14. 12.9 8.6 1 17.7 15.5 13.5 11.0 18.2 17.2 14.7 12.5 9.7
GP 153.8 148.9 136.5 125.7 111.6] 138. 133.1L 120[7 011 95.9 137.8 131.2 114.7 100.3 81.6 135.2 12[7.8 9.219 93.0 71.9
. GS-l 6.3 10.3 33.7 33.5 51.6 39.7 36.2 62.0 21 59.11 .7 35 33.1 26.2 38.8 53.8 21.9 20. 43.1 45|0 64.3
-9) — GS-ll 57.9 85.6 46.8 62.7 65.0 67.1 35.6 32.3 36 420 7.73 36.1 43.0 58.2 71.2 37.9 51.%5 30.3 6416 84.3
& S GS-lll 73.8 67.0 77.0 82.5 50.6 5.0 24.4 27.5 39. 35.1 .0 37 11.5 12.3 10.5 35.6 46.1] 24. 44.8 8.7 42.4
> é GS-IV 11.2 8.0 0.0 0.0 24.0 2.5 25.4 26.1 7.9 0.0 4.3 212 13.6 22.1 21.0 9.9 28.0 54.6 22.3 26.1
w GP 149.2 171.0 157.5 178.8 191.3] 114. 1216 147|9 .610% 136.2 114.6 92.9 95.1 129.5| 181.5 115.8 124.2 2.317 140.6 217.1

NB. P = cropping season rainfallRo = Run-on/Runoff, RCI = rainfall canopy intercefun, A S= change in soil water content, D = drainage, ETResd. Evapotranspiration
calculated as residual, Es = soil water evaporatiamnd Ev Resd. = transpiration calculated as resilo&ET. All components are computed in mm.
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Appendix 7.2 RSL-1 treatmenivater balance components sheet for cropping sed@8i® for different growth stages under diffenenich
level treatments (ML) for Kenilworth Bainsvlei éope.

RSL-1 BA RAL
ML 0% | 12% |39% |64% |96% | 0% | 12% | 39% | 64% | 96%
. GSH 114.5 114.5
IS GS-lI 64.6 64.6
E [Gsu 30.9 30.9
N e 39.8 39.8
GP 249.8 249.8 249.8 249.8 249.8] 249. 249.8 2498 .824 249.8
GS-| 17.4 15.8 12.9 10.9 9.5 -17.4 -15.8] -12.9 -10.9 5-9.
o= GS-| 9.8 9.0 7.3 6.2 54 -9.8 -9.0 -7.3 -6.2 -5.4
o E GS-lll 4.7 4.3 3.5 3.0 2.6 -4.7 -4.3 -3.5 -3.0 -2.6
HE GS-IV 6.1 5.5 4.5 3.8 3.3 -6.1 -5.5 -4.5 -3.8 -3.3
GP 38.0 34.6 28.2 23.9 20.7 -38.0 -34.6 -28.2 -23.p 0.7-2
GS-l 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.3(¢ 0.30 0.30
_~ GS-I| 1.64 1.64 1.64 1.64 1.64 1.64 1.64 1.64 1.64 1.6¢4
Q E Gs-l 1.26 1.26 1.26 1.26 1.26 1.26 1.26 1.2§ 12 1.26
= GS-IV 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.9p
GP 4.12 4.12 4.12 4.12 4.12 4.12 4.12 4.13 4.1P 2 4.1
GS-l -46.5 -44.8 -23.6 -27.5 -7.4 -43.1 -21.0 -7.3 -13. -11.4
’E\ GS-I| 10.3 45.7 6.2 20.7 28.1 27.6 46.2 4.1 18.2 10.9
< g GS-lll 92.5 91.0 84.3 77.1 37.4 67.3 52.8 73.9 87. 56.4
~ GS-IV -35.4 -41.8 -38.2 -39.3 1.3 10.5 2.2 -21.6 -61.6 9-0
GP 20.9 50.2 28.6 31.0 59.4 62.3 80.2 49.0 29.¥ 0 55
D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
35 GS-l 85.1 85.2 103.5 97.6 116.3 74.1 77.4 94.( 89.4 93/4
22 [osu 83.1 117.7 76.5 89.9 96.4 80.7 100. 59.4 745 685
o IS GS-lll 126.8 124.9 117.4 109.7 69.6 92.2 78.2 99. 1137 3.4 8
E ~ GS-IV 20.5 20.5 20.5 20.5 43.5 43.3 35.6 16.3 13.4 34.6
GP 315.6 348.3 317.9 317.6 325.8 290.4 2918 2700 429 280.0
GS-| 72.6 72.6 72.6 72.6 72.6 74.1 69.4 57.9 47. 33.9
” ’g GS-I| 23.8 23.8 23.8 23.8 23.8 24.3 22.8 18.9 15.5 111
L I GS-lll 35.3 35.3 35.3 35.3 35.3 36.1 33.8 28.Q 23. 16.6
~ GS-IV 20.5 20.5 20.5 20.5 20.5 21.0 19.6 16.3 13.4 9.
GP 152.2 152.2 152.2 152.2 152.2] 155.5 145.6 120[7 2 99| 71.1
. GS-l 12.5 12.7 30.9 25.0 43.7 0.0 8.0 36.4] 42.1 59.5
-9) — GS-l 59.3 93.8 52.6 66.0 72.6 56.4 77.4 40.9 59.4 57.4
& E GS-lll 91.6 89.6 82.1 74.4 34.3 56.1 44.4 71.9 90.7 67.0
> = GS-IV 0.0 0.0 0.0 0.0 23.0 22.4 16.0 0.0 0.0 25.1
w Gp 163.4 196.1 165.7 165.5 1737 134, 145p 1492 2192 208.9

NB. P = cropping season rainfallRo = Run-on/Runoff, RCI = rainfall canopy intercefun, A S= change in soil water content, D = drainage, ETResd. Evapotranspiration

calculated as residual, Es = soil water evaporatiamnd Ev Resd. = transpiration calculated as resilo&ET. All components are computed in mm.
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Appendix 7.3 RSL-1.5 treatmenivater balance components sheet for cropping se@8i@ for different growth stages under diffenentch

level treatments (ML) for Kenilworth Bainsvlei éope.

RSL-1.5 BA RA1
ML 0% | 12% |39% |64% |96% | 0% | 12% | 39% | 64% | 96%
. GS-I 114.5 114.5
€ Gl 64.6 64.6
S GSAIl 30.9 30.9
N—r'
o oSV 39.8 39.8
GP 249.8 249.8 249.8 249.8 249.8 249. 249 2498 8249 2498
GSH 358 33.0 27.4 23.2 19.0 -35.8 -33.0 274 23p 901
o= |Gsi 206 19.0 15.9 135 111 20.6 -19.0 -15. A3p 111
@ E GSHlI 10.0 93 7.8 6.6 55 -10.0 9.3 738 6.6 5.5
HE [Teswv 127 1.7 9.8 8.3 6.9 2.7 17 0.8 8.3 6.9
GP 79.1 73.0 60.9 51.6 425 79.1 73.0 -60. 51p 254
GSH 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.2 0.29
_ 2 |esu 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.9 1.90
CE | asum 1.59 1.59 1.59 1.59 1.59 1.59 1.59 1.59 15 1.50
~ [Gsv . . . . . . . . 15 .
1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 11 115
GP 5.02 5.02 5.02 5.02 5.02 5.02 5.02 5.0 500 250
GSH -13.0 17.3 107 37.2 28.8 -15.6 -55.6 214 268 10.1
T |esu -22.0 -20.1 29.4 -28.3 -37.0 74.2 7.7 6.6 10.5 725.
<4 £ [Gs 6.0 24.4 19.1 14.3 8.8 214 62.6 61.5 80.1 478
~ [Gswv -30.0 6.6 20.1 -14.9 55.7 12.8 16.0 24.1 440 26.1
GP 71.0 68.4 -39.1 -94.7 -112.§ 67.2 30.6 654 172 | 56.9
D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 GSH 137.0 129.9 130.9 100.2 104.5 74.1 69.4 108]1 47]3 105.3
?Q ~ i 61.2 61.6 49.1 47.8 36.8 116.2 51.3 53.3 59.6 770
SE GSHl
X e GSHll 333 28.0 28.0 28.0 43.6 20.7 82.7 83. 1028 71
b= [esv 213 43.8 63.5 32.1 16.3 21.0 42.9 16.4 13.4 9.
GP 252.9 263.3 2765 208.1 201.1 252. 246 2608 1223 263.1
GSH 57.6 57.6 57.6 57.6 57.6 74.1 69.4 57.4 47. 33p
wE |osi 18.9 18.9 18.9 18.9 18.9 24.3 22.8 18.9 155 11h
w e G-Il 28.0 28.0 28.0 28.0 28.0 36.1 33.8 28.4 23. 165
= [Gsw 16.3 16.3 16.3 16.3 16.3 21.0 196 16.3 13.4 9.
GP 120.7 120.7 120.7 120.7 120.7 1555 145 12007 299 711
- GSH 794 72.3 73.4 42.6 46.9 0.0 0.0 50.6 0.0 7Lh
B~ [Gsu 123 12.7 30.2 28.9 17.9 91.9 285 344 44, 66,0
g E GSHIl 5.3 0.0 0.0 0.0 15.6 46 48.9 55.0 79.8 54.¢
> E [Gswv 5.1 275 52.2 159 0.0 0.0 23.3 0.0 0.0 0.0
w GP 132.1 142.5 155.8 87.4 80.4 96.5 100.7 1400 1249 192.0

NB. P = cropping season rainfallRo = Run-on/Runoff, RCI = rainfall canopy intercefun, A S= change in soil water content, D = drainage, ETResd. Evapotranspiration

calculated as residual, Es = soil water evaporatiamnd Ev Resd. = transpiration calculated as resilo&ET. All components are computed in mm.
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Appendix 74 RSL-2 treatmenivater balance components sheet for cropping se@Q8i@ for different growth stages under diffenendch
level treatments (ML) for Kenilworth Bainsvlei éope.

RSL-2 BA RA1 RA2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ML 0% 12% 39% 64% 96% 0% 12% 39% 64% 96% 0% 12% 39% 64% 96%
. GS-I 114.5 114.5 114.5
IS GS-Il 64.6 64.6 64.6
£ Gsall 30.9 30.9 30.9
o GV 39.8 39.8 39.8
GP 249.8 249.8 249.8 249.8 249.8 249. 2498 249.8 249.8 249.8 249.8 249.8 249.8 249. 249,
GS-I 477 44.0 36.6 31.0 25.4 -47.7 -44.0 -36. -31.p 542 -47.7 -44.0 -36.6 -31.0 -25.4
o= GS-Il 27.0 24.9 20.7 17.5 14.4 -27.0 -24.9 -20.1 175 441 -27.0 -24.9 -20.7 -17.5 -14.4
x E GS-ll 12.9 11.9 9.9 8.4 6.9 -12.9 -11.9 9.9 -8.4 -6.9 2.91 -11.9 9.9 -8.4 6.9
HE [TGswv 16.6 15.3 12.8 10.8 8.9 -16.6 -15.3 -12.4 -10.8 9-8.] -16.6 -15.3 -12.8 -10.8 -8.9
GP 104.2 96.1 80.0 67.7 55.5 -104. -96.1 -80.p 7-67| -55.5 -104.2 -96.1 -80.0 -67.7 -55.5
GS-l 0.43 0.43 0.43 0.43 0.43 0.22 0.22 0.22 0.22 022 220 0.22 0.22 0.22 0.22
— GS-lI 231 231 2.31 2.31 2.31 1.16 1.16 1.16 1.1 116 161 1.16 1.16 1.16 1.16
&) = GS-lil 1.80 1.80 1.80 1.80 1.80 0.90 0.90 0.99 0.9 090 .900 0.90 0.90 0.90 0.90
=~ [Gsv 1.30 1.30 1.30 1.30 1.30 0.65 0.65 0.65 0.65 065 650 0.65 0.65 0.65 0.65
GP 5.84 5.84 5.84 5.84 5.84 2.92 2.92 2.9 2.9p 229 292 2.92 2.92 2.92 2.92
GS-l -10.6 -14.6 -28.0 5.7 7.6 -33.3 -46.1 -42.7 239 20.7 -42.8 -30.9 -26.9 -35.5 -26.1
nE GS-Il -22.0 -56.4 -57.4 6.3 6.0 15.3 20.4 33.1 22.1 279 222 415 38.7 21.6 43.2
4 € GS-lI 6.0 14.8 0.0 15.4 3.1 58.1 3.8 -50.8 -23. 44, 8.77 -22.1 28.4 -14.9 39.8
~ [ GSIV -30.0 -4.8 9.0 13.9 -40.7 5.8 -10.0 9.2 -16.1 612 [ -40.6 -19.6 1.4 1.4 10.2
GP -68.6 -60.8 -94.4 41.3 -30.2 34.2 -32.0 69.6  2.44 64.4 17.5 -31.1 41.7 27.4 67.1
D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 0.0 0.0
5 GS-l 151.2 143.5 122.7 150.7 147.0] 76.5 71.9 59.9 595 8.26 76.5 71.8 59.9 49.7 62.8
g A GS-Il 67.3 30.8 25.6 86.1 82.7 51.8 59.0 75.9 68. 760 875 80.1 81.5 67.5 92.2
@ = GS-lIl 36.0 55.8 39.0 52.9 32.9 75.2 34.9 29.1 24.2 677 589 34.9 48.5 24.2 62.9
E ~ GS-IV 25.1 49.1 42.2 63.2 12.5 21.6 20.3 17.2 14. 42p 162 20.3 27.8 29.7 40.5
GP 279.6 279.2 229.6 352.9 275.1] 225.1 1859 1821 165.7 255.8 252.7 207.1 217.7 171.1 258,
GS-I 44.2 44.2 44.2 44.2 44.2 76.51 71.71 59.9¢4 49.69 .2836| 76.51 71.77 59.94 49.69 36.24
0w E GS-lI 14.5 14.5 145 145 14.5 25.10 23.54 19.67 1630 9011 25.10 23.55 19.67 16.30 11.9¢
w e GS-lI 21.5 21.5 215 215 215 37.20 34.9 29.15 2416 .647| 37.20 34.90 29.15 24.16 17.64
~ GS-IV 125 12.5 12.5 12.5 12.5 21.63 20.2 16.94 14.05 .2610] 21.63 20.29 16.94 14.05 10.26
GP 92.6 92.6 92.6 92.6 92.6 160.4 150. 125[7 104.2 76.08 160.4 150.5 125.7 104.2] 76.0
. GS-l 107.0 99.4 78.5 106.5 102.9 0.0 0.0 0.0 9.8 31p 0 0] 00 0.0 0.0 26.5
B~ GS-II 52.8 16.3 11.1 71.6 68.2 26.7 35.4 56.2 51.7 650 363 56.5 61.8 51.2 80.3
g E GS-ll 14.5 34.4 17.5 31.4 11.4 38.0 0.0 0.0 0.0 50.1 586 0.0 19.4 0.0 45.3
> E GS-IV 12.6 36.6 29.8 50.7 0.0 0.0 0.0 0.2 0.0 32.] 0.( 0 0] 109 15.7 30.3
w GP 187.0 186.6 136.9 260.3 182.5 64.7 35.4 56.4 561 179.7 92.2 56.5 92.0 66.9 182.4

NB. P = cropping season rainfallRo = Run-on/Runoff, RCI = rainfall canopy intercefun, A S= change in soil water content, D = drainage, ETResd. Evapotranspiration
calculated as residual, Es = soil water evaporatiand Ev Resd. = transpiration calculated as resilo&ET. All components are computed in mm.
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Appendix 7.5 RSL-3 treatmenivater balance components sheet for cropping se@Q8i@ for different growth stages under diffenendch

level treatments (ML) for Kenilworth Bainsvlei éope.

RSL-3 BA RAL RA2 RA3
ML 0% | 12% |39% |64% |96% | 0% | 12% |39% |64% |96% | 0% | 12% | 39% |64% | 96% | 0% | 12% | 39% | 64% | 96%
. GS-l 114.5 114.5 114.5 114.5
£ | s 64.6 64.6 64.6 64.6
E [Gsu 30.9 30.9 30.9 30.9
a GSIV 39.8 39.8 39.8 39.8
GP 249.8 249.8 249.8 249.8 249.9 249. 24918 249.8 249.8 249.8 249.8 249.8 249.8 249. 249, 24P.8 .8249 249.8 249.8 249.8|
GS-| 34.8 31.7 25.8 21.9 19.0 -34.8 -31.7 -25. -21.9 9.01 -34.8 -31.7 -25.8 -21.9 -19.0 -34.B -31{7 -25.8-21.9 -19.0
o= GS-ll 19.7 17.9 14.6 12.4 10.7 -19.7 -17.9 -14.4 -12.4 0.7-1 -19.7 -17.9 -14.6 -12.4 -10.7 -19.)7 -17(9 -14.6-12.4 -10.7
o E GS-lll 9.4 8.6 7.0 5.9 5.1 -9.4 -8.6 -7.0 -5.9 -5.1 -9.4 8.6- -7.0 -5.9 -5.1 9.4 -8.6 -7.0 -5.9 -5.1
HE GS-IvV 12.1 11.0 9.0 7.6 6.6 -12.1 -11.0 9.0 -7.9| -6.4 2.31 -11.0 -9.0 -7.6 -6.6 -12.1 -11. -9. -7.6 -6.6
GP 76.0 69.2 56.4 47.9 41.5 -76.0 -69.2 -56.4 -4709 -41.5 -76.0 -69.2 -56.4 -47.9 -41.5 -76.0 -69/2 6.45( -47.9 -41.5
GS-l 0.50 0.50 0.50 0.50 0.50 0.25 0.25 0.2§ 0.2% 0.26 0.25 0.25 0.25 0.25 0.25
_ /E\ GS-ll 2.92 2.92 2.92 2.92 2.92 1.46 1.46 1.44 1.4 1.46 1.46 1.46 1.46 1.46 1.46|
&) = GS-lll 2.49 2.49 2.49 2.49 2.49 1.25 1.25 1.25 1.2% 1.26 1.25 1.25 1.25 1.25 1.25|
= GS-IvV 1.79 1.79 1.79 1.79 1.79 0.90 0.90 0.9¢ 0.9 0.90 0.90 0.90 0.90 0.90 0.90
GP 7.70 7.70 7.70 7.70 7.70 3.85 3.85 3.84 3.85 5 3.8 3.85 3.85 3.85 3.85 3.85
GS-l -35.1 -44.5 -4.1 5.2 1.0 -64.7 -41.1 -9.1 -20. 713 -5.4 -19.8 17.1 -22.4 -5.2 -21.4 -4.1 -30|6 #17. -6.8
0 ’E\ GS-ll -22.0 -27.5 -29.5 -15.8 98.4 8.6 38.6 1.6 21. 16.4 0.3 20.9 -21.5 37.2 11.0 36.1 37.8 1556 455 25.4
< GS-lll -6.0 7.0 22.3 4.5 26.3 66.5 31.1 47.1] 9.2 46.7 667 30.8 53.2 -27.1 20.1 82.8 45.4 51.1 -16|8 351
£
~ GS-IV -30.0 32.3 98.8 27.2 -0.4 7.8 4.3 9.1 -8.6| -5.3 0.4 10.3 5.9 -9.0 6.6 3.3 0.6 25.9 -10.6 -0.1
GP -93.1 -32.7 87.4 21.1 125.3 18.2 32.9 48.7 1.6 4,14 61.8 42.2 54.8 -21.2 32.5 100/8 78)6 61,9 0|4 355
D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 GS-l 113.7 101.1 135.7 141.1 133.9 76.5 71.9 79.4 715 168 78.9 74.1 105.8 70.2 90.3 76.5 779 59.9 74.6 858
8 ’é\ GS-ll 59.4 52.1 46.8 58.3 170.9 52.0 83.8| 50.1 72.6 68/8 45.2 67.6 28.4 89.4 64.9 79.5 82.b 640 96,2 71.8
o IS GS-lll 31.8 44.0 57.7 38.8 59.8 86.7 52.1 69.7 33. 71p 8.28 53.2 77.1 25.3 45.8 103.1 66.5 738 242 59.6
E ~ GS-IvV 20.1 81.4 145.8 72.8 44.2 34.6 32.2] 39.0 22.6 27/0 27.8 39.0 36.7 23.2 39.8 30.0 28.4 55/8 20.6 32.1
GP 225.0 278.6 386.0 311.1 408.9 249. 23909 238.2 199.7 248.6 240.1 233.9 248.1 208.1 240, 28p.2 .4285 253.6 215.7 258.0
GS-| 26.0 26.0 26.0 26.0 26.0 76.5 71.8 59.9 49.7 36.3 8.877 74.14 62.31 52.06 38.65 76.5 71)8 59.9 49.7 .3 3p
o ’g GS-ll 8.5 8.5 8.5 8.5 8.5 25.1 23.6 19.7 16.3 11. 25.88 24.33 20.44 17.08 12.68 25.1 23.6 197 16,3 11.9
L I GS-lll 12.7 12.7 12.7 12.7 12.7 37.2 34.9 29.1 24.2 176 8.3 36.05 30.30 25.31 18.79 37.2 349 29.1 242 61
~ GS-IV 7.4 7.4 7.4 7.4 7.4 21.6 20.3 16.9 14.0 10. 22.29 20.96 17.61 14.71 10.92 21.4 20.8 169 14.0 10.3
GP 54.6 54.6 54.6 54.6 54.6 160.4 150. 125)7 104.2 76.1 165.4 155.5 130.7 109.2] 81.0] 16d.4 150.5 7125.104.2 76.1
. GS-l 87.7 75.1 109.6 115.1 107.9 0.0 0.0 19.4 21.8 453 0.0 0.0 43.5 18.2 51.7 0.0 6.1 0.4 249 52|2
-9) — GS-ll 50.8 43.6 38.3 49.8 162.3 26.9 60.2 30.5 56.8 569 194 43.2 8.0 72.4 52.2 54.4 59. 444 7919 65.8
& S GS-lll 19.2 31.3 45.0 26.2 47.2 49.5 17.2 40.9 8.8 53.b .8 49 17.1 46.8 0.0 27.0 65.9 31.6 44.6 0. 42,0
> é GS-IV 12.8 74.0 138.4 65.5 36.9 13.0 11.9 22.1 8.6 167 5 5 18.1 19.1 8.4 28.9 8.4 8.2 38.9 6.6 21|19
w GP 170.5 224.0 331.4 256.5 354.3 89.5 89.4 112(5 .5 95 172.5 74.7 78.4 117.5 99.0 159.4 1284.7 104.9 .8137 111.5 181.9

NB. P = cropping season rainfallRo = Run-on/Runoff, RCI = rainfall canopy intercefun, A S= change in soil water content, D = drainage, ETResd. Evapotranspiration
calculated as residual, Es = soil water evaporatiamnd Ev Resd. = transpiration calculated as resilo&ET. All components are computed in mm.
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Appendices

Appendix 8.1 Hourly measured micrometeorological variables wide and narrow runoff strip lengths for the pdriaf 06 Feb,
2009 a) water vapour pressure b) virtual potetgialperatures.
a) Hourly water vapour pressure values (ea) (KPa) aredsat different profile heights in wide and narrounoff lengths as
presented in Fig.8.4 and 8.5, partially reproduoeé given period (06 Feb., 2009).

Profile, 'I'*;l:]"g:;:‘ Morning (hrs) Midday (hrs) Afternoon (hrs) Evening (hrs) Nighttime (hrs)

z (m) (RSL) | 800 | 9:00 | 10:00 | 11:00| 1200 13:00 1400 1500  16:00 17:00 | 18:00| 19:00| 20:00 21:00  22:00
0.30 | Wide | 1.68 | 1.62 1.55 1.53 1.45 1.43 1.39 1.3p 1.32 1p1 141 116 | 128 1.32 1.38
(LP) | Narrow | 1.60 | 1.53 1.46 1.44 1.37 1.38 1.31 1.26 1.26 113 .071] 1.12 | 1.23| 1.26 1.32
0.60 | Wide | 1.64 | 1.59 1.52 1.51 1.43 1.40 1.36 1.3p 1.30 109 121 114 | 127| 1.30 1.36
(ML) | Narrow | 1.65 | 1.57 1.49 1.49 1.41 1.39 1.34 1.29 1.29 117 101 1.15 | 1.27| 1.29 1.36
0.90 | Wide | 1.61 | 1.56 1.49 1.47 1.40 1.36 1.33 1.26 1.26 105 091 111 | 123| 1.26 1.33
(MU) | Narrow | 1.60 | 1.52 1.46 1.45 1.39 1.37 1.34 1.25 1.25 116 091 112 | 123| 1.25 1.32
120 | Wide [ 1.65 | 1.59 1.52 1.50 1.44 1.39 1.34 1.3p 1.30 107 121 113 | 126| 1.30 1.37
(UP) | Narrow | 159 | 151 1.43 1.42 1.35 1.32 1.27 1.25 1.25 11 041 1.07 | 121] 1.25 1.32

b) Hourly virtual potential temperature8y (K) measured at different profile heights in

presented in Fig.8.4 and 8.5, partially reproduoced6 Feb, 2009.

widad narrow runoff lengths as

Profile, 'E;:gig Morning (hrs) Midday (hrs) Afternoon (hrs) Evening (hrs) Nighttime (hrs)
z (m) (RSL) | 800 | 9:00 | 10:00 | 11:00| 12:00| 13:00 1400 1500  16:0017:00 | 18:00| 19:00| 20:00 21:09  22:00
0.30 | Wide | 309.8| 3124 3150 316.8 3185 320.0 3208 3221 .23p3323.3 | 321.8| 3187 3139 3118 311.4
(LP) | Narrow | 309.0| 311.8) 314.0 3159 3176 319.4 3203 322.0 .6322323.0 | 320.4| 317§ 3130 3110 310.7
0.60 | Wide | 309.3| 311.7] 3142 3158 3172 3185 3194 320.2 63213217 | 3200/ 3179 3138 3111 310.8
(ML) | Narrow | 309.4| 312.0 3141 316.1 3175 319.2 3199 321.4 .83p1322.1 | 320.4| 3179 3133 3113 311.0
0.90 | Wide |309.2| 311.6 314.0 3155 3169 3181 3192 320.2 .23p1321.4 | 319.6| 318.0 3132 3112 310.8
(MU) | Narrow | 309.4 | 311.7]  313.8 3156 3168 3181 3189 320.1 .73p0320.9 | 319.3| 3179 3131 3111 310.7
1.20 | Wide | 309.2| 311.6 3138 315.3 3169 3182 3190 319.9 .93p0321.1 | 319.9| 318.2 3134 3113 311.0
(UP) | Narrow | 309.2| 3114/ 3134 315 3164  317.8 3183 319.3  .03p0320.3 | 318.8| 3179 313.0 3110 310.6

272



Appendices

Appendix 8.2 Hourly measured micrometeorological variables wide and narrow runoff strip lengths for the pdrf 21., Feb,
2009 a) water vapour pressure b) virtual potetgialperatures.
a) Hourly water vapour pressure values, ea (KPa) nmedsat different profile heights in wide and narraunoff lengths as
presented in Fig. 8.6 and Fig. 8.7, partially rejmeed for 21 Feb., 2009.

Profile, 'I'*;l:]"g:;:‘ Morning (hrs) Midday (hrs) Afternoon (hrs) Evening (hrs) Nighttime (hrs)
z(m) (RSL) | 800 | 9:00 | 10:00 | 11:00| 1200 13:00 1400 1500  16:00 17:00 | 18:00| 19:00| 20:00 21:00  22:00
0.40 | Wide | 2.00| 2.02 2.29 2.25 2.26 221 319.0 2|16 210 195191 | 210 | 218 2.12 2.1p
(LP) | Narrow | 1.92| 1.95 2.12 2.2 2.1 211 3184 2/01 197 178177 | 203 | 210 2.0 2.04
0.80 | Wide | 1.96| 1.98 2.17 2.22 2.2p 218 3184 2|14 207 191186 | 2.07 | 213 2.09 2.09
(ML) | Narrow | 1.98| 1.99 2.15 2.26 2.16 213 314.8 2|06 203 184183 | 208 | 216 2.11 2.1p
120 | Wide [ 193] 1.95 2.11] 2.17 2.1p 213 3184 2|04 203 186181 | 2.02 | 207 2.04 2.04
(MU) | Narrow | 1.96| 1.97 2.13 2.21 2.1p 2.09  318.3 199 200 180178 | 2.03 | 211 2.07 2.07
160 | Wide | 1.95| 1.8 2.13 2.1 2.18 214  318.8 2|04 204 187182 | 203 | 210 2.0¢ 2.08
(UP) | Narrow | 1.90| 1.91 2.06 2.11 2.0p 2.2 318.3 1fo1 195 1[751.72 | 1.98 | 2.06 2.02 2.0p

b) Hourly virtual potential temperature8y (K) measured at different profile heights in widad narrow runoff lengths as
presented in Fig. 8.6 and Fig. 8.7, partially relmeed 21 Feb., 2009.

Profile, 'E;:gig Morning (hrs) Midday (hrs) Afternoon (hrs) Evening (hrs) Nighttime (hrs)

z(m) (RSL) | 800 | 9:00 | 10:00 | 11:00| 12:00| 13:00 1400 1500  16:0017:00 | 18:00| 19:00| 20:00 21:09  22:00
0.40 | Wide | 309.8| 311.4 3148 316D 3169  317.3  310.0 3200 .6319320.3 | 316.5| 3149 3133 3124 312.0
(LP) | Narrow | 307.7| 311.4| 3148 3167 3166 3168 3184  319.0 .6318318.8 | 3158 3145 3129 3121 311.7
0.80 | Wide | 309.6] 311.3 3149 316 3170  317.1 3184 3195 .1319319.6 | 316.3| 3149 313.0 3123 311.8
(ML) | Narrow | 310.1| 311.8 3155 317 3171  317.3 3188 3194 .1319319.1 | 316.2| 314§ 3138 3125 312.0
1.20 | Wide | 309.6| 311.3 3145 3158 3166 3169  318.4  319.2 .1319319.7 | 316.3| 314.§ 3129 3123 311.8
(MU) | Narrow | 309.7| 311.6 3162  317p 3170 3172 3183  319.0 .9318318.7 | 3159 3144 3129 3122 311.7
1.60 | Wide | 309.8| 311.6 3153 3163 3172  317.3  318.8 3195 .4319319.9 | 316.5| 314§ 3131 3125 3121
(UP) | Narrow | 309.5| 3114/ 3162  317p 3171 3171 3183 3187 .7318318.8 | 315.7| 3142 312.6 3119 3115
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Appendix 8.3 Hourly measured micrometeorological variables mwide and narrow runoff strip lengths for the pdraf 11 Mar.,
2009 a) water vapour pressure b) virtual potetgialperatures.
a) Hourly vapour pressure values, ea (KPa) measurdiffatent profile heights in wide and narrow ruhlgingths as presented in
Fig.8.9 patrtially reproduced (11 Mar., 2009).

Profile, Runoff Morning (hrs) Midday (hrs) Afternoon (hrs) Evening (hrs) Nighttime (hrs)
z(m) L%”gﬁ'; 8:00 | 9:00 | 10:00 | 11:00| 12:00| 13:00  14:00 1500  16:00 17:00 | 18:00| 19:00| 20:00 21:09  22:00
055 | Wide | 1.73 | 184 [ 185 1.86 1.76 1.63 1.5] 1.4 138 146 | 1.49 | 142 148 159 1.62
(LP) |Narrow | 1.70 | 1.80 | 1.76 1.69 1.65 1.54 1.42 1.37 1.34 139 | 141 | 1.35| 1.41| 153 1.55
1.10 | Wide | 1.71 | 182 1.82 1.82 1.69 1.58 1.47 1.37 1.33 142 | 1.45| 138 1.44| 157 1.59
(ML) | Narrow | 1.74 | 185 | 1.84 1.80 1.71 1.60 1.47 1.41 125 144 | 146 | 139| 1.46| 157 1.60
1.65 | Wide | 1.67 | 177 1.78 1.77 1.67 1.57 1.44 1.34 1.32 139 | 142 | 135 1.42| 154 1.56
(MU) | Narrow | 1.75 | 1.81 1.80 1.78 1.69 1.55 1.44 1.4D 123 141 | 1.43| 1.35| 1.43| 154 1.57
220 | Wide | 168 | 177 1.77 1.80 1.67 1.56 1.43 1.33 1.32 141 | 1.43 | 135| 1.43] 155 1.57
(UP) | Narrow | 1.67 | 174 | 175 1.71 1.64 1.48 1.36 1.30 1.08 138 | 1.39 | 1.32| 1.39] 151 1.54

a) Hourly virtual potential temperature8y (K) measured at
presented in Fig. 8.9 (11 Mar., 2009).

different profile heights in widad narrow runoff lengths as

Profile, 'E;:gig Morning (hrs) Midday (hrs) Afternoon (hrs) Evening (hrs) Nighttime (hrs)

z(m) (RSL) | 800 | 9:00 | 10:00 | 11:00| 12:00| 13:00 1400 1500  16:0017:00 | 18:00| 19:00| 20:00 21:09  22:00
0.55 | Wide | 306.4| 310.8 314.0 3168  317/8 3185 3186  321.1 .2320313.5| 311.8] 3109 309.9  308.8 308.4
(LP) | Narrow | 307.2| 312.00 3188 3206 3192 3189 3187 3202 .8319312.8 | 311.3| 3105 3095  308.4 308.0
1.10 | Wide | 306.9| 3114/ 3142 3168 3173 3180  318.3  320.3 .8319314.4 | 311.8| 311.1 310.1 3090 308.6
(ML) | Narrow | 308.0| 313.6) 3169 3184 3185 3193 3188 3199 .0316313.4 | 311.6] 310§ 309.8 3086 308.3
1.65 | Wide | 306.6| 3102 312.6 3154 3159  316.8 3172 3186 .4318312.2 | 311.1| 310.§ 309.8 3084 308.1
(MU) | Narrow | 306.9| 310.6 3143 3168  317/6  317.1 3172 3186 .9314312.5| 311.1] 310.5 3094  308.3 308.0
220 | Wide | 307.0/ 310.3 3125 3159 3161  316.4 3168 3179 .8317312.3 | 311.2| 310.d 309.y  308.6 308.2
(UP) | Narrow | 308.0] 311.3  313.6 3156 3170 3159 3162  317.3 .1314312.1 | 310.9] 3104 309.38 3082 307.9
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Appendix 8.4 Daytime relationship a) for wind speed (u) verawader vapour (ea) and b) for

virtual potential temperatur®y) versusea of all profile measurements (n=40) on 6 Fel0920
(62 DAP) on wide and narrow runoff strips.
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Appendix 9.1 Mean comparison of three hours &a,and u variables during morning, daytime, everangd nighttime for wide RSL

DOY 107 108 112 117
Z (m) Morning | Daytime | Evening Night| mean | Morning | Daytime | Evening Night| mean | Morning | Daytime | Evening| Nightf mean Morning | Daytime | Evening Night| mean
18 0.77 0.73 0.74 0.76| 0.75a 0.90 0.79 0.80 0.83 | 0.83a 1.06 1.08 1.06 1.11| 1.08a 0.88 0.76 0.82 0.86| 0.83a
21 0.76 0.72 0.73 0.75| 0.74ab 0.89 0.78 0.79 0.82 | 0.82ab 1.06 1.06 1.05 1.10| 1.07ab 0.88 0.76 0.81 0.85| 0.82ab
< 24 0.74 0.71 0.71 0.73| 0.72ab 0.87 0.77 0.77 0.81 | 0.81bc 1.04 1.04 1.03 1.08| 1.04d 0.86 0.74 0.79 0.83| 0.80ab
& 2.7 0.74 0.71 0.71 0.74| 0.73bc 0.87 0.77 0.78 0.81| 0.8lac| 1.04 1.05 1.03 1.08| 1.05dc 0.86 0.74 0.79 0.84| 0.8la-c
\c; 3.0 0.72 0.68 0.69 0.72| 0.70bc 0.85 0.74 0.76 0.79 | 0.79dc 1.02 1.02 1.01 1.06| 1.03e 0.84 0.72 0.77 0.82| 0.79bc
MEE 0.75 0.71 0.72 0.73| 0.73ab 0.89 0.78 0.78 0.82 | 0.82ab 1.05 1.05 1.05 1.10| 1.06bc 0.87 0.75 0.79 0.85| 0.81ab
3.9 0.75 0.72 0.71 0.72| 0.72ab 0.89 0.78 0.78 0.80 | 0.81ab 1.05 1.05 1.03 1.08| 1.05dc 0.87 0.75 0.77 0.84| 0.81ab
4.5 0.71 0.67 0.67 0.69| 0.68c 0.84 0.73 0.74 0.76 | 0.77d 1.01 1.01 1.01 1.06| 1.02e 0.82 0.70 0.74 0.82| 0.77c
mean 0.74a 0.70d 0.71c 0.73b 0.88a 0.77¢c 0.78¢c 0.81b 1.04b 1.04b 1.03c 1.084 0.86a 0.74c 0.78b 0.844
LSD Per=0.026 Height=0.036 Per=0.017 z=0.024 Per=0.008 z=0.011 Per=0.027 z=0.038
18| 3059 315.7 308.2 303.4 308.3 305.8 314.4 309.4 300.7| 307.6 | 301.4 308.5 306.8 | 304.3 305.2 300.8 309.1 302.5 206.4 3022
21| 3064 316.1 308.7 304.0 308.8 306.6 314.8 309.8 301.1] 308.1 | 301.7 308.9 307.2| 3047 305.6 302.2 309.4 303.0 296.4 302.9
24| 3057 315.2 308.4 303.7 308.2 305.9 314.0 309.5 300.8| 307.5 | 301.2 308.1 306.8| 304.2 305.1 301.2 308.4 302.7 206.4 3022
g 2.7 | 3058 315.3 308.7 304.0 3085 306.0 314.1 309.8 301.1] 307.7 | 301.3 308.3 307.0| 3044 305.2 301.4 308.6 303.0 296.4 302.4
&1 30| 3061 315.2 308.4 303.9 308.4 306.6 314.0 309.5 300.9] 307.8 | 301.2 308.0 306.7 | 304.2 305.0 302.9 308.8 302.8 206.4 302.7
33| 3085 317.7 308.2 3034 309.4 309.3 315.9 309.7 301.1] 309.0 | 302.0 309.5 306.9 | 304.4 305.7 306.3 312.3 302.7 296.4 304.4
39| 3073 316.3 308.5 303.71 309.0 308.4 314.8 309.7 301.8| 308.7 | 301.6 308.6 306.7 | 3042 305.3 305.0 311.4 302.9 296.6  304.0
45| 3053 314.4 309.2 304.1 308.2 305.6 313.3 310.0 303.00 308.0 | 300.9 307.4 306.7 | 304.2 304.8 301.2 307.7 303.5 297.1 302.4
mean | 306.4c 315.7a| 308.6b| 303.8d 306.8¢c 314.4a| 309.7b|  301.3d 301.4d 308.4a | 306.8b| 304.3c 302.6b 309.5a 302.9b | 296.6d
LSD Per=1.77 z=ns Per=1.419 z=ns Per=0.926 Z=ns Per=1.677 zZ=ns
18 0.70 0.60 0.01 0.07| 0.35e 0.18 1.25 0.02 0.00 | 0.36d 2.88 3.08 1.11 2.01| 2.279 0.14 0.40 0.07 0.00| 0.15d
21 1.04 0.95 0.03 0.23| 0.56ed 0.49 1.74 0.06 0.00 | 0.57cd 3.31 3.56 1.58 2.46| 2.73fg 0.26 0.56 0.14 0.04| 0.25dc
- 24 1.44 1.20 0.12 0.37| 0.78dc 0.69 2.13 0.14 0.10 | 0.76cb | 3.68 3.95 1.85 2.77| 3.06fe 0.55 0.73 0.23 0.29| 0.45¢
w27 1.52 1.36 0.17 0.41| 0.87bc 0.76 2.40 0.15 0.06 | 0.84b 3.94 4.30 2.05 3.01| 3.33de 0.61 0.82 0.30 0.45| 0.54c
\E’ 3.0 1.71 1.47 0.29 0.56 | 1.01dc 0.79 2.53 0.17 0.00 | 0.87b 4.22 4.59 2.19 3.24| 3.56dc 0.68 0.81 0.36 0.59 | 0.61bc
33 1.89 1.59 0.42 0.70| 1.15ab 0.99 2.78 0.28 037 | 1.1la 4.53 4.93 2.44 3.49| 3.85bc 0.81 0.94 0.50 0.89| 0.78b
3.9 2.01 1.76 0.50 0.84| 1.28a 1.13 3.05 0.30 0.61| 1.27a 4.92 5.38 2.67 3.80| 4.19ba 0.94 1.02 0.59 1.32| 0.97ab
4.5 1.92 1.85 0.43 0.83| 1.25a 1.16 3.24 0.39 0.32| 1.28a 5.27 5.80 2.93 4.15| 4.53a 0.91 1.04 0.63 1.54| 1.03a
mean 1.53a 1.35a 0.25¢ 0.50h 0.77b 2.39a 0.19¢ 0.18¢c 4.09b 4.45a 2.10d | 3.12g 0.61b 0.79a 0.35¢ 0.63h)
LSD Per=0.206 z=0.290 Per=0.156 z=0.220 Per=0.335 z=0.474 Per=0.150 z=0.212

DOY= day of the year, LSD= least significant diffiece, z= height from ground and Per= periods rer: morning, daytime, evening, and nighttime

276




Appendices

Appendix 9.2Mean comparison of three hours &a,and u variables during morning, daytime, everand nighttime for narroRSL

DOY 125 126 127 131
z (m) Morning | Daytime | Evening Night| mean | Morning | Daytime | Evening Night| mean | Morning | Daytime | Evening| Nightf mean Morning | Daytime | Evening Night| mean
18 1.36 1.37 1.33 1.31| 1.34a 1.26 1.41 1.43 119 | 1.32a 1.22 0.96 0.87 0.83] 0.97 0.94 0.89 0.85 0.83| 0.88
21 1.36 1.36 1.33 1.31| 1.34a 1.26 1.39 1.43 119 | 1.32a 1.22 0.95 0.86 0.83] 0.96 0.94 0.87 0.85 0.83| 0.87
< 24 1.32 1.32 1.29 1.28| 1.30ac| 122 1.36 1.39 1.16 | 1.29ab 1.19 0.93 0.83 0.80| 0.94 0.91 0.86 0.83 0.81| 0.85
& 2.7 1.33 1.32 1.30 1.29| 1.31ac] 123 1.36 1.40 1.17 | 1.29ab 1.19 0.92 0.83 0.79| 0.94 0.92 0.86 0.83 0.82| 0.86
\c; 3.0 1.31 1.29 1.27 1.26| 1.28bc 1.21 1.32 1.37 1.15 | 1.26b 1.17 0.89 0.81 077] 091 0.90 0.83 0.81 0.80| 0.84
MEE 1.34 1.33 1.31 1.30| 1.32ab 1.24 1.34 1.41 1.19 | 1.30ab 1.22 0.94 0.83 0.79| 0.94 0.93 0.86 0.84 0.83| 0.86
3.9 1.34 1.32 1.31 1.33| 1.33ab 1.26 1.33 1.41 1.26 | 1.3la 1.28 0.94 0.81 0.77] 0.95 0.93 0.87 0.83 0.84| 0.87
4.5 1.28 1.25 1.26 1.25| 1.26¢c 1.18 1.27 1.36 1.23 | 1.26b 1.22 0.88 0.77 0.73|  0.90 0.88 0.82 0.82 0.82| 0.83
mean 1.33a 1.32ab | 1.30ab|  1.29h 1.23¢c 1.35b 1.40a 1.19d 1.21a 0.93b 0.83c 0.79 0.92a 0.86b 0.83b 0.82b
LSD Per=0.034 z=0.048 Per=0.0313 z=0.044 Per=0.063 z=ns Per=0.040 z=ns
18| 3023 307.0 302.2 300.§ 303.0 301.2 309.8 305.3 208.9] 303.8 | 301.4 309.3 301.5| 297.6 3025 300.0 308.5 301.4 297.9 302.0
21| 3027 307.5 302.7 3009 303.4 301.8 309.9 305.8 299.4| 304.2 | 302.4 309.7 302.2| 298.2 303.1 300.6 309.0 301.8 298.3 302.4
24| 3022 306.8 302.2 300.§ 302.9 301.2 309.1 305.4 299.1| 303.7 | 301.7 308.9 302.1| 297.9 302.6 300.0 308.2 3015 208.9 302.0
g 2.7 | 3024 306.9 302.4 300.4 303.1 301.3 309.2 305.6 299.4| 303.9 | 302.0 309.0 302.5| 298.3 302.9 300.1 308.4 301.8 298.5 3022
&1 30| 3022 307.0 302.1 300.3 302.9 301.4 309.3 305.4 299.2| 303.8 | 302.4 309.1 302.3| 298.1 303.0 300.2 308.3 301.6 208.9 302.1
33| 3024 307.3 302.3 300. 303.2 301.9 309.3 305.7 299.6| 304.1 | 303.1 309.4 302.7| 298.6 303.4 300.6 308.5 301.9 208.6 302.4
39| 3023 307.7 301.7 300.2 303.0 302.2 310.6 305.6 300.3] 304.7 | 304.8 311.4 302.5| 298.4 304.3 301.0 309.7 301.9 299.1 302.9
45| 3020 306.3 302.1 3004 302.7 300.9 308.3 305.6 301.1] 304.0 | 302.1 308.1 302.9| 299.0 303.0 299.6 307.6 302.4 299.9 302.3
mean | 302.3b | 307.1a| 302.2b| 300.5¢ 301.5¢ 309.4a | 305.5b| 299.6d 302.5b | 309.4a| 302.4b| 298 300.3b 308.5a | 301.8b| 298.5¢
LSD Per= 0.560 z=ns Per=1.167 z=ns Per=1.563 Z=ns Per=1.69 Z=ns
18 1.00 2.05 0.86 0.17| 1.02d 0.40 1.17 0.08 0.00 | 0.41d 0.06 0.93 0.04 0.32| 0.34d 0.56 1.55 0.05 0.06 | 0.55d
21 1.29 2.53 1.18 0.43| 1.36d 0.67 1.38 0.29 0.00 | 0.59d 0.08 1.20 0.09 0.58| 0.49d 0.74 1.80 0.13 0.26| 0.73cd
- 24 2.02 3.37 1.65 0.73| 1.94c 1.07 1.75 0.53 0.03 | 0.84c 0.18 1.55 0.17 0.82| 0.68b-d 1.27 2.13 0.29 0.61| 1.07b
w27 2.31 4.02 1.82 0.84| 2.25ch 1.13 1.88 0.56 0.00 | 0.89c 0.17 1.73 0.19 0.92| 0.75b-d 1.34 2.29 0.42 0.72| 1.19b
\E’ 3.0 2.56 4.36 2.01 1.00| 2.48d 1.37 2.04 0.71 0.06 | 1.03c 0.16 1.76 0.24 1.02| 0.79a-d 1.42 2.41 0.55 0.82| 1.30b
33 2.81 4.69 2.20 1.16| 2.71ab 1.62 2.19 0.91 0.27 | 1.24b 0.34 1.98 0.34 1.18| 0.96a-c 1.78 2.61 0.69 1.21| 1.57ab
3.9 3.10 5.51 2.35 1.34| 3.07a 1.85 2.30 1.03 0.25 | 1.36ab | 0.29 2.14 0.31 1.34| 1.02ab 1.90 2.82 0.75 1.51| 1.74a
4.5 2.96 5.28 2.34 1.45| 3.01a 1.97 2.32 1.27 0.46 | 1.50a 0.35 2.29 0.46 1.49| 1.15a 1.59 3.02 0.93 1.75| 1.82a
mean | 2.26b 3.98a 1.80b 0.89¢ 1.26b 1.88a 0.67¢ 0.13d 0.20c 1.70a 0.23c | 0.96H 1.33b 2.33a 0.47d 0.87¢
LSD Per=0.397 z=0.561 Per=0.144 z=0.204 Per=0.323 z=0.457 Per=0.198 z=0.281

DOY= day of the year, LSD= least significant diffiece, z= height from ground and Per= periods rer: morning, daytime, evening, and nighttime
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