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EXTENDED ABSTRACT

The centre pivot irrigation system is increasingly becoming popular among farmers

around the world on account of the benefits the system can offer compared to other

methods. Hence evaluation of system performance with the ultimate aim of attaining

greater irrigation efficiency and better manage irrigation is paramount. The study

evaluated the performance of centre pivot sprinkler irrigation system and its effect on

sugarcane yield at Ubombo Sugar Estate in the Lubombo Region of Swaziland. Four

centre pivots (EEL09, NKA21, CAS02 and SMB) were selected from 106 centre pivot

machines for purposes of evaluation. Information collected included meteorological data,

design parameters, water application uniformity, system operating pressure, tyre pressure,

system flow rate, sprinkler nozzle discharge and pressure, crop data and planted area,

harvesting programs, pumps and motor specifications, pumping hours, cost of power and

actual flow rates. Drive speeds of 15%, 20%, 30% and 40% of the centre pivot systems

were examined to determine their significance on system performance parameters on the

basis of common field operations. Water and power budgeting systems utilized were

assessed to determine adequacy of irrigation water supply and implications on system and

crop performance. Irrigation water quality, soil physical and chemical properties, soil

infiltration characteristics and soil compaction were also examined to determine their

influence on system performance and sugarcane yields. Data analysis was carried out

using Microsoft Excel, ETo Calculator, Instat, Statistical Package for Social Sciences

(SPSS), ArcGIS and HPen32 software. Results demonstrated that centre pivots were

accurately designed and properly installed as they adequately supplied water to meet

sugarcane demand of 7.5 mm/day. Performance indicators showed that centre pivots were

relatively performing well as uniformity indices (CU and DU) were within acceptable

standards, i.e. above the base values of 85% for CU and 75% for DU. Recommended
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application efficiencies (AELQ and PELQ) were only achieved by CAS02 and SMB

centre pivot systems as they were above the minimum of 90%. Speed effect results

showed a general decline in CU and DU with an increase in centre pivot speed as opposed

to an increase in application efficiency. CU for SMB declined from 88.9% at 15% speed

to 86.9% at 40% speed setting. A similar trend was evident for both NKA21 and EEL09.

PELQ for SMB increased from 93.1% to 98.0%% and AELQ from 92.6% to 100%. A

parallel trend was also observed for NKA21 and EEL09. Analysis of variance for these

results showed that the performance indicators were not significantly different (p<0.01)

among treatments. This demonstrated the ability of the centre pivot irrigation system to

apply water uniformly and efficiently across the field at different speeds. Water and

power budgets were not satisfactory in meeting estate crop water demand since they did

not capture and consolidate relevant parameters needed to accurately define budgets.

Water supply was determined by capacities of irrigation structures used and losses were

incurred during periods of low demand. Electricity budgets were based on historical

power records which affected overall water supply and caused water stress to the crop.

Quality of irrigation water was within acceptable levels and had no negative impact on

system, crop and soil. Soil physical and chemical properties indicated that soils were

inherently sandy and ideal for sugarcane growth save for shallow profiles with low water

holding capacities. Soil compaction as a result of mechanical harvesting was a major

cause of significant reduction in soil infiltration rates, water storage capacity and hence

runoff. Significantly higher soil compaction values at 0 to 15 cm depth (p<0.0l) were

associated with EEL09 centre pivot with an average of 3 210 kPa compared to those of

NKA2I at 596 kPa, CAS02 at 447 kPa and SMB at 1 389 kPa. Identical observations

were made at 0 to 30 cm depth where higher compaction values were associated with

EEL09 and SMB. EEL09, a sandy textured field measured a basic infiltration rate of 6

mm/h as a result of compaction while the other less compact sandy textured fields had
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infiltration rates greater than 70 mm/h. Yields were variable as EEL09 achieved a low

yield of 71 t/ha against 147 t/ha for CAS02, 124.8 t/ha for NKA21 and 106 t/ha for SMB.

Findings indicate that centre pivots

performance and sugarcane yields are constrained by limited water and power supply,

pressure variations, clogging of sprinklers, rutting of un-gravelled tracks, soil compaction,

low water holding capacities, reduced infiltration rates and game encroaching sugarcane

fields. It is therefore recommended that constant system checks, improvement of traction

on centre pivot wheels, development of new model for water and power budgets as well

as undertaking of extensive research on the effects of mechanical harvesting be done so as

to improve centre pivot irrigation system performance and sugarcane yields at Ubombo

Sugar Estate.

are performing well although potential system
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CHAPTER ONE

1.0 INTRODUCTION

1.1. Background Information

Despite the impetus and technological advancements in the irrigation industry, the

performance of irrigation systems remains a serious concern in many parts of the world

and has attracted the attention of researchers, planners and managers in recent years

(Ntantos and Karpouzos, 2010). Irrigation system performance plays a significant role in

crop performance, water use efficiency, cost of production and income generation

(Mudima, 2001; Smith, 2010). Although centre pivots are becoming the most commonly

used irrigation method, Sabah el al., (2011) reported that most irrigation equipment in the

United States has not been evaluated for system uniformity hence low system

performance. Field measurements of water distribution for low pressure spray nozzle

indicate that rotational uniformity appears to be a problem as opposed to nearly identical

uniformities of high pressure and low pressure impact sprinklers (King and Kincaid,

1997). Key factors that limited achievement of benchmarked yields under centre pivot

irrigation systems in Southern Riverina include sodic non self-mulching heavy textured

soils and inadequate system capacities during peak demand (North, 2012). Porter and

Marek (2009) studied the relationship between centre pivot sprinkler depth of water

application and water holding capacity andu observed that optimizing centre pivot

irrigation performance relies on system management. Water application uniformity

measurements in Brazil demonstrated that performance parameters varied according to

conditions imposed by climate, operating pressure, speed and direction of rotation of the

machine and also the type of nozzle utilized (Sandri and Cortez, 2009). It has also been

reported in Egypt that better water distribution and application rates are associated with

operating pressure adjustments closer to ideal pressures (Safwat, 1988).
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In Iran, Mohammad (2012) observed that accurate design and installation of centre pivot

sprinkler irrigation systems could optimize performance particularly through careful

consideration of flow situations in centre pivot pipes. The design of the system is crucial

for future operation and management of the irrigation system and the potential for

efficient irrigation as reported by Edkins (2006) in New Zealand. In Australia, Smith and

North (2009) argued that knowledge of changes in the magnitude of water applied over

time is important to determine the causes of deficiencies in application rates and

uniformities. Non-uniform water application leads to over or under irrigation in various

parts of the field which can result in wasted water, energy and the potential for nitrogen

leaching. Sloping terrain conditions and development of deep ruts in the wheel tracks

affected the lifespan of gearboxes and motors in Mauritius and this has transformed the

centre pivot irrigation technology into a standing monument of inefficiency (Teeluck,

1998). Spatial variability in soil properties has been reported to be responsible for the

variable crop yields under centre pivot irrigation in Saudi Arabia (Al-Gaadi, 2013). Al-

Ghobari (2011) also observed differences in the effect of water quality on soil salinity

depending on the irrigation water, soil type and leaching requirement under centre pivot

irrigation in the Arid region of Saudi Arabia.

Reuben et al., (2010) reported that the poor performance of centre pivot sprinkler

irrigation system, low water holding capacities and soil acidity were the major factors

contributing to low sugarcane yields in Tanzania and suggested that systems have to be

correctly managed to ensure that the distribution uniformity and efficiencies are within

acceptable levels. Performance measurements of water applications and distribution were

generally lower than expected standards and further research was needed to identify

causes in Sudan (Ali, 2012). Idris (2010) and Salih (2013) studied the effect of

operational speed on centre pivot performance in the Northern State of Sudan and
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concluded that there is a general increase in the coefficient of uniformity and distribution

decline in application

efficiency was observed.

In South Africa, Griffiths (2006) discovered that the main factors which contributed to

centre pivot irrigation systems having lower than expected application efficiency and

distribution uniformity values were poor irrigation system design, poor irrigation system

management, non-existent or inadequate maintenance schedules and non-existent water

testing procedures. Reinders (2001) also outlined the reasons for centre pivots having

lower than expected performance indicators as a result of a combination of incorrect

pressures, worn out sprinklers and inaccurate designs. Lecler (2004) suggested that to

ensure the long term viability of the sugarcane industry in Zimbabwe, development and

adoption of strategies to improve the performance of the various water management and

irrigation systems was needed. In countries like Mozambique, Malawi and Zambia, centre

pivot irrigation has been recently adopted (Mayerhofer et al., 2010) with limited

documentation on performance measurements.

Although mainly used by large scale growers, centre pivot sprinkler irrigation system has

also proved suitable for small scale growers in organized associations in Swaziland due to

water scarcity (Magwenzi and Nkambule, 2003). Recent analyses show that centre pivots

Swaziland (Magwenzi, 2002). However, no performance evaluation of the systems has

been conducted since their introduction in Swaziland about 15 years ago. Irrigation

research in Swaziland has been largely focused on feasibility studies aimed at developing

national irrigation schemes. Major constraints identified include application rates that

exceed the infiltration capacity of most soils in Swaziland and the limitations imposed by

uniformity with an increase in rotational speed although a

are both economically and financially viable under the current pricing system in
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the need to irrigate outfall areas on existing rectangular fields (Magwenzi and Nkambule,

2003). Evaluation of centre pivot sprinkler irrigation system performance at Ubombo

Sugar Estate was therefore crucial to establish knowledge base on performance and its

configurations and

management that will optimize water use and sugarcane yields, hence the purpose of this

study.

1.2. Objectives

1.2.1. Main objective

The overall objective of the study was to evaluate the performance of centre pivot

sprinkler irrigation system at Ubombo Sugar Estate in Swaziland.

1.2.2. Specific objectives

The specific objectives included to:

Determine the performance parameters of centre pivot sprinkler irrigation system.1.

Examine the influence of soil and water characteristics on centre pivot sprinkler2.

irrigation system performance.

Determine the influence of centre pivot sprinkler irrigation system performance on3.

sugarcane yields.

Determine factors affecting the performance of centre pivot sprinkler irrigation4.

system and recommend optimal system configurations and management.

influence on sugarcane production to justify adjustments on
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EVALUATION OF SPEED EFFECT ON THE TECHNICAL EFFICIENCY OF 
CENTRE PIVOT IRRIGATION AT UBOMBO SUGAR ESTATE, SWAZILAND

International Journal of Agricultural Science and Biorcsotirce Engineering Research Vol. 3( 1&2), pp. 14-22. .April. 2014 
Available online at littp:.'Avww.ijasber.com
ISSN: 2315-6775 V 2014 1JASBER

The centre pivot is increasingly becoming the 
most commonly used irrigation system around the 
world. In a survey carried out in 1997 by Kincaid 
(1997), it was found that nearly one - third of the 
irrigated land in the United States was irrigated 
by centre pivots. In Sub Saharan African 
countries, the use of centre pivot irrigation 
systems has increased over the years particularly 
in South Africa and Zimbabwe (Kincaid et al., 
2000; DeBoer et al., 2000). Surface irrigated 
areas arc gradually being converted to sprinkler 
irrigation, primarily centre pivots, due to labour

ABSTRACT
As part of an ongoing research on centre pivot irrigation system performance at Ubombo Sugar estate, this 
paper reports on the results of an evaluation of speed effect on the technical efficiency of the system. Four 
speeds (15%, 20%, 30% and 40%) were studied on three centre pivot systems to compare maximum water 
application deptli required to prevent runoff, revolution time, net depth of application, distribution 
uniformity (DU), coefficient uniformity (CU) and application efficiency which were adopted as indices for the 
determination of technical efficiency. Results revealed a general decline in CU and DU with an increase in 
centre pivot speed as opposed to an increase in application efficiency. SMB declined from a CU of 88.9% at 
15% speed to 86.9% at 40% speed setting. This was evident for both NKA21 and EEL09. PELQ for SMB 
increased from 93.1% to 98.0%%, AELQ from 92.6% to 100% and a parallel trend was observed for NKA21 
and EEL09. Analysis of variance for these results showed that the performance indicators were not 
statistically significant at (P = 0.01) between treatments although a general trend was evident. This 
demonstrated the ability of centre pivot irrigation system to apply water uniformly and efficiently across the 
field at different speeds, lienee the system can be used witii case for other field operations such as fertigation 
and chcmigation which might require some adjustments on speed.

and water quality concerns (Heermann, 1990). In 
Swaziland, adoption of centre pivot irrigation 
dates back into the late 90s although a 
tremendous increase in the system usage became 
significant in the recent years. Ubombo Sugar 
estate in particular, is leading in the Swazi sugar 
industry with 106 centre pivot systems physically 
on the ground and the number is set to rise to 120 
by the end of the centre pivot conversion project 
and anticipated strategic future developments of 
the estate. The project has been implemented for 
the past five years where poorly performing

S.T. Msibi1”’*, N.I. Kihupi1, A.K.P.R. Tarimo* and A.M. Manyatsi2
'Department of Agricultural Engineering and Land Planning, Sokoinc University of Agriculture, P. O Box 
3003, Morogoro, Tanzania
^Department of Agricultural and Biosystems Engineering. University of Swaziland, P.O Luycngo, M205, 
Swaziland
’Ubombo Sugar Limited, P.O Box 23, Big Bend. Swaziland
Correspondence to: smsibifa'illovo.co.za

Avww.ijasber.com
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MATERIALS AND METHODS

Description of study site

Experimental design

Determination of technical efficiency

15

furrow and dragline sprinkler systems arc being 
replaced with centre pivot and a semi-solid set 
sprinkler system in the outfall of the pivots to 
better manage water and improve sugarcane 
yields.

Distribution uniformity, coefficient of uniformity, 
application efficiency, net depth of application, 
maximum depth of water application required to 
prevent runoff and durations of system revolution 
were adopted as indices for determination of 
technical efficiency for centre pivot irrigation. 
These parameters were studied at the different 
speed settings for each centre pivot system 
through the volume of water caught in a radial of 
catch cans laid along the centre pivot lateral 
(Salah, 2013). Specialized techniques employed

The experiments were conducted in the season of 
2013/14 at Ubombo Sugar estate in the south-east 
of Swaziland in the Lubombo region. The project 
had a net planted area of 11,200 ha under 
sugarcane with centre pivot irrigation occupying 
47% of the area. Centre pivot systems ranged 
from 25 to 100 ha with semi- solid set sprinkler 
systems in the outfall of some of the pivots.

The completely randomized design (CRD) 
technique was used to generate a representative 
sample. Four different speeds including 15%, 
20%. 30% and 40% were selected for 
experimentation and were replicated on three 
centre pivot irrigation systems through random 
selection from 106 centre pivot systems in the 
estate. The treatments were selected for purposes 
of investigating operational efficiency of centre 
pivot irrigation at field conditions. These included 
heavy irrigation, light irrigation, fertigation and 
chcmigation where the speed settings normally 
ranged between 15% and 40% for the centre pivot 
systems depending on field operations.

S. I Msibi. N.I. Kihupi. A.K.I* R. lariino and A.M. Manyatsi., 201*1 / Intermit ional Journal of Agricultural Science and Biorcsourvc Engineering Research Vol. 
rp.14-22, April, 20 H. Available online at hup://www.ijaxbcr.com

For centre pivot irrigation as other types of 
pressurized irrigation, one has to ensure that an 
adequate water depth over the field with a 
minimum runoff is applied. Centre pivot speed 
can affect irrigation uniformity, application 
amount as well as irrigation efficiencies. In 
general, the tower farthest from the pivot point 
controls the speed of the entire machine which is 
the basis of proper system performance. 
According to Evans (2001) the rotation hours are 
commonly between 14 and 20 hours (2 to 3 
m/min at the outer tower). The irrigator controls 
the speed of the centre pivot depending on the 
irrigation water requirement whereas the 
minimum application amount is equal to crop 
evapotranspiration (ET) of the crop being 
irrigated (Phocaidcs. 2007). In order to attain 
good uniformity throughout, the irrigator must be 
moving in the normal speed throughout the test 
by selling the required speed at the control panel 
(Smith, 2007). During the installation of the 
system, the calibration of the centre pivot speed 
should be done in order to check if the actual 
system speed agrees with the one set at the 
control panel.

Centre pivots arc not only useful for irrigation but 
also for applying nutrients and chemicals to the 
crop through fertigation and chcmigation. 
Advances in sprinkler technology for mechanized 
irrigation have answered many of the previous 
challenges. Today a farmer can apply water and 
chemicals with precise uniformity and high 
irrigation efficiency (Nelson Irrigation 
Corporation, 2004). The improvements in 
irrigation efficiency, uniformity, and the control 
of runoff illustrate major technological 
advancements with centre pivots.

up://www.ijaxbcr.com
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Coefficient Uniformity (CU)

(1)

irrigation

Travel speed and revolution time

Distribution Uniformity (DU)

16

Maximum depth of application to prevent 
runoff

The distribution uniformity was determined from 
catch cans data placed such that water from a 
complete pass of the centre pivot was collected 
(Rogers et al.. 2005). As the pivot was moving 
with catch cans aligned along the centre road, the 
length of the pivot was examined for leaks and 
sprinklers that may not be operating properly and 
it was noted in the data sheet. The distribution

Application
(AELQ)

uniformity coefficient (DU) was calculated based 
on the equation by ASAE (2003). According to 
Ascough and Kiker (2002). the distribution 
uniformity for centre pivot irrigation systems 
should be at least 75%.

The centre pivot speed was determined by 
measuring a defined length using a measuring 
tape along the path of the drive wheels and 
recorded the lime taken by each centre pivot to 
complete the distance. Time per revolution for a 
centre pivot is a very important factor to take into 
consideration when designing centre pivot 
irrigation systems because it determines the rate 
of application to be considered as well as the 
irrigation interval for the system. The different 
speeds were set at the control point in the pivot 
panel and the actual speed was measured 
according to Merriam and Keller (1978). Application efficiency of low quarter (AELQ) is 

the ratio of average low quarter depth of 
irrigation water infiltrated and stored in the root 
zone to the average depth of water applied. 
Effectiveness of the use of centre pivot can be 
determined from how much of the applied water 
is stored in the soil and available for consumptive 
use and how uniformly is it applied. The 
recommended AELQ is at least 90% (Evans, 
2001) and was achieved in the field at the

The uniformity coefficient, as a measure of the 
average absolute deviation from the average 
irrigation amount (Dclirhasannia et al., 2010) was 
determined from water collected from catch cans 
after the centre pivot has completely passed 
through the aligned cans. During calculations of 
the uniformity coefficient and other parameters, 
all gauges that did not collect water particularly 
because of physical clogging of nozzles were 
discarded during the determination of the 
performance parameters since they did not 
represent the system with regards to waler 
application. The catch cans experiment is 
normally used to quantify how close the system is 
to a theoretical model in which all cans would 
contain exactly the same amount of waler. The 
uniformity coefficient was calculated using the 
formula by James et al. (1982). According to 
Harrison and Perry, (2010) the coefficient of 
uniformity recommended for spray nozzle 
sprinkler centre pivots should be at least 85%.

S. I. Msibi. N.I. Kthupi. A.K.P.R. Iarimu and A..M. ManyaKi.. 2014 / lnternalion.il Journal oJ Agricultural Science and Biorcsourve Engineering Research Vol. 
■'(1&2), pp.14-22. April. 2014. Available online at hllptowww.ijaclHT.enm

Where: Sr = Rotational speed of centre pivot 
lateral (h/revolution)

Dm = Amount that can be applied per 
irrigation without runoff (mm/day)

DD1R = Design daily
requirement (mm/day)

to determine the performance indices were as 
discussed;

The maximum depth of waler application to 
prevent run oft' for each treatment was estimated 
by the following equation.

24DinSr =-------
DD1R

Efficiency of Low Quarter

lnternalion.il
http://www.ijaclHT.enm
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Potential Application Efficiency (PELQ)

Statistical tool

RESULTS AND DISCUSSION
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different speed settings and estimated according 
to Merriam and Keller (1978).

The results of the clTccts of the treatments on the 
technical efficiency of centre pivot irrigation 
system arc presented in Tables 1 - 9. The trend is 
evident that with an increase in centre pivot 
speed, there is a general reduction in revolution 
times and the amount of waler the irrigator can 
apply in the soil regardless of centre pivot size. 
The water application depth is crucial because it 
determines the volume of water stored in the soil 
and equilibrium must be reached between what 
the soil can take and what the system can apply to 
avoid over irrigation and runoff. Tables 1 - 3 
demonstrate that gross application among centre 
pivots is usually higher than the maximum 
amount of water that can be applied at any 
particular speed to prevent the occurrence of 
runoff. Only NKA21 proved suitable to apply 
water within acceptable standards as opposed to 
SMB and EEL09 where the maximum limit was 
also exceeded by the net application at any given 
speed. Planting in circles, construction of furrow

The analysis of variance (ANOVA) was used to 
determine statistical significance of the results of 
each of the treatments obtained for the centre 
pivot systems.

dikes and maintaining trash in the field can 
reduce runoff and improve water intake through 
surface storage. Tables 4-6 also shows pressure 
variation at the pivot point of all the centre pivots. 
The results reveals pressure reduction with an 
increase in centre pivot speed as all systems had a 
pressure reduction in all four treatments.

The PELQ is expressed as a percentage when the 
average low quarter depth of water infiltrated 
equals the management allowed deficit (MAD). 
The PELQ is determined in order to evaluate how 
effectively the system can utilize the applied 
water. It was measured from the catch can field 
data and calculated according to Merriam and 
Keller (1978).

S. I. Msibi. N.I. Kihupi. A.K.P.K. 1arimo and A.M. Many.ilsi.. 2014 I International Journal of Agnculiural Science and Bioresource Engineering Research Vol. 
3( I&2). pp.14-22. April. 2014. Available online at http:'.'w ww.ijasbcr.coin

Tables 7-9 present indicators of performance for 
the three centre pivot systems under the four 
treatments of 15%. 20%, 30% and 40% speed 
settings. The results indicate a reduction in CU 
and DU with an increase in centre pivot speed. 
SMB for example declined from CU of 88.9% at 
15% speed to 86.9% at 40% speed setting. This is 
evident for both NKA21 and EEL09. Application 
efficiency on the other hand showed a remarkable 
increase with an increase in centre pivot speed 
where SMB had PELQ of 93.1% to 98.0%%. The 
odd value of 93% at 40% speed setting is a result 
of a factor with the centre pivot configuration but 
not the treatments (speed) as PELQ and AELQ 
for NKA21 and EEL09 also increased steadily 
with an increase in centre pivot speed. In 
addition, these parameters of CU and DU were all 
satisfactory in all treatments as stated by Ascough 
and Kikcr (2002) that centre pivot system DU 
should be at least 75% and CU should be at least 
85%. hi terms of application efficiency, only 
SMB met the requirements of 90% for PELQ and 
AELQ as stated by Savva and Frenken (2002). 
However, the analysis of variance (ANOVA) for 
these uniformity and efficiency measures were 
not statistically significant at (P = 0.01) between 
treatments although a general trend was evident. 
This demonstrates the ability of centre pivot 
irrigation system to apply water uniformly and 
efficiently across the entire field at different 
speeds. The differences among parameters on 
individual treatments might be attributed to 
pressure variations and depth of water applied 
during experimentation.
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28.227.3 30.48.8 74.515
23.320 45.6 16.7 22.88.8

30 13.6 15.2 15.48.8 37.0
11.440 26.88.8 9.8 11.4

20.026.68.8 24.015 65.5
15.820.020 18.58.8 50.5
10.813.315.38.8 41.730
8.725.6 9.3 10.08.840

36.527.3 43.78.8 74.515
27.445.6 32.816.720 8.8
18.313.6 21.937.030 8.8
13.79.8 16.442.88.840

18

Speed 
setting (%)

Speed 
setting (%)

Speed 
setting (%)

Rev/time 
(hours)

Rev/time 
(hours)

Rev/time 
(hours)

Din 
(mm/day)

Dm 
(mm/day)

Dm 
(mm/day)

Net application 
(mm)

Net application 
(mm)

Net application 
(mm)

S. I. Msibi. N.I. Kihupi. A.K.I'.R. Tnrimo an J A.M. Sl.iny.nsi., 2014/ Intemaiional Journal of Agricultural Science and Uioresource Engineering Research Vol.
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DDIR 
(mm/day)

DDIR 
(nnn/day)

DDIR 
(mm/day)

Table 2: Maximum depth of application without runoff in the four treatments for NKA21
Gross 

application 
(mm)

Table 3: Maximum depth of application without runoff in the four treatments for EEL09
Gross 

application 
(mm)

Table 1: Maximum depth of application without runoff in the four treatments for SMB 
Gross 

application 
(mm)
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Table 4: Revolution time and pressure variation for SMB in the four treatments

CP speed (m/h)Speed setting (%) Pressure (kPa) Voltage (V)

74.537.8280 37415

45.661.9303 38820

37.076.3275 37930

26.8105.336527540

Table 5: Revolution lime and pressure variation for NKA21 in the four treatments

CP speed (m/h)Voltage (V)Speed setting (%) Pressure (kPa)
65.537.740236515
50.548.942135020
41.759.241330 340
25.696.341734040

CP speed (m/h)Voltage (V)Pressure (kPa)
74.521.039332015
45.628.140120 320
37.042.140931530
42.856.1310 41540

19
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Rev/time 
(hours)

Rev/time 
(hrs)

Rev/time 
(hrs)

Table 6: Revolution time and pressure variation for EEL09 in the four treatments
Speed setting

(%)

p:Mvww.iiasbcr.com
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setting

(%)
30.428.292.615 88.9 88.7 93.1

22.823.398.7 10020 88.9 87.3

15.215.410030 98.088.0 86.1

11.4100 11.485.0 93.040 86.9

setting

(%)
26.620.075.391.4 91.2 73.315

20.015.878.890.3 73.091.420

13.310.878.9 81.591.330 90.2

10.08.787.0 86.789.7 87.740

setting

(%)

36.5 43.775.176.393.292.015

78.8 27.4 32.892.4 76.820 91.6

18.381.5 21.978.991.330 90.2

13.783.5 16.489.2 84.840 89.7

20
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cu 
(%)

cu 
(%)

cu 
(%)

DU
(%)

DU
(%)

DU
(%)

PELQ
(%)

PELQ
(%)

PELQ
(%)

AELQ
(%)

AELQ
(%)

AELQ
(%)

Actual 
depth 

(mm/day)

Actual 
depth 

(inm/day)

Actual 
depth 

(inm/day)

Target 
depth 

(mm/day)

Target 
depth 

(mm/day)

Target 
deptli 

(mm/day)

Table 9: Performance parameters for EEL09 in the four treatments
Speed CU (%) DU (%) PELQ (%) AELQ (%)

Table 8: Performance parameters for NKA21 in the four treatments
Speed CU (%) DU (%) PELQ (%) AELQ (%)

Table 7: Performance parameters for SMB in the Tour treatments
Speed CU (%) DU (%) PELQ (%) AELQ (%)
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production and income generation (Mttdima, 
2001: Smith, 2010). King and Kincaid (1997) 
studied optimal performance of centre pivot 
sprinkler system and proposed that low pressure 
spray sprinklers should replace original high 
pressure sprinklers, hence the evolution of the 
new low pressure spray nozzle centre pivot.

The performance of irrigation systems is of 
concern in many areas of the world and has 
attracted the attention of researchers, planners and 
managers of irrigation systems in recent years 
(Nlantos and Karpouzos, 2010). Irrigation system 
performance plays a significant role in crop 
performance, water use efficiency, cost of

The study evaluated the performance of centre pivot sprinkler system to establish knowledge base on 
technical efficiency in order to justify pertinent managerial improvements and adjustments on system 
configurations that will optimize water use and sugarcane yields at Uhoinbo. Information was collected on a 
set of irrigation parameters that included water application uniformity, system operating pressure, tyre 
pressure, travel speed, system flow rate, sprinkler nozzle discharge and pressure as well as design parameters 
for four centre pivots. Data collected and analysed on weather parameters using Instat software included 
radiation, wind speed, relative humidity, maximum and minimum temperatures. The performance indicators 
used were the Distribution Uniformity (DU), the Coefficient Uniformity (CU), the ,\pplication Efficiency of 
Low Quarter (AELQ) and the Potential Application Efficiency of Low Quarter (PELQ). The performance 
was found satisfactory in terms of CU and DU for EEL09 (89.7%, 89.2%). NKA21 (94.6%, 95.7%) and SMB 
(88.7. 89.6%). CAS02 only achieved a CU of 80.5% and DU of 77.2% which was below recommended 
standards with regards to CU, DU was fair but on the lower side. The PELQ and AELQ were achieved by 
SMB and CAS02 although it was a result of over application with poor uniformity for CAS02. EE 1.09 and 
NKA21 did not meet the minimum requirement of 90% in both parameters. Pressure variations beyond 
nominal ranges at pivot points, tyres and sprinklers as well as excessive application rates due to sprinkler 
nozzle wear affected system performance. Based on the research findings it is recommended that operating 
pressure be checked against design pressure and corrected. The sprinkler nozzles should be checked for 
blockages, wear and tear, and application rates. Tyre pressure should be checked and corrected accordingly. 
Temporal and spatial evaluation procedures should be carried out for effective performance assessment of the 
centre pivot irrigation systems within the estate.

nlWgriciihnr.il
wsvw.ijasber.com
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Porter and Marek (2009) reported the relationship 
between centre pivot sprinkler depth of water 
application and water holding capacity and 
concluded that optimizing centre pivot irrigation 
performance relies on system management.

various water management and irrigation systems 
was needed.

Mohammad (2012) on the other hand observed 
that accurate design of centre pivot sprinkler 
irrigation systems could optimize performance 
particularly through careful consideration of How 
situations in centre pivot pipes. The design of the 
system is crucial for future operation and 
management of the irrigation system and the 
potential for efficient irrigation as reported by 
Edkins (2006) in New Zealand. In Australia, 
Smith and North (2009) argue that knowledge of 
changes in the magnitude of water applied over 
time is important to determine the causes of 
deficiencies in application rates and uniformities. 
Non-uniform water application leads to over or 
under irrigation in various parts of the field which 
can result in wasted water, energy and the 
potential for nitrogen leaching (Sabah et al., 
2011).

S.T. Msibi. N.I. Kilmpi. A.K.P.K. Tunmo ami A.M. Man>ol>t. 2014 > International Journal of Agricultural Science and Flioocamtrcc Engineering Research Vol. 
3( I&2). pp. 23-3K, April. 2014. Available online at hl tn • //www. iiasber.com

The transition of commercial and smallholder 
farmers to centre pivot sprinkler irrigation 
necessitates extensive research on the technical 
performance of the system in order to attain 
greater irrigation efficiency, high water 
productivity and ultimate improvements 
sugarcane yields. At Uboinbo, centre pivot

Reuben et a!., (2010) reported that the poor 
performance of centre pivot sprinkler irrigation is 
a major factor contributing to low sugarcane 
yields in Tanzania. Systems have to be correctly 
managed to ensure that the distribution 
uniformity and efficiencies arc within acceptable 
levels. Griffiths and Lecler (2001) found that the 
main factors which contributed to centre pivot 
irrigation systems having lower than expected 
application efficiency and distribution uniformity 
values in South Africa were poor irrigation 
system design, poor irrigation system 
management, non-existent or inadequate 
maintenance schedules and non-existent water 
testing procedures. Lecler (2005) observed that to 
ensure the long term viability of the sugarcane 
industry in Zimbabwe, development and adoption 
of strategics to improve the performance of the

Although mainly used by large scale growers, 
centre pivot sprinkler irrigation system has also 
proved suitable for small scale growers in 
organized associations in Swaziland due to water 
scarcity (Magwenzi and Nkambulc, 2003). 
Recent analyses show that centre pivots are both 
economically and financially viable under the 
current pricing system in Swaziland (Magwenzi. 
2002). Qureshi et al., (2002) also confirmed the 
profitability of centre pivot sprinkler irrigation 
systems for sugarcane under Australian 
conditions. However, no evaluation of technical 
performance of centre pivot sprinkler irrigation 
systems has been conducted since their 
introduction in Swaziland, particularly at 
Ubombo with the highest number (106) of centre 
pivots in the Swazi sugar industry. Evidence 
indicates that research has only been undertaken 
on furrow and conventional sprinkler irrigation 
systems where results show that there were no 
design parameters available for system design 
and poor performance is often attributed to poor 
management of irrigation systems. Magwenzi 
(2000) noted that there is a limitation in using 
efficiency as the only measure of irrigation 
system performance because it docs not show the 
uniformity of distribution or the percentage of the 
area that was adequately irrigated. Irrigation 
research in Swaziland has been largely focused 
on feasibility studies aimed at developing 
national irrigation schemes with less emphasis on 
irrigation system performance.

hl_tn_%25e2%2580%25a2_//www._iiasber.com
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MATERIALS AND METHODS

Selection of centre pivot irrigation systems

Study area

determined and data

25

The parameters that were determined included 
system performance, adequacy of irrigation water 
supply, net application rate, system operating 
pressure, travel speed and revolution time, spray 
nozzle sprinkler set and spacing, sprinkler 
discharge and pressure, and tyre pressure. The

Out of 106 centre pivots that were operational, 
four centre pivot systems were purposively 
selected for the study (Figure 1). The criteria was 
to have a sample of centre pivots which were to 
be harvested at the beginning of the harvesting 
season, spatial representation of the net area 
under centre pivot irrigation and the different age 
categories among centre pivot machines.

Ubombo Sugar estate is situated in Big Bend in 
the south - cast of Swaziland on longitude 32’52’ 
cast and latitude 26’45'south with average 
altitude of 107 m above mean sea level. The 
estate has a net planted area of about 11,200 ha 
under sugarcane for sugar production. It is 
divided both spatially and administratively into 
three areas; North. Central and South and each 
varies according to the number and size of 
sections contained. Each of the areas is serviced 
by a weather station where meteorological data is

S T. Msibi. N.I. Kihlipi. A.K I’.R Tarinm and A.M Mnnyul'i. 2014 ' tMenuiinnal Journal of Agriculliir.il Science and niareource Fnginccring Rcvcnrcti Vol. 
3(l&2). pp- 2J-5X. April, 2014. Available online at httn:■'Avvvw.iiasber.com

received. The rainfall regime is unimodal with 
mean annual rainfall of about 600 mm which 
normally occurs during summer between October 
and March. Mean annual temperature is 21nC and 
peaks to 39n C in summer. Soils vary 
considerably from shallow sands to deeper loam 
depending on the composition of the volcanic 
lavas forming the bedrock (Mwcndcra ct a!., 
2002).

irrigation occupies 47% of the net planted area 
with the remainder shared between furrow, 
dragline and semi-solid set sprinkler systems 
subsequent to a major conversion project where 
poorly performing fields under furrow and 
dragline sprinkler systems were converted into 
centre pivot and semi-solid set sprinkler systems. 
The ultimate goal was to improve water use 
efficiency to allow for expansion, increase 
sugarcane yields and reduce labour requirements. 
While the impetus was on centre pivot irrigation 
advancement, problems of the system has been 
observed at field level and includes uneven 
sugarcane growth, runoff and ratting of wheel 
tracks which often results in mechanical 
breakdowns and subsequent irrigation downtime. 
Evaluation of centre pivot sprinkler in'igation 
system performance at Ubombo was therefore 
crucial to establish knowledge base on the 
technical performance of the system to justify 
improvements on management and system 
configurations, hence the purpose of this study. 
Evaluations included analysis of meteorological 
data, design parameters, measurements of 
pressure and discharge al various points in the 
system, its operating speed, tyre pressures, water 
application and inspection of sprinkler package 
(Kocgclcnbcrg and Brccdt, 2007) to determine 
system performance parameters and adequacy of 
irrigation water supply.

Field parameters 
collection

Water supply for in'igation is from the Great 
Usutu River through a main gravity canal 
approximately 39 km long which then subdivides 
into two primary canals to command the different 
areas. Ubombo Sugar estate is essentially the 
downstream user with the largest demand in the 
consortium after two other commercial irrigation 
schemes. Major balancing dams, the Van Eck and 
Sivunga Dam with net storage capacities of 10.4 
x 10hm3 and 6.9 x 106m3 respectively along with 

night storages of various capacities effectively 
command the entire estate.

Agriculliir.il
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Figure 1: Layout of Ubombo Sugar estate and the centre pivots studied

26

The net application rate for centre pivot irrigation 
was estimated from the catch can data according 
to Ross (1997). The net application rate of centre 
pivot irrigation depends on gross application in 
millimetres, time of centre pivot operation per 
day in hours, application efficiency of low quarter 
and time taken by a centre pivot to complete one 
revolution (hours).

Operating pressure for the centre pivots was read 
from the pivot point in the system using pressure 
gauges (Keller and Martin, 2000) and the results 
were analysed and compared with the design

system operating pressure, tyre pressure, travel 
speed, system flow rates, sprinkler nozzle 
discharge and pressure were measured on each 
centre pivot systems. The effective radii of the 
systems were measured together with pump flow 
rates, pump operating pressures as well as centre 
pressures at pivot points.

efI?

The centre pivot speed was determined by 
measuring a defined length using a measuring 
tape along the path of the drive wheels and 
recorded the time taken by each centre pivot to 
complete the distance. Time per revolution for a 
centre pivot is a very important factor to take into 
consideration when designing centre pivot 
irrigation systems because it determines the rate 
of application to be considered as well as the 
irrigation interval for the system. The speed was 
set at the control point in the pivot panel and a 
signal is normally sent to the end drive unit, then 
the actual speed was measured according to 
Merriam and Keller (1978).

S. t. Msibi. N.I. Kihupi. A.K I’.R. Turiino and A.M. Mimyalsi. 2014 I Inicmaiional Journal of Agricultural Science and Biorvsource Engineering Rexcarcli Vol. 
3(l&2)< pp. 2J-.1K. April. 201-1. Available online al hltni.'/www.iia'ihcr.eom

specifications. At Ubombo Sugar estate, the 
design pressure at the pivot point of a centre pivot 
was 140 kPa - 350kPa depending on the size and 
topography of the field as well as the location of 
the pumping plant in relation to the field.

|~ Ubombo Sugar: Estate Map '

«£I JOfedE
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Performance indicators

(I)

Where: DU = Distribution Uniformity (%);

27

The discharge of each sprinkler along the centre 
pivot lateral was measured using a container of 
specified capacity and time to fill the container 
was measured and recorded. Since the sprinkler 
model for most centre pivots at Ubombo is the 
Senninger I- Wobbler, a pipe was used as a water 
conveyance from the discharging sprinkler to the 
container ensuring no water losses. A standard 
pressure gauge with fittings to connect below the 
pressure regulator was used to measure sprinkler 
operating pressure for each sprinkler along the 
centre pivot lateral.

Meteorological data collected from the weather 
stations included radiation, wind speed, relative 
humidity, maximum and minimum temperatures. 
Weather parameters were analysed using Instat 
software coded with Penman Monteith equation 
to assess design parameters in terms of crop water 
requirements. The design specifications for each

system were also analysed and validated against 
field measurements to determine adequacy of the 
systems in terms of water supply for sugarcane 
production.

According to Ascough and Kikcr (2002). the 
distribution uniformity for centre pivot irrigation 
systems should be at least 75%.

The Uniformity Coefficient, as a measure of the 
average absolute deviation from the average 
irrigation amount (Delirhasannia el a!.. 2010) was 
determined from water collected from catch cans 
after the centre pivot has completely passed

djq = average weighted low quarter catch 
(mm); and

= average weighted system catch 
(mm).
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The spray nozzle sprinkler set was studied by 
physical observation and information from the 
manufacturer in the design specifications. On the 
other hand the colour and the number of the 
sprinkler nozzle which indicated its size and 
hence location along the lateral was also 
observed. This was as important as the nozzle 
size along the lateral for uniformity and discharge 
from the spray nozzle sprinkler. Spacing between 
spray nozzle sprinklers was measured using a 
measuring wheel under the sprinklers. 
Observations were done to identify if variation of 
spray nozzle sprinkler spacing along the lateral 
existed. The analysed results were then compared 
with the design requirements.

The Distribution Uniformity was determined 
from catch cans data placed such that water from 
a complete pass of the centre pivot was collected 
(Rogers et al.. 2005). As the pivot was moving 
with catch cans aligned along the centre road, the 
length of the pivot was examined for leaks and 
sprinklers that may not be operating properly and 
it was noted in the data sheet. These notes 
normally help when making recommendations for 
improvements in the system. The distribution 
uniformity coefficient (DU) was calculated based 
on the equation by Merriam and Keller (1978):

DU = -— xlOO

Pressure in the tyres of centre pivots was 
measured using a portable pressure gauge while 
the system was in operation including tyre sizes. 
All the centre pivots were equipped with single 
wheels as opposed to dual wheels. Readings were 
recorded in the evaluation data sheet for 
assessment of the system performance.

The performance indicators used were the 
Distribution Uniformity (DU), The Coefficient 
Uniformity (CU), the Application Efficiency of 
Low Quarter (AELQ), and the Potential 
Application Efficiency of Low Quarter (PELQ).
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(4)xlOO

Where: SMD = Soil Moisture Deficit (min)

CU (2)

Where: CU = the Coefficient of Uniformity (%):

M= mean depth of observation (mm): and

N= number of observations.

(5)

(3)Cu = 100-0.63(100-0(7)

of

DU = the distribution uniformity (%).

RESULTS AND DISCUSSIONS

Performance of centre pivot irrigation systems

28

Application Efficiency of Low Quarter (AELQ) 
is the ratio of average low quarter depth of 
irrigation water infiltrated and stored in the root 
zone to the average depth of water applied. 
Effectiveness of the use of centre pivot can be

X = absolute deviation of the individual 
observations from the mean (mm):

Where: PELQ = Potential application efficiency 
of the low quarter (%);

Table 1 and 2 presents the performance indicators 
for the selected centre pivot sprinkler systems. 
The evaluation results reveal that centre pivots 
were performing relatively well as parameters of 
CU and DU for three systems were within 
acceptable standards. CUs for EEL09, NKA21

dav = Average depth of water 
applied (mm).

dav = Average depth of water applied 
(mm).

diM = Average low quarter depth caught 
(mm); and

According to Harrison and Perry, (2010) the 
coefficient of uniformity recommended for spray 
nozzle sprinkler centre pivots should be at least 
85%.

S.T. Msibi, N.I. Kihupi, /\.K P.R. Tariino nrxl z\ M. ManyaKi, 2014 • International Journal of Agricultural Science mid Biotvsotirvc Engineering Re*carcli Vol.
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Another way of determining the uniformity 
coefficient is to use the relationship between 
uniformity coefficient and the distribution 
uniformity (Markley and Allen, 2002) as;

Where CU = Christiansen's Coefficient 
Uniformity (%); and

The Potential Application Efficiency of Low 
Quarter (PELQ) is expressed as a percentage 
when the average low quarter depth of water 
infiltrated equals the management allowed deficit 
(MAD). The PELQ is determined in order to 
evaluate how effectively the system can utilize 
the applied water. It was measured from the catch 
can field data, and calculated by Eq. (5) 
according to Merriam and Keller (1978).

PELQ = yLxlOO

determined from how much of the applied water 
is stored in the soil and available for consumptive 
use and how uniformly it is applied. The 
recommended AELQ is at least 90% (Evans. 
2001) and was achieved for some centre pivots in 
the field and estimated according to Merriam and 
Keller (1978).

SMD AELQ = ------

through the aligned cans. During calculations of 
the uniformity coefficient and other parameters, 
all gauges at that did not collect waler particularly 
because of physical clogging of nozzles were 
discarded during the determination of the 
performance parameters since they do not 
represent the system with regards to water 
application. The catch cans experiment is 
normally used to quantify how close the system is 
to a theoretical model in which all cans would 
contain exactly the same amount of water. The 
uniformity coefficient was calculated using the 
formula by James et al. (1982):

I-V A'
= ---- =—xlOO

M x A'

iasbcr.com
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Design net system capacity used by Ubombo 
Sugar is 7,5 mm/day and the gross application 
rate depends on irrigation system efficiency. 
Centre pivots normally apply a gross amount of 
8.8 mm/day and during each irrigation event, the 
normal irrigation practice is to apply 25mm/day.

Figure 3 shows the different application rates for 
sprinkler package configurations used in each of 
the systems. It was evident that sprinklers for 
NKA21, CAS02 and SMB were applying water 
slightly above the design application rates. A 
desk review of the design specifications for each 
centre pivot, sprinkler package in particular 
indicated matching configurations from the 
inspections in the field except for eases where 
sprinklers were removed near the pivot point or at 
the towers to avoid wetting wheel tracks or 
irrigation of bare land at the pivot point. The 
relatively high application rates arc a result of 
nozzle wear and replacements arc essential. The 
high application rates were due to the fact that the 
design application rates for the systems were 
exceeded by actual application rates particularly 
towards the end of the lateral (Table 6). In

For purposes of evaluation, a minimum of 16 
mm/day was used and it agreed with the base 
value of 15 mm/day reported by Merriam and 
Keller (1978). Tables 1-3 presents the irrigation 
depth (D), centre pivot speed, revolution time (T) 
at each evaluation for all four centre pivots. 
Figure 2 shows the water distribution profile for 
all four centre pivots against a target amount. 
EEL09, CAS02 and SMB performed better in 
terms of satisfying a target depth of water 
although the distribution was very poor for 
CAS02. NKA21 did not meet the target depth but 
it was excellent in terms of water distribution. 
This is attributed to lower than design operating 
pressure on the pump which affected the centre 
pressure required at the pivot point. The system 
flow rate was measured and found satisfactory in 
relation to the wetted area as 48.9 1/s was 
obtained in the delivery pipeline of the pump 
dedicated for NKA21 (Table 4 and Figure 4). 
Using a hydro model of 1.0 1/s/ha derived from 
the gross application of 8.8 mm/day, the How was 
adequate to irrigate a net area of 45.6 ha for 
NKA21 and this was evident for all systems 
(Table 5).
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The results showed a general variation in the 
performance parameters obtained under normal 
system evaluation and those obtained under 
temporal and spatial evaluation procedures. The 
CU and DU for all centre pivots in both 
evaluation methods had a significant difference in 
that performance values obtained under normal 
evaluation were lower than those for temporal 
and spatial method. These lower values tend to 
underestimate the system by inducing an 
averaging effect on portions performing within 
acceptable standards and mask underperforming 
or faulty sections along the lateral length. The 
CU, DU. PELQ and AELQ results for all systems 
indicate that performance measurements should 
be carried out systematically along the lateral to 
specifically identify underperforming towers or 
components within a centre pivot.

and SMB were 89.7%, 94.6% and 88.7% 
respectively and concur with Harisson and Perry 
(2010) that centre pivot CU should be larger than 
85.0% under the recommended wind speed. 
CAS02 did not meet the acceptable standards 
with a CU of 80.5%. The DU for all systems was 
within recommended standards with EE09, 
NKA21, CAS02 and SMB having 89.2%, 95.7%, 
77.2% and 89.6% respectively. According to 
Ascough and Kikcr (2002), centre pivot system 
DU should be at least 75%. However, on the 
other hand the recommended PELQ and AELQ 
were only met by CAS02 and SMB with 93.3%, 
98.2% and 94.4%, 90.8% respectively. EEL09 
and NKA21 did not meet the recommended 
performance standards as stated by Savva and 
Frenken (2002) that spray nozzle sprinkler centre 
pivot PELQ and AELQ should be at least 90%.

http://www.iiashyr.coin
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D (mm/day) T (hours)PELQ (%) AELQ (%)DU (%)

CP

42.813.783.589.2 84.8EEL09 89.7

12.8 42.380.081.394.6 95.7NKA21

34.916.298.293.380.5 77.2CAS02

46.314.790.894.489.6SMB 88.7

30

CU
(%)

DU
(%)

PELQ 
(%)

were found operating beyond the threshold of 100 
to 140 kPa. Parallel observation was also made on 
the tyres where the recommended operating 
pressure of 100 kPa was not achieved for some 
systems as they recorded pressures of up to 200 
kPa. Generally, this docs not only affect the rims 
and gearboxes but also the distribution uniformity 
of water application along the centre pivot lateral.

AELQ
(%)

S.T. Stsibi. N.I. Kihupi. A.KI’ It. I.irinio and A.M. Manyulsi. 201*1! hlltfnuuion.il Journal of Agricultural Science and Biorceourcc Engineering Iteseaivh Vol. 
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contrast. EEL09 had no specifications for 
sprinklers on the design hence no benchmark for 
assessing performance of the sprinklers (Figure 
3). Furthermore, there was no soil infiltration data 
on the design reports where the sprinkler 
packages could have been determined for the 
pivots. Predisposing factors for higher application 
rates included among others, the sprinkler 
operating pressure which for some sprinklers

Table 1: Performance parameters for centre pivots EEL09, NKA21, CAS02 and SMB under normal 
evaluation procedures _________________________________________________

CU (%)

hlltfnuuion.il
iasber.com
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AELQ(%)PELQ (%)

zVca CUn AELQnDUn PELQn
CP

1/3 13.6 16.7EEL09 89.8 83.589.7 93.3 89.2 82.986.6 84.8

14.3 33.52/3 83.591.1 89.7 89.2 87.2100 86.6 84.8

13.1 41.989.3 83.5Las! 89.7 93.5 89.2 84.2 79.984.8

13.783.5Average 90.1 89.7 95.6 89.2 85.8 83.384.8

13.0 16.781.3 80.0NKA2I 1/3 97.0 94.6 95.2 95.7 81.380.0

80.0 12.8 34.480.02/3 94.5 94.6 100 95.7 79.4 81.3

42.380.0 12.678.881.3Last 93.7 94.6 98.3 95.7 77.5

12.880.081.3 80.095.1 94.6 97.8 95.7 80.0Average

12.9 17.898.262.478.1 93.3CAS02 1/3 75.7 80.5 100 77.2

19.3 29.698.293.3 10077.2 1002/3 77.4 80.5 97.7

34.918.198.293.3 10077.2 10084.6 80.5 87.2Last

16.898.293.3 87.577.2 92.780.5 95.079.2Average

14.290.8 15.090.994.493.4 89.6 97.587.71/3 90.0

34.893.2 90.8 15.194.494.496.6 89.687.72/3 91.1

46.313.994.4 85.8 90.S86.493.1 89.687.787.8SMB Last

90.8 14.790.089.6 92.8 94.494.489.6 87.7Average

P (bar)

3.1935.042.849.1EEL09

3.3973.342.345.6NKA21

1.4973.334.936.5CAS02

3.01013.346.370.4SMB

31
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D 
(min/day)

T 
(hours)

AELQ 
(%)

DU 
(%)

PELQ
(%)

CU
(%)

Table 3: Performance parameters for centre pivots EEL09. NKA21, CAS02 and SMB 
CP Wetted area (ha) Time per rev. (hrs) CP speed (mm/min)

Table 2: Temporal and spatial parameters for centre pivots EEL09, NKA21, CAS02 and SMB
CU (%) DU (%)

Avww.ijasbcr.com
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7.5EEL09 4.3191.9 178.6 49.6

7.5NKA21 4.2200.0 48.9176.0

7.53.2CASO2 133.6 37.1130.0

7.56.2SMB 71.4253.1 257.0

SMBCAS02NKA21EEL09

70 ha37.1 ha46.5 ha49.1 ha

6.06.06.06.0ETo (mm/day) 6.0

1.251.251.251.251.25Kc (sugarcane)

Nel
7.57.57.57.57.5

8.8 8.88.88.88.8

How
71.448.9 37.149.61.0

32

application 
(mm/day)

Equivalent 
rate (1/s/ha)
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Table 5: Crop water requirement and adequacy of water supply for centre pivots EEL09, NKA2I. CAS02 
and SMB

Parameter

Table 4: System capacities and net crop water demand for centre pivots EEL09, NKA21, CAS02 and SMB 
CP Design flow Actual flow rate Flow rale (1/s) Flow rate Crop

ratc(m’/h) (in’/h) (ML/day) demand
(mm/day)

Gross application 
(mm/day)

Jouni.il
/vww.iiasbcr.com
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30.(1 30.0
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(d) SMB water application(c) CAS02 water application
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Figure 2: Water distribution profile along the lateral radii of EEL09. NKA21. CAS02 and SMB centre 
pivots
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Figure 3: Sprinkler application rate along the lateral of EEL09. NK.A21. CAS02 and SMB centre pivots
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Table 6: Plow variation synopsis lor EEL09, NKA21, CAS02 and SMB centre pivots

35

3.31
9.54
18.62
26.14
34.55
43.50
52.90
20.29

1.92
9.90
17.41
24.31
29.03
33.57
33.31

3.80
3.57
3.57
3.73
3.58
3.48
3.57
3.59
3.61
3.60

3.91
3.74
3.50
3.74
3.47
3.74
3.46
3.79

3.71
3.74
3.47
3.66
3.43
3.56
3.77

2.20
3.40
3.84
3.56
3.55
3.66
8.66

3.92
3.77
4.42
4.43
4.55
4.69
4.83
3.84

3.44
3.49
4.20
3.76
4.32
3.03
4.08
3.55
3.36
5.89

2.67
7.99
15.97
22.73
30.31
25.82
41.02
43.82
51.62
24.74
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Span No.
1
2
3
4
5
6
7
O/H 
EEL09

1 
2
3 
4
5 
6
7 
O/H 
NK.A21 
1 
2 
3
4

6 
O/H 
CAS02 
1 
2 
3
4 
5
6 
7
8 
9 
O/H 
SMB

0.8
2.5
4.2
5.9
7.6
9.3
11.0
5.3
46.6
0.9
2.9
4.5
6.8
8.2
9.2
3.8
36.3
0.8
2.3
3.8
6.0
7.0
8.5
10.0
12.3
15.4
4.2
70.4

Area (ha)
0?9
2.8
4.7
6.5
8.4
10.3
12.1
3.4
49.1

Actual
Application (m’/h/ha)
Too
4.33
4.72
4.49
4.36
3.99
4.28
3.65

Design
Application (inJ/h/ha)
0
0
0
0
0
0
0
0

Measured 
flow (m’/h) 
4.67 
12.12 
22.04 
29.30 
36.62 
40.96 
51.91 
12.49
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Figure 4: Pump flow rate measurement in the delivery pipe using a Portalok
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Based on the evaluations, centre pivot irrigation 
system operations and management should 
involve constantly checking operating pressure 
against design pressure. The sprinkler nozzles 
should be checked for blockages, wear and tear, 
and application rates. The lyre pressure should be 
checked and corrected accordingly. Spatial and 
temporal evaluation procedures should be carried 
for effective performance assessment of the 
centre pivot irrigation systems within the estate.

All the centre pivots evaluated could be used to 
apply water efficiently if they were properly 
designed and managed. Shortfalls in pressure 
greatly affected the water application of the 
systems and hence non uniformities in water 
distribution along the centre pivot and the 
resultant fields. Sprinkler nozzle wear was 
responsible for the larger than design application 
rates for the pivots resulting in excessive water 
application, runoff and soil erosion. Temporal 
and spatial evaluation procedures for centre pivot 
irrigation could improve spotting poorly 
performing components for improvements within 
a centre pivot as opposed to standard evaluation 
procedures normally used.

Inlcmalum.il
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Abstract

Keywords: Budget, irrigation, power, sugarcane, water supply. Ubombo.

Introduction

International Science Congress Association

An analysis is given of the water and power budgeting systems used at Ubombo Sugar estate for sustainable irrigation water 
supply. /I desk review of the approaches used to establish water and power budgets was carried ami a new model was 
developed parallel to existing budgets to establish discrepancies. The development process constituted a broad set of 
parameters such as meteorological data, crop data and planted area, harvesting programs, irrigation systems, pumps and 
motor specifications, pumping hours, cost per kilowatt hour and actual flow rates. Water and power budgets were found not 
satisfactory with regards to satisfying crop water demand. Actual water inflows and pumping were determined by capacities 
of structures used for conveyance and losses were incurred during periods of low demand due to continuous flow type of 
delivery system. Electricity budgets were often based on historical power records which affected overall water supply as 70*~< 
of the estate is under pressurized irrigation. The new model developed from first principles of water and power demand 
demonstrated that existing budgeting systems limited the use of the resources particularly electricity and caused severe 
losses on irrigation water. Inaccurate supply-demand indices also affected decision making on bulk water management. 
Consequently, a new ami improved budgeting model needs to be developed and adopted for sustainable irrigation water 
supply and sugarcane yields.

water management helps in guiding the application of water: to 
meet crop needs, in ensuring the correct amount is held in the 
soil and made available to crop6. However, some studies
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significant for irrigation and or how much waler should be applied to the 
• field for each irrigation and this can be achieved through water

issue in irrigated agricultural sectors worldwide to increase 
irrigation water use efficiency1. Water shortages increase 
rapidly as industrial and agricultural needs rise in line with required for efficient and profitable use of water for irrigating 
socio-economic development, population growth and poor water agricultural crops. A major part of any irrigation management 
management3’’4. Improper irrigation waler management program is the decision-making process for determining timing 
practices cause not only wastage of water but a 
reduction in crop yield, quality and waler use efficiency5. Bulk
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Irrigation at Ubombo
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Ubombo Sugar estate depends heavily on irrigation for
sustainable sugarcane production as annual rainfall meets reported that irrigation waler management is rarely practised in 
approximately 50% of crop water demand. Bulk water sources large-scale farming thus neglecting large quantities of water for 
are also increasingly becoming unreliable due to erratic rains irrigation3.
and by virtue of the estate being at the downstream of all
irrigation schemes in the L'sutu River Basin. Extreme pressure is proper management of irrigation water prevent irrigation 
normally experienced during peak demand when the crop induced problems such as waterlogging through application of 
evapotranspiration is generally high which often coincides with water in amounts that can be held by the soil and crop and 
periods of low rainfall and the common practice is for upstream salinization". Soil salinity results when the evapotranspiration 
farmers to abstract more water at the expense of the tail enders. rate js higher than precipitation and therefore makes it difficult 

for plants to uptake water. The amount of water the sugar cane 
needs, its consumptive use. is equal to the quantity of water lost

On the other hand, impetus for strategic developments such as 
expansion of area under sugarcane and conversion of 
conventional irrigation methods is still on. These challenges through evapotranspiration9. The water budget is a tool that can 
prompts for a review of the bulk water management systems be used to assists irrigation decision makers in applying proper 
normally used to establish sustainable water management irrigation water management taking into account of the crop 
systems that will meet crop water needs, minimize water losses type, area reference evapotranspiration, precipitation and 
and energy costs and cope with prevalent unpredictable weather irrigation system design"’. The water budget reflect* balances 
patterns. Irrigation water management has become an urgent between the input and the output of water to and from the root 

zone taking cognisant of the efficiency of systems and structures 
used to apply water, hence proper irrigation management is

http://www.Lsca.in.www.isca.mc
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pumps and motors, pumping hours, electricity costs, actual 
water abstractions and distribution practices. As a basis for

Research Journal of Engineering Sciences 
Vol. 3(4), 1-9. April (2014)

a kilowatt hour Tor 2013/14 to determine an annual power 
budget Tor the estate. Actual water supply versus crop demand 
was assessed to determine if the current water management 
system adequately meets sugarcane water requirements

sugarcane waler und irrigation requirements. The area planted 
under sugarcane was obtained through composite blocks 

solicited to allow for the development of a water budget contained by sections. Harvesting program for the period was 
used to determine the harvest dates for individual blocks to 
enable determination of water requirements for the different 
blocks as influenced by cutting dates. Irrigation systems were 

budget. This could improve the performance of irrigation studied for the different blocks to establish their efficiencies in 
systems and sugarcane yields within the estate. terms of water supply. Pump flow rates and motor sizes were

also used to determine the maximum hours required to 
adequately meet crop water demand and power used.

budgeting techniques. Therefore, it is essential to develop bulk 
water management strategies to utilize water resources 
efficiently and effectively".

x IO* nr' and 6.9 x 10* nr' respectively along with night 
storages of various capacities effectively command the entire 
estate. Filling of Van lick Dam and a couple of night storages 
is achieved by pumping through a number of pumping plants 
from the primary canals while the Sivunga Dam and other

> are primarily supplied through gravity owing to
Since about 70% of the estate net area is under pressurized 
irrigation systems, most of the water requires maximum lifting reservoirs 
to effectively command the different areas. Electricity their spatial location. Irrigation systems comprise 106 centre 
becomes a limiting factor as pumping costs tend to be pivot machines with average size of 50 ha. semi solid set in the 
exorbitant particularly during peak demand and hit hard on outfall of the pivots, conventional sprinkler and furrow 
budgets. The tendency is to then limit power allocation irrigation to some extent, 
through telemetry system (ACES) which eventually induces
water stress to the crop. The annual power budgets have over Appraisal of water and power budgeting systems: 
the years been developed through historical power records Parameters appraised included meteorological data to 
which had some limitations as it failed to accurately capture determine crop water and irrigation requirements, area under 
additional power requirements as a result of expansions and sugarcane by individual blocks and harvesting program for 
conversions of furrow systems to centre pivot and semi solid 2013/14 cropping season, irrigation system type, capacities of 
set sprinkler systems in the recent years. Development of a 
new budgeting model for water and power could improve the 
challenges of water supply and distribution, power allocation analysis, a 23 year (1991 - 2013) time scries data for 
and management. Evaluating the existing budgeting systems radiation, wind speed, relative humidity, rainfall, minimum 
utilized could form basis for suggesting any improvements in and maximum temperatures from Ngogo Meteorological 
the systems hence the purpose of the review. The assessment station were analysed using Inslat software and validated by 
constituted analysis of meteorological data to determine crop ETo calculator software to determine the reference 
water and irrigation requirements, net planted area and evapotranspiration (ETo) for the estate. Canopy factors for 
harvesting program, types of irrigation systems, capacities of sugarcane were integrated with rainfall data to determine 
pumps and motors, pumping hours, electricity costs, actual 
water abstractions and water distribution practices. The data 
was 
from first principles of crop water demand as a function of 
command area, pumping hours and the cost of pumping water 
on an annual basis to ultimately develop an accurate power

Description of study urea: Ubombo Sugar estate is situated in The water and power budget model was developed on 
Big Bend in the south - east of Swaziland on longitude 32*52* Microsoft Excel spread sheet taking into account the ETo. 
east and latitude 26*45'south with an average altitude of 106 rainfall, canopy factors for sugarcane, empirical efficiencies of 
in above mean sea level. The estate has a net planted area of irrigation systems per block (sprinklers efficiency-75%, centre 
about 11. 200 ha under sugarcane for sugar production. It is pivots- 85% and furrow- 60%)L’. Net crop water demand was 
divided both spatially and administratively into three areas; calculated in line with harvest dates of the individual blocks. 
North. Central and South and each varies according to the The irrigation requirement for all cane included the demand 
number and size of sections contained. Meteorological data is for inj|| cane and seed cane, water supply required excluding 
obtained from three weather stations each located in one of the losses (gross ML/ha). losses as a function of irrigation system 
areas. The rainfall regime is unimodal with mean annual efficiency and total supply required. The annual power usage 
rainfall of about 600 mm which normally occurs during for a|| operating pumps was calculated in line with the cost of 
summer between October und March. Menn annual 
temperature is 2I°C and peaks to 39°C in summer1'. Water 
supply for irrigation is from the Great Usutu River through a 
main gravity canal approximately 39 km long which then 
subdivides into two primary canals to command the different through analysis of monthly water reports for the season. The 
areas. Ubombo Sugar estate is essentially the downstream user resultant water and power requirements were then compared 
with the largest demand in the consortium after two other with previous budgets to determine their effectiveness of in 
commercial irrigation schemes. Major balancing dams, the terms of adequacy of irrigation water supply.
Van Eek and Sivunga Dam with net storage capacities of 10.4
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Reference Evapotranspiration in Big Bend
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Figure-1
Reference evapotranspiration (ETo) for Big Bend
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Table* 1 - 3 present results of the determination of sugarcane 
water and irrigation requirements at I'bonibo Sugar eMate. The 
output Iron) InMai and ET'o calculator programs showed no 
significant differences in the reference evapotranspiration lETot. 
The maximum ETo at peak demand was found to be 
approximate!} 6 mm/day i figure-1). Annual ETc was 1167 mm 
with 461 mm ol eltcctive rainfall dable-3). The irrigation 
requirement for sugarcane is 7 MMia which must be applied 
effectively over the entire period of the growing season. Irrigation 
s}stems were found to be satisfactory in applying the target 
amount as the} ranged between 6.5 and 7.1 Ml jha (table-4). The 
water budgeting model indicates that there are major limitations 
in the approaches used for agrietiltur.il water budgeting at 
I'bonibo. River abstractions are normall} determined b} 
capacities of intake structures and during peritxls of low demand, 
water is stored in major balancing dams while the rest flows by 
continuous How into primary canals and back to natural streams. 
This approach demonstrates that water inflow into the estate is 
limited by capacities ol abstraction and conveyance structures and under sugarcane were not factored in the models hence a major 
little elfort is done to determine il part ol the abstracted water is difference between current power budgets and the new model 

developed from first principles, Consequently. the new model 
could be used as a basis for future budgeting of both water and 
power as it relative!} captures all parameters needed to 

• on future waler and power requirements for

effectively supplied into the crop. An equivalent observation was 
made where improper estimation of canal discharges caused 
extensive damage to crop yields and loss of life in India1'. 
Development of a water budget model from first principles of effectively decide 
crop water demand as a function ol command area and pumping sustainable water supply for irrigation within the estate, 
requirements enabled estimation of actual seasonal water 
requirements and the power required to lift the waler.

() ■— 

0

I he demand, a* influenced by dry off periods and harvestine 
dates were determined with corresponding power requirements 
to calculate the annual power budgets iiahles-4 to 6). Analysis 
ol actual waler inflows against crop water demand also 
demonstrated to have some shortfalls as supply-demand indices 
were over l(H)'7 as a result of inaccuracies in the methodologies 
used iligure-2). fail waler was often incorporated as supply and 
the absence of water measuring structures for domestic water 
abstracted from the bulk water system resulted into higher water 
supplies than it is for actual irrigation and these results tend to 
mislead decisions on bulk water management. The ideal 
approach could lx* to deduct this portion of water from total 
estate inllovvs since the demand factor in the mode! is only for 
sugarcane and not for other uses. The total annual water budget 
for the estate appeared to be slightly higher than the total actual 
waler supply and this prompts for stringent and innovative water 
management strategies to effectively command the different 
areas. Power budgeting was also discovered to be based on 
historical records with some inflation added each year. The 
major irrigation systems conversions and expansion of area
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Table-1
Av erage weather parameters from 1991-2013 for Ngogo Meteorological station 
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_S'ugarcane water and irrigation requirements in Big Bend 

Mar i_ Apr May ■ Jun Jul ! Aug _ Sept____ <
‘ 63 1 '

O.S 
50 
09 
"(/ 

■14

JAN ; FEB | MAR 
156 j 134 i 158 
100 
so 
1.0 
76 
1.0 
76 
1.0 

_76_ 
1.0 
76 
1.0 
76

7 
0.6 

'l 25 
| 0.4 
I 14 
| 0.4 
i 75
Tlo

i 1.0 
46

: Nov
; mi

1.0
! 141

4-25-
I 63

May I Jun 
’ 06 

0.4 
0.4

I

etj_________
Gross Ruinfall________
Eileen e Rainfall______
1. APRIL CUT-c/f
nun________________
2. MAA' CUT ■ c/f
nun________________
3 JUNE CUT-c/f 
nun________________
4. JULY CUT c/f
min________________
5. AUGUST CUT -c/f
nun________________
6. SEPTEMBER CUT-
c/f_________________
nini_ _ __ _
TOCTOBatVf-'dl 
nun________________
S. NOVEMBER CUT - 
c/f_________________
nun_______________________
9, DECEMBER CUT-c/f i 1.0 
nun j 65
Tolal nun______________' 531
Mean nun_____________ i 59
Net crop waler demand | 656 
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Table-’ 
___________________Canopy factors (ETcane / ETo) for cane harvested in different months in Swaziland.
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'ETo = reference evapotranspiration (inni/monih) c/f = canopy factor. ETc = cane evapotranspiration < mm/month). R = rainfall 
(mm). Re = effective rainfall (nun). IRR = irrigation requirement (nun)

Table-4 
Water and poxver budget for Mamba 2 and 3 centre pivots extracted from conquisite model 
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Recommendations: i. Accurately define parameters of major 
importance and develop a new water and power budget from 
first principles, ii. Install water measuring devices to quantify 
water used for other uses from the bulk water system, iii. 
Investigate agricultural power reticulation system within the 
estate to specifically determine actual power consumed by 
irrigation.
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7 he objective was to evaluate the performance of centre pivot sprinkler irrigation system ami its effect on sugarcane yield 
at Uboinbo Sugar estate to enable proposition of system configurations ami management that will optimise water use ami 
sugarcane yields. The process constituted analysis of weather parameters, design parameters, water application and 
uniformities, hydraulic measurements of pressure and discharge at various points in the system, system operating speed 
ami sprinkler packages, irrigation water quality. .soil physic-chemical properties, soil infiltration, soil compaction ami 
sugarcane yields for four centre pivots (EEL09. XKA2I. CAS02 and SMB). Results demonstrate that centre pivots were 
accurately designed and installed us they adequately supplied water to meet sugarcane demand of 7.5mm/day. 
I'crformance indicators show that centre pivots were performing relatively well as uniformity coefficients iCU and DU) 
for the systems were within acceptable standards above the base values of 8.5rl for CU and 75rr for DI.'. Application 
efficiencies t.AEl.Q ami 1‘El.Q) ircrc only achieved by CASO2 and SMB as they nerr above the minimum of W)l’.«. Poor 
infiltration as a result of compaction and clogging of sprinklers for EE1.09. and lower than design pressure al pivot paint 
for XKA2I were responsible for the sub standard application efficiencies. Soils were inherently sandy textured with a 
mixture of .shallow and deep profiles. The physic-chemical properties indicate that soils were ideal for sugarcane growth 
except for shallow profiles which limited sugarcane yields due to the combined effect of low water holding capacity, 
reduced infiltration and hence runoff as a result of compaction by mechanical harvesting. Quality of irrigation water was 
within acceptable levels and had no negative impacts crop and soil. Yields were a major factor indicating the 
performance of the system and only F.E1.09 achieved low yields of 71 t/hu against 147 t/ha for CAS02. 124.8 t/ha for 
XKA2I and 106 l/ha for SMB. This is evidence of the performance and potential of centre pivot irrigation system. Factors 
affecting performance were pressure variations, clogging of sprinklers, rutting of un-gravelled tracks, shallow soils, 
compaction, reduced infiltration and grime encroaching cane fields. Constant pressure checks, flushing of sprinklers, 
gravelling tracks or installing back booms, chiselling and ripping as well as fencing fields can improve system 
performance and sugarcane yields at Uboinbo.

Performance of Centre Pivot Sprinkler Irrigation System and its Effect on 
Crop Yield at Ubombo Sugar Estate

Msibi S.T1" . Kihupi N.I* and Tariino A.K.P.R*
Department of Agricultural Engineering and Land Planning. Sokoine University of Agriculture. P. O Box 3003. .Morosoro. TANZANIA

-’i bonihri Sugar l imited. P.O Box 23. Big Bend. SWAZILAND

Available online at: www.isca.in.www.isca.me 
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The performance of irrigation systems is of concern in many 
areas of the world and has attracted the attention of 
researchers, planners and managers of irrigation systems in 
recent years1. Irrigation system performance plays a 
significant role in crop performance, water use efficiency, cost 
of production and income generation2. Although mainly used 
by large settle growers, centre pivot sprinkler irrigation system 
has also proved suitable for small scale growers in organized 
associations in Swaziland due to water scarcity. Recent 
analyses show that centre pivots are both economically and 
financially viable under the current pricing system in 
Swaziland’. A parallel observation has also been confirmed for 
sugarcane irrigation under Australian conditionsThe 
suitability of centre pivot irrigation systems in Swaziland has 
prompted for the rapid adoption and utilization of the system 
at Ubombo Sugar estate. At present, about 106 centre pitot

systems are physically on the ground with a semi solid set 
sprinkler system in the outfall of the pivots in an attempt to 
improve water use efficiency, reduce labour and energy costs 
as well as increased in sugarcane yields and profits. The 
impetus on centre pivot irrigation advancement is still on 
owing to anticipated strategic future developments of the 
estate and this will eventually result into a massive increase in 
the percentage of the system in the estate. However, no 
evaluation of the performance of the system has been 
conducted since their introduction in the estate to establish 
their performance standards, influence on sugarcane y ields and 
major factors affecting system performance. Evidence 
indicates that research has only been undertaken on furrow and 
conventional sprinkler irrigation systems where results show 
that there were no design parameters available for system 
design and poor performance is often attributed to poor 
management of irrigation systems. Among other factors, there 
is a limitation in using efficiency as the only measure of

http://www.isca.in.www.isca.me
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Field measurements of centre pivot irrigation systems: 
Parameters determined included sugarcane reference 
evaptranspiration (ETo) using instat software, sugarcane waler 
and irrigation waler requirements, system performance 
indicators, adequacy of irrigation water supply, net application 
rate, system operating pressure, travel speed and revolution 
time, spray nozzle sprinkler set and spacing, sprinkler 
discharge and pressure, tyre pressure, soil physic-chemical 
characteristics, soil infiltration, soil compaction, irrigation 
water quality and sugarcane yields. Design specifications for 
each of the centre pivots were solicited for purposes of 
checking the systems adequacy with regards to irrigation water 
supply and physical configurations on the ground. The system 
operating pressure, tyre pressure, travel speed, system flow 
rates, sprinkler nozzle discharge and pressure were measured 
on each centre pivot system. The effective radii of the systems 
were measured together with pump flow rates, pump operating 
pressures as well as centre pressures at pivot points. The spray 
nozzle sprinkler set was studied by physical observation and 
information from the manufacturer in the design 
specifications. On the other hand the colour and the number of 
the sprinkler nozzle which indicated its size and hence location 
along the lateral was also observed. This was as important as 
the nozzle size along the lateral for uniformity and discharge 
from the spray nozzle sprinkler. Spacing between spray nozzle 
sprinklers was measured using a measuring wheel under the 
sprinklers. Observations were done to identify if variation of 
spray nozzle sprinkler spacing along the lateral existed. The 
analysed results were then compared with the manufacturer's 
design specifications.

Sampling of centre pivot irrigation systems: Out of 106 
centre pivots that were operational, four centre pivot systems 
(EEL09. NKA2I. CAS02 and SMB) were purposively selected 
for the study (figure-1). The criteria was to have a sample of 
centre pivots which were to be harvested at the beginning of 
the harvesting season, spatial representation of the net area 
under centre pivot irrigation, a composition of systems 
harvested both manually and mechanically as well as the 
different age categories among centre pivot machines.

Description of study area: Ubombo Sugar estate is situated in 
Big Bend in the south ■ east of Swaziland on longitude 32'52* 
east and latitude 26'45"south with an average altitude of 106 
m above mean sea level6. The estate has a net planted area of 
about 11, 200 ha under sugarcane for sugar production. It is 
divided both spatially and administratively into three areas; 
North, Central and South and each varies according to the 
number and size of sections contained. Meteorological data is 
obtained from three weather stations each located in one of the 
areas. The rainfall regime is unimodal with mean annual 
rainfall of about 600 mm which normally occurs during 
summer between October and March. Mean annual 
temperature is 21UC and peaks to 39°C in summer. Water 
supply for irrigation is from the Great Usulu River through a 
main gravity canal approximately 39 kin long which then 
subdivides into two primary canals to command the different 
areas’. Both canals are kept at about 80% of maximum 
capacity throughout the entire growing season. Ubombo Sugar

estate is essentially the downstream user with the largest 
demand in the consortium after two other commercial 
irrigation schemes. Major balancing dams, the Van Eek and 
Sivunga Dam with net storage capacities of 10.4 x 10A mJ and 
6.9 x IO6m’ respectively along with night storages of various 
capacities strategically placed effectively command the entire 
estate. Filling of Van Eck Dam and a couple of night storages 
is achieved by pumping through a number of pumping plants 
from the primary canals while the Sivunga Dam anil other 
reservoirs are primarily supplied through gravity owing to 
their spatial location. Irrigation systems comprise J 06 centre 
pivot machines with average size of 50 ha, semi solid set in the 
outfall of the pivots, conventional sprinkler and furrow 
irrigation to some extent.

irrigation system performance because it docs not show the 
uniformity ol distribution or the percentage of the area that 
was adequately irrigated5. Ultimately, irrigation research in 
Swaziland has been largely focused on feasibility studies 
aimed at developing national irrigation schemes with less 
emphasis on irrigation system performance. The transition of 
commercial and smallholder farmers to centre pivot sprinkler 
irrigation necessitates extensive research on the performance 
of the system in order to attain greater irrigation efficiency, 
high water productivity and ultimate improvements on 
sugarcane yields.

Despite the impetus on centre pivot irrigation development, 
problems of the system has been observed at field level and 
includes uneven sugarcane growth, significant reduction in 
sugarcane yields, runoff and rutting of wheel tracks which 
often results in mechanical breakdowns and subsequent 
irrigation downtime. Evaluation of the centre pivot sprinkler 
irrigation system performance at Ubombo was therefore 
crucial to establish knowledge base on performance in order to 
justify improvements on system configurations and 
management, hence the purpose of this study. Evaluations 
included analysis of meteorological data to determine crop and 
irrigation waler requirements, design parameters, 
measurements of pressure and discharge at various points in 
the system, pump flow rates, its operating speed, tyre 
pressures, waler applications and inspection of sprinkler 
packages to determine system performance parameters and 
adequacy of irrigation waler supply. Analysis of irrigation 
waler quality, soil physic-chemical properties, soil infiltration, 
soil compaction and sugarcane yields also constituted 
parameters which provided basis for identification of the main 
factors affecting centre pivot irrigation system performance 
and the resultant sugarcane yields to enable proposition of 
pertinent system adjustments and management.
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was obtained in the delivery pipeline of the pump dedicated 
for NKA2I (table-6 and figure-6). Using a hydro model of 1.0 
1/s/ha derived from the gross application of 8.8 mm/day, the 
flow was adequate to irrigate a net area of 45.6 ha for NKA2I 
and this was evident for all systems (table 6). The evaluation 
results reveal that centre pivots were performing relatively 

sugarcane yields for each of the manually and mechanically well as parameters of CU and DU for three systems were 
harvested centre pivot systems. Soil compaction maps showing within acceptable standards. CUs for EEL09, NKA21 and 
the trends of compaction for the centre pivots were developed SMB were 89.7%, 94.6% and 88.7% respectively and concur 
using ArsGlS software through geospatial interpolation of with the standard of 85.0% (table-7)1". CAS02 did not meet 
measurement points captured using a handheld Juno SB GPS. the acceptable standards with a CU of 80.5%. The DU for all 
The quality of irrigation water was measured by taking water systems was within recommended standards with EE09. 
samples from the fertigalion fittings located at the pivot point NKA2I. CAS02 and SMB having 89.2%, 95.7%. 77.2% and 
of each centre pivot and the source of irrigation water for each 89.6% respectively. Centre pivot irrigation system DU should 
pivot either canal or night storage dam. Water samples were be al least 75%". However, on the other hand the 
analysed by Swaziland Waler Services Corporation (SWSC) recommended PELQ and AELQ were only met by CAS02 and 
laboratory. Sugarcane yields were obtained from the SMB with 93.3%, 98.2% and 94.4%. 90.8% respectively 
weighbridge and Canepro information system to assess the (table-7). EEL09 and NKA2I did not meet the recommended 
influence of the centre pivot irrigation system, soils and water performance standards which states that spray nozzle sprinkler 
on yields. Mill cane tonnes per hectare and sucrose percentage centre pivot PELQ and AELQ should be at least 90%’'-. The 
were used as indices for assessing the influence of irrigation results implies that the systems were adequate in meeting 
system, soils and water on sugarcane yields. sugarcane water requirements and the uniformity coefficients

and efficiencies were generally acceptable except for the lower 
than expected application efficiencies of EEL09 and NKA2I 
which was attributed to clogging of sprinklers, compaction and 

Tables 1 - 3 present results of the determination of sugarcane p00r infiltration for EEL09 and slightly lower than design 
waler and irrigation requirements al Ubombo Sugar estate. The operating pressure at the pivot point for NKA21.
output from Inslat software gives a maximum ETo of 
approximately 6 mm/day al peak demand (figure-2). Annual Sprinklers for NKA2I, CAS02 and SMB were applying water 
crop water requirement (ETc) was 1167 mm with 461 mm of slightly above the design application rates. A desk review of 
effective rainfall (TABLE-3). The irrigation requirement for [|le design specifications for sprinkler packages indicated 
sugarcane is 7 MUha which must be applied effectively over matching configurations from the inspections in the field 
the entire period of the growing season. Irrigation systems except for cases where sprinklers were removed near the pivot 
were found satisfactory in applying the target amount as they points or al the towers to avoid wetting wheel tracks or 
ranged between 6.5 and 7.1 ML/lta. Design net system irrigation of bare land at the pivot point (figure-5). The 
capacity used by Ubombo Sugar is 7.5 mm/day and the gross relatively high application rates were a result of nozzle wear 
application rate depends on irrigation system efficiency. and replacements are essential. The design application rates 
Centre pivots normally apply a gross amount of 8.8 mm/day for the systems were exceeded by actual application rates 
and during each irrigation event, the normal irrigation practice particularly towards the end of the lateral (figure-4). In 
is to apply 25mm/days. For purposes of evaluation, a contrast, EEL09 had no specifications for sprinklers on the 
minimum of 16 mm/day was used and it was compliant with design specifications hence no benchmark for assessing 
the base value of 15 mm/day’. Tables 4-5 presents system performance of the sprinklers (figure 3). Furthermore, there 
capacities, irrigation depth (D), centre pivot speed, revolution was no soil infiltration data on the design reports where the 
lime (T) at each evaluation for all four centre pivots. Figure-3 sprinkler packages could have been determined for the pivots, 
shows the water distribution profile for all four centre pivots Predisposing factors for higher application rales included 
against a target amount. EEL09. CAS02 and SMB performed among others, the sprinkler operating pressure which for some 
better in terms of satisfying a target depth of water although sprinklers were found operating beyond the threshold of 100 to 
the distribution was very poor for CAS02 due to sprinkler |4Q kpa. Parallel observation was also made on the tyres

I he physical and chemical characteristics of soils under each blockage. NKA2I did not meet the target depth but it was 
centre pivot were studied through laboratory analysis of excellent in terms of water distribution. This was attributed to 
samples taken for all pivots. Samples were taken using core lower than design operating pressure on the pump which 
ring samplers and soil auger at sampling intensity of one affected the centre pressure required at the pivot point as 
sample per 16 ha al relative depths of 30 cm intervals for 90 adequate pressure is normally achieved when both pumps 
cm. I his methodology made it possible for one sample per delivering (other supplying NK?\20) in the same pipeline are 
quadrant ol each centre pivot owing to the size of the centre in operation for this pivot. The system flow rate was measured 
pivots. Samples were analysed by Mhlume Agriculture and found satisfactory in relation to the wetted area as 48.9 l/s 
laboratory in compliance with international soil analysis 
standards. A double ring infiltomeicr was used to measure 
intake rate of soils for each of the pivots to study the basic 
infiltration nites of the soils. Compaction for the soils was 
measured using an automated 1’5 Hand Penetrometer to assess 
its inline nee on infiltration, water storage, root penetration and
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among (actors responsible for sugarcane gravelled tracks and this induces irrigation downtime.

Oft

Oct Nov Dec Jan FebJulJun
29.2 30.9 32.0 32.6 32.525.8 25.7

17.6 19.4 20.6 21.2 20.111.2 15.18.5 8.416.9 12.5
74.4 75.5 S3.2 85.290.3 85.0 78.491.888.8Rl l Max %
53.4 54.5 58.0 56.2 56.241.8 45.046.2 44.053.1RH Min %

20.7 21.7 23.0 22.1 19.515.5 17.9 18.612.912.116.5
53.1 64.763.4

9.911.543.2 16.9
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Figure-1
Layout of Ubotnbo Sugar estate and centre pivots studied
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sugarcane by wild animals. The slightly higher application 
not 

infiltrating the soil but rather generating runoff which 
ultimately reduces the application efficiency of the system. 
Wear and eventually crashing of the mechanical centre pivot 
structure is often attributed to wheels driving on deep un­

Max "C
Min “C

Radiation (MJ/Kg)
Wind Speed (km/day)
Rainfall (mm)

Table-1
A vent ge wcuther parameters from 1991-2013 for Ngogo Meteorological station

Apr
29.4

91,6
48.7
13.7

53.9 111.3

23.9
112.8
60.5

109.5
97.3

77.5
55.9

101.1

104.7
92.0
99.9

86.4

84.3
88.8
17.4

74.6
70.7

May
27.8

Aug

27.5
Sept
29.4

Mar
31.4

21.3
82.0

ST*™ 
! —

Soil properties are i
yield in the fields. Fields EEL09, NKA2I. CAS02 and SMB 
were sandy textured soils of up to 53% sand in the profile 
(Table-8). The amount of silt was slightly higher than clay 
content in all soils. The sandy texture could not affect 
sugarcane growth as it enhanced soil infiltration and 
drainage14. The inherent nature of the soils implies frequent 
and light irrigation to avoid percolation losses and subsequent 
induction of water stress to the crop. Only CAS02 had deep 
soils with high water storage capacity as evidenced by higher 
proportion of silt and clay (table-8). Chemical properties of the 
soils indicate that there is no salinity and sodium hazard as EC 
values were less than 0.7 dS/m and SAR less than 21S. Soil pH 
was slightly acid although it proved neutral for the irrigation 
water with slightly higher S?\R values (Tables -9 and 10). 
Compaction measurements demonstrated that EEL09 was more 
compact than the other pivots as the major driver was 
mechanical harvesting (table-11). The compaction trend among 
the fields had an effect on infiltration rates of soils in the 
pivots. EEL09. a sandy textured soil was found to be behaving 
more like a clay soil with a basic infiltration rate of 6 mm/h in 
one of the quadrants while the other less compact fields had 
infiltration rates greater than 70 mm/h (table-12). This is 
typical evidence of the effect of compaction on water entry 
into the soil and hence runoff and subsequent induction of 
water stress to sugarcane. Table-13 presents yields for each of 
the centre pivots as influenced by the performance of’ the 
centre pivot system, soil and water characteristics as well 
management aspects. EEL09 recorded low yields of 71 t/ha as 
opposed to 147 t/ha and 124.8 t/ha for CAS02 and NKA21. 
The low yields were attributed to shallow soils with low water 
holding capacities (table-8), compaction due to mechanical 
harvesting, reduced soil infiltration and encroachment of

where the recommended operating pressure of 100 kPa was s ..  ------
not achieved for some systems as they recorded pressures of rates of worn out sprinklers implies that waler is generally 
up to 2(X) kPa. Generally, this docs not only affect the rims ■ — ■ - -
and gearboxes but also the distribution uniformity of water 
application along the centre pivot lateral.
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Figure-2
Reference evapotranspiration (ETo) for Big Bend
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Table-2 
Canopy factors (ETcaneZ ETo) for cane harvested in different months in Swaziland

May 
0.4 
0.4

Jun 
0.6 
0.4 
0.4

Dec 
107 ~ 
1.0 
107 
104,7 
84

Feb
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.8

Mar 
1.0 

1.0 
1.(1 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0

Jun 
53 
0.6 
32 
11.5 
1_ 
25 '

Sept 
116 
1.0 
116 
23.9 
14 
T02'

Dec
1.0
1.0
1.0
1.0
1.0
1.0
0.8 
0.5 
0.4

Aug 
0.9 
0.5 
0.4 
0.4 
0.4

Oct
1.0
1.0
0.8
0.7
0.6
0.4
0.4

I

i

_AP£—
91____
0.4
36___
43.2

26_ _
11

_Mar 
jl58 

1.0 
p58 

_________ ;70,7' 
80 _ ; 67 |42^

Oct_ 
128 
1.0 

J2_8_ 
60.5 
36_ 
91

|~ETo 
c/f 
iric 
r ' 
Re

JRR

Jan 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
0.8 
0.5

Nov 
141 
1.0 
141 
97.3 
78 
63

Sept
1.0
0.8
0.5
0.4
0.4
0.4

Table-3
Sugarcane water and irrigation requirements in Big Bend 

May 
69 
0.4 
28 
16.9 
IO_ 
187ft ! 67________________ ________________________

ETo = reference evapotranspiration (mm/month). c/f = canopy factor. ETc = cane evapotranspiration (mm/month). R = rainfall 
(mm). Re = effective rainfall (mm). IRR = irrigation requirement (mm)

Jul I
0,8
0.4
0.4
0.4

Aug
190

0.9
i 81
1 17.4
| 10
I 7()~

Jan
156
1.0

J_56_
99.9

■

i 134
; 1.0

134
: 843

Harvest
Apr
May
Jun
Jul

Aug
Sept 
Oct

,___ Nov___
j Dec ! '_____ I
Source: Swaziland Sugar Association (1995)

i Total 
11306

! 1167
] 640
; 461
I 706 ~

: Apr
i 0.4

Nov ! 
i.o ; 
i.o ' 
1.0 i 
i.o '• 
0.9 i 
0,7 i 
0.4 i 
0.4 i
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Figure-3 
Water distribution profile along the lateral radii of EEI.09, NKA21, CAS02 and SMB centre pivots
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Tablc-4
Performance parameters for centre pivots EEI.09, NKA2I, CASO2 and SMB 
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Table-5
System capacities and net crop waler demand for centre pis cits EEI.09, XKA2I, CAS02 and SMB 
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Sprinkler number along centre pivot lateral 
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Table-7
Performance indicators for centre pivots EEI.09. NKA2I. CAS02 and SMB 

Depth (mm/day) 
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Table-6 
Crop witter requirement and adequacy of waler supply for centre pivots EEI.09, NKA2I, CAS02 and SMB
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(49.1 ha) (46.5 ha) j (36.5 ha) ; (70.41 ha
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Figure-4 
Sprinkler application rate along the lateral of EEI.09. NKA2I. CAS02 and SMB centre pivots
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Figure-6
Pump How rate measurement in the delivery pipeline of the pumps supplying NKA21 using a portable flow meter

Figure-5 
Sprinkler package inspection and operating pressure measurement in one of the centre pivots while in operation
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Field
Silt Text. Class

EEL09 50.24 32.9 52.63 Sandy

NKA2I 1.76 1.27 51.92 17.33 34.13 48.55 Sandy

CASO2 1.28 1.34 49.32 9.98 45.68 44.35 Silty sand

SMB 1.60 Sandy

EEI.O9 274.67

NKA21 23.09 277.7265.1 257.96 44.44261.57

33.74 267.53CAS02 60.0261.26 256.8 253.43

288.0425.55266.92 36.54SMB 275.58 272.81

2.75 1.111.230.3NKA2I 6.51

2.294.502.180.47.21CAS02

2.94 1.241.42036.75SMB

Field

EEL09

116.1 115.8 12 145.8 5.80.20.27.6NKA21 7.7

142.5 107.2 405.1 00.2 7.90.37.7CAS02 7.6

51.0 14051.4 1464.8 5.40.10.17.9SMB 7.8
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Field
EEL09

Table-8
Soil physical properties for EEL09, NKA21, CAS02 and SMB centre pivots

Porosllv
(%) ’

1.33 
@100 kPa 

271.99

Dam/Canal 
02

49,77 
@1500 kPa 

269.64

SAR
T09

Particle size Distribution (%) 
Sand

T.S.C (Mcq/L)
348

Cl1
7?5

EC (mS/ni)
CP
0.3

CP
5.4

TDS (mg/L) 
“CP" 
93.3

Table-9
Soil chemical properties Tor EEL09, NKA21, CAS02 and SMB centre pivots 

pH 
6.33

Bulk 
Density 
(g/cmJ) 

1.32

EC (mS/m) 
03

SAR 
Duni/Cannl 

63

Clay
14.47

36,45 
% Moisture 

3099

Dam/Canal
754

49.0 
Saturation (g) 

287.66

TSS(mgZL) 
CP 
26

Dnm/Canal
30

Table-10
Irrigation waler quality parameters for sources supplying EEL09, NKA21, CAS02 and SMB centre pivots 

l>H 
Dam/Canal 

73

14.55 
RAM (ntni/in) 

353

Na (Mcq/L) 
147

Organic 
Mutter 

(%) 
1.82
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Aren (lin) A II C 1)

EEI.09 49.1

NKA2I 45.6

CAS02 36.5

SMB 70

SMBEEL09

138
ISO

216

Conclusion
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Recommendations: i. Constantly check system, sprinkler and 
tyre pressure and correct any deviations, ii. Flush centre pivot 
lateral and sprinklers to avoid sprinkler clogging, iii. Gravel 
wheel tracks or install back boom sprinklers along lowers to 
prevent wheel ruts. iv. Chiselling every cut and ripping during
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Table-13
Yields for EEL09, NKA21, CAS02 mid SMB centre pivots 

EEI.09 
71 

12.3

NKA21
102
72

2500*
1981
2538
4330

2500* 
3678 
3601 
5223

355 
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1157 
1430 
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869 
1313

Table-12
Soil basic infiltration rates for EEL09, NKA21, CAS02 and SMB centre pivots

Centre pivot quadrants
_________A________
_________B________
________ C________

D

CAS02 
78

2500* 
2471 
3822 
4100 
565 
1230 
1832 
467 
704 
942 
1098 
720 
1007 
2644

plough-out for mechanically harvested fields, v. Upscale 
research on effects of mechanical harvesting to develop 

Centre pivots are performing relatively well and continue to be management procedures, vi. Fence off fields at the vicinity of 
the system of choice at Ubombo Sugar estate. The appreciable nature reserves to eliminate cane damage by wild animals, 
performance conditions are attributed to accurate design and 
installation of the system, scheduled maintenance and 
management among other factors. Pressure variations, clogging 
of sprinklers, rutting of un-gravellcd tracks are factors affecting 1. 
the performance of the system and needs to be reviewed 
although performance indicators were found within acceptable 
standards. Major factors limiting centre pivot irrigation potential 
on sugarcane yields includes shallow soils with low water 
holding capacities, compaction, reduced infiltration and game 
encroaching sugarcane fields.
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Abstract

Keywords: Centre pivot, compaction, harvesting, manual, mechanical, soil, sugarcane.

Introduction
Soil compaction is
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with soil compaction. 47rr of the sugarcane fields at L'bombo 
Sugar estate are now irrigated by mechanized centre pivot

’i Research Journal of Engineering Sciences 
Vol. 3161. 29-37. June 12014)

The objective iiw.v to investigate the influence of centre pivot wheels on compaction of soils in the vicinity of the tracks, its 
spatial variability and soil compaction prospects for mechanical harvesting operations al L'bombo Sugar estate. Two centre 
pivots were selected for purposes of the study, SMIi manually harvested and EEIJIV being mechanically harsested. 
Measurements were taken using tin automated P5 Hand Penetrometer on sampled points ami a handheld Juno SR GPS was 
used to capture positions of each data point. Statistical analysis u<h performed on compaction values using SPSS. .soil 
compaction maps produced using ArcGIS software and penetration trends using HPen32 software and geospatial 
interpolation lechnitpte. Significantly higher soil compaction values at 0 to 15 cm depth lp<().0l) were associated with 
EEIJ>9 centre pivot with an average of 3210 kPa compared to those of SMIi at average of 1389 kPa. A parallel trend was 
observed at depth of 0 to 30 cm where significant differences in soil compaction between EELO9 (average of 4987 kPa) and 
SMIi lavcrage of 2209 kPa) centre pivots were recorded. Soil compaction mapping indicates that there is a general decline 
in soil compaction as one move away from the wheel tracks for both centre pivots. These observations are in agreement with 
the results obtained in a study conducted in u cracking clay soil where cone index measurements indicated that there was no 
lateral spread of compaction in the traffic limes in a controlled traffic system. The trend on both phots also indicates that 
compaction is spatially variable owing to die heterogeneity of soils within a centre pivot and the differences in harvesting 
systems. Higher compaction values were obtained for the meclumicitlly harsested centre pivot (EEI.09) and an increase in 
compaction for SMR was due to machinery traversing in-field when collecting manually harvested sugarcane. The current 
trend of soil compaction among die fields will generally affect soil infiltration, water storage capacity, irrigation systems 
performance and subsequent reduction in sugarcane yields.

Measurements and Mapping of Soil Compaction for a Mechanized Centre 
Pivot Irrigation System

Msibi S.T1"'. Kihupi N.I1 and Tarimo A.K.P.R* 
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harvesters owing to lite demand of biomass for cogeneration and 
high throughput capacity of the factory consequent to the 

a serious concern for a majority of expansion project. However, no efforts have been made to study 
agricultural soils at global scale due to the evolution of and mitigate the effects of mechanizing these field operations to 
conventional farming methods into mechanized operations. An avoid land degradation and yield losses on sugarcane.
increase in the frequency and type of machinery used for farm
operations has led to the consolidation of soils in the held. Soil Th,; consolidation of agricultural soils affects crop production 
compaction research has revealed to have significant reduction hy creating poor environment for root growth, reduction of 
in crop yields due to increased runoff and soil structure water infiltration and increased runoff, hence soil erosion. Soil 
deterioration, hence water and soil quality degradation. In compaction caused by the passage of vehicles results in 
Pennsylvania in particular, a 10 percent yield reduction in wheal important economic and ecological consequences, such as poor 
has been reported due to soil compaction problems1, crop productivity due to problems of crop establishment and 
Compaction is therefore considered to be an issue that will ro<)| growth and excessive soil erosion due* to reduced water 
likely to affect crop production and be of supreme importance in infilirability'. Wheel traffic from heavy machinery can 
the subsequent years. Notwithstanding the problems associated compress soils to varying degrees throughout the plant root 

zone, often causing increased mechanical strength and 
decreased air and water permeability . This condition can 

systems subsequent to innovations to convert poorly performing impede root elongation and significantly reduce crop growth 
fields of furrow and dragline sprinkler systems and the number anj yield. The detrimental effects of soil compaction on crop 
is set to rise as a result of the impetus for strategic lulure performance have been reported to reduce crop growth 
developments of the estate". In addition, a majority of these potential, which included water infiltration, plant available 
fields are increasingly being mechanically harvested by chopper water capacity, oxygen supply and de-nitrification5. Compacted
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to improve irrigation system performance and sugarcane yields 
in the estate.

Rescan'll Journal of Engineering Sciences
Vol. 3(6). 29-37. June (2014)

total number of tracks as determined by centre pivot size. Soil 
Penetration Resistance (PR) was used as an indicator of soil 
compaction11. Measurements of soil compaction were taken

ISSN 227S - 9472
Res. J. Engineering Sei.

soil layers affect crops directly as plant roots encounter high The crop was primarily sugarcane and soils were generally 
physical resistance and indirectly by causing poor soil aeration, characterized is sandy loam. Field measurements were carried 
lowering the access of plants to soil water and increasing water out immediately after mechanical and manual harvesting for 
logging . In addition, an increase in the compactness of soil each of the centre pivots.
result in decreased root size, higher concentration of roots in the
upper soil, lower .rooting depth and a greater distance between Sampling and soil compaction measurements: Stratified 
the nearest roots'. Plant nutrient uptake and effectiveness of random sampling technique was used for soil compaction data 
fertilization are also reduced by soil compaction. A similar collection by randomly selecting three wheel tracks front the 
study conducted in 2002 where Cone Index (Ci) data was used 
to explain corn yield variation within a field, it was found that 
the mean Cl throughout the top 76.2 cm soil profile was
appropriate to explain yield variation’, it was also concluded using an automated P5 Hand Penetrometer from the sampled 
that the maximum Cl values at or above 1.4 MPa resulted in points when the soil was sufficiently brought to field capacity 
below average yields for S9% of the readings exceeding this by soaking a column of water over all measurement points over 
limit. Another study conducted in 2006 to investigate the night for pivots SMB and EEIJ19 (figure-1). The measurements 
influence of soil compaction on sunflower production showed were taken by gradually pushing a soil cone into the soil to 
that plant height and leaf area were reduced by compaction due measure the penetration resistance of the soil and pressure 
to deteriorated soil conditions for root growth9. The root readings for each corresponding depth were stored in the data 
biomass was lowered by 16 to 33<i in compacted soil compared logger. The soil cone usually mimics a growing plant root as it 
to non-conipacted one. The study concluded that soil penetrates the soil during elongation. handheld Juno SB GPS 
compaction was a major cause of the reduction of biomass was used to capture positions of each measurement point to 
accumulation in the plant root and the grain yield per plant. enable generation of raster files for the production of soil 

compaction maps using geospatial interpolation tool for AreGIS 
In a mechanized centre pivot irrigation system, the centre pivot software ESRI Inc. 2010. Measurements were started on both 
is repeatedly and continually driven on predetermined wheel sides of each track at a distance of 50 cm from the centre of the 
tracks. Efforts have been previously made to improve traction wheel track spreading out laterally by an incremental distance of 
along centre pivot wheel tracks through gravelling, use of dual 50 cm for 2 in and then by an incremental distance of I m up to 
drive wheels, installation of furrow busters, star tracks and back 3 m to coincide with traffic lanes produced by chopper 
boom sprinklers. This prolonged movement on the harvesters for the mechanically harvested centre pivot area. As a 
predetermined tracks leads to the development of wheel ruts as a result, a total of 5 data points on each side of the track were 
result of the repeated trafficking of the tower w heels over wet or acquired to make 10 measurements per wheel track and 
moist soil"1. Information of the lateral effect of centre pivot procedures were replicated on all four quadrants of the centre 
wheels on compaction of soil in the vicinity of the tracks is pivot irrigation system (figure-2). Data was downloaded from 
limited. Assessing and understanding the lateral effect of centre the data logger of the P5 Penetrometer and exported into 
pivot wheels on soil penetration resistance is a crucial step Microsoft Excel for miscellaneous analysis. Graphs of 
towards appropriate application of the centre pivot irrigation penetration resistances were produced from the measurements 
technology within the estate. In addition, assessing the effect of for each data point using HPen.32 software to study soil 
mechanizing harvesting operations remains salient to make compaction for each specific site (figure-7 to 10). Interpolation 
radical decisions towards soil management. Therefore, this technique was employed for purposes of predicting soil 
study investigated the effect of centre pivot wheels on compaction trend for positions that lacked sampled points 
compaction of soil in the vicinity of the wheels, its spatial within the plots to enable superimposition of soil compaction 
variability within the field and soil compaction prospects for trend (raster) for each centre pivot13.
mechanical harvesting operations to generate soil compaction
maps which will form basis for sustainable management of soils Results and Discussion

Soil compaction analysis and mapping: Statistical analysis 
was performed to compare soil compaction values using onc- 

... . . . .. , way analysis of variance (ANOVA) from the StatisticalMaterial and Methods Socia| Sciences (SPSS) progranK vcrsion ,0 IBM
Experimental site: The experimental field work was performed Inc, 2011. Analysis was performed for soil depths 0 to 15 cm. 0 
at the end of the 2013/14 cropping season on two fields under to 30 cm and 0 to 60 cm. For the depth of 0 to 15 cm.
centre pivot irrigation systems harvested manually and significantly higher soil compaction values (pcO.OI) were
mechanically at Ubombo Sugar estate in the Lubombo region of associated with EEL09 centre pivot with an average of 3210 kPa 
Swaziland". The fields were located at Sangwalunta and compared to those of SMB at average of 13S9 kPa (Table-1). A 
Lukhalwcni Sections (26u45'S0"S. 3I°56'26"E and parallel trend was observed at depth of 0 to 30 cm where
26<I45'26"S, 3 l°53'53"E) with 70.4 and 49.1 ha respectively. significant difference in soil compaction between EEL09
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Figure-1
Measurement of soil compaction using 1’5 Hand Penetrometer after soaking soil near field capacity at each data point in the 

centre pivots

..... ISSN 227S-9472
M’.v. J. Eiinineeriitt; Sei.

• average’ ol 49b kl’ai and SMB (average of 2209 kPa) venire Hie trend generated for SMB track indicates that compaction 
phots weic iccoided. At (I to 60 cm depth, average value for was higher near the centre of the track and decreased laterally 
1.1.I.O9 was 5321 kPa and 3412 kPa for SMB centre phot away from the wheel track tFigure-4 and 91. These observations 
although measmeinenls were limited by soil depth for EEI.OO. are in agreement with the results obtained in a study conducted 
I his was attributed to the tact that 1:1:1.09 was mechanically in a cracking clay soil where cone index measurements 
h.iiveslcd by chopper hence high compaction values as opposed indicated that there was no lateral spread of s'ompaction in the 
to SMB where compaction values were relatively lower. The traffic lanes tn a controlled traffic system1'. Results of a study in 
higher values at SMB were induced by machinery removing cut a loamy soil due to traffic stated that the geometry of the 
cans- particularly in the \ and B quadrants of the pivot where severely compacted areas under wheel tracks was bulb-shaped 
the soils are relatively heavy and the fact that lhe portion was and the area could be approximated by a half-ellipse1’, 
relatively wet during harvesting (figure-fit. Geographical Integration and consolidation of these findings indicate that 
Information System iGIS) maps of soil compaction were regardless ol soil type, traffic has no lateral effect on 
developed using ArcGIS program E'SRI Inc. 2010 for EEI.09 compaction of surrounding soils.
ami SMB centre pivots i figure-5 to ft). It is evident that high soil
compaction values were obtained for 1:1:09 as opjvosed to SMB Soil compaction under mechanical harvesting: Figures - 3. 7 
and the limiting factor among others being shallow soils ol'5() to and 10 presents the influence of mechanical harvesting 
60cm foi 1:1:1.09. The licnd in both pivots indicates that operations on soil compaction. The general compaction of the 
compaction is spatially variable owing to the heterogeneity of soil is significantly lower than compaction values obtained after 
soils within lhe centre pivots and the differences in lhe mechanical harvesting by chopper and additionally by 
machinery used for harvesting lhe two centre pivots (Figure-5 to machinery collecting cane infield for lhe manually harvested 
fti. It also imperative to be cognisant that actual penetration centre pivot. For the same track at F:I:I.O9. there was a huge 
resistances towards root elongation and water absorption in the difference between compaction values obtained in portions not 
fields are generally higher than lhe values obtained owing to lhe tempered by chopper at 3 m. Figure-7 indicates (hat the first two 
normal irrigation practice of applying 25 mm per cycle which is readings were very high in terms ol compaction particularly 
lovverlhan field capacities of the two centre pivots. because the chopper wheel had passed in that portion as

opposed to lhe three oilier readings which were significantly 
Soil compaction around pivot wheels: Soil compaction values lower. Evidence is shown in lhe raster displaying lhe trend ol 
for measurements obtained at the vicinity of lhe wheel tracks compaction around lhe tracks where one portion of lhe maps 
were converted into raster files using geospatial interpolation shows very high compaction values as it has been tempered by 
technique to generate soil compaction trend around the centre the chopper wheel tFigure-3i. Figure-JO also proves tn have 
pivot wheel tracks of 1:1:1.09 and SMB centre pivots (Figure-3 high compaction for SMB pivot that the rest of the field as it has 
and 41. The mapping indicates that there is a general decline tn been measured on field sections traversed by machinery 
soil compaction as one move away from lhe track. The high collecting cut cane. A major predisposing factor could have 
compaction al a specific site towards the hist data point of the been the clayey soil type harvested at relatively wet conditions, 
mid track of 1:1:1.09 was a result of traffic lanes produced by However, it is imperative to note that compaction from this kind 
chopper between the cane rows as trend highlighted a reduction ol machinery is still lower than that ot chopper as shown in 
in compaction away from the wheel track (Figure-3. 7 and S). figure-7 and III.
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I _Test centre pivot

L-SMB
L

Figure-2 
Measurement points .superimposed on the aerial images ofSMB and EFI.09 centre pivots
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Figure-3
Soil compaction trend in the vicinity of the mid track of EEL09 centre pivot at 15 cm deptli

Table-!
Average soil compaction (kPa) for all wheel tracks of SMB and EEI.09 centre pivots 

Area (ha) i Soil deptli (cmI  First track 
 L — J500;. 

“I ■ - -...........2149

0-30_____ 1251
0-60 3279 
6-15 ...... ' 367S
0-30^__ :____  460l_ _

______________ 0-60 ~ '5223
Maximum penetration resistance ideal for sugarcane root growth

’ 144.09
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Figure-5
General soil compaction (rends interpolated from data points for the entire EEL09 centre pivot at 30 cm depth

__ ____________ ___________________________ -------------------y ;------------- --
Figure-4

Soil compaction trend in the vicinity of the first track of SMB centre pivot at 15 cm depth
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General soil compaction trends interpolated from data points for the entire SMB centre pivot at 30 cm depth
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Figure-7
Soil penetrations for EEL09 with portion where chopper wheel has passed during harvesting
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Figure-9 
Soil penetrations for SMB showing compaction away from the centre of the wheel track
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Figure -8 
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penetration resistances towards root elongation are higher than 
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The current trend of soil compaction among the fields will 
generally affect soil infiltration, water storage capacity, 
irrigation systems performance and subsequent reduction in 
sugarcane yields.
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CHAPTER THREE

3.0 CONCLUSIONS AND RECOMMENDATIONS

3.1. Conclusions

The following are conclusions from the study:

relatively performing well and continue to be the system of

of the units.

ii) Pressure variations at pivot points and tyres, clogged sprinklers and low

infiltration rates of soils due to compaction are the main factors affecting system

performance.

iii) Uniformities of water application tend to decline with an increase in centre pivot

speed whereas application efficiency tends to increase with speed, a trend that

appears to be unique for the current study as opposed to results reported

elsewhere.

iv) Irrigation water and power supply are limited by existing budgets which do not

reflect legitimate estate water and power demand. This results in inadequacy of

irrigation water supply, induction of water stress to the crop and subsequent

reduction in sugarcane yields.

v) Although soils and water are suitable for sugarcane production using centre pivot

irrigation system, soil compaction

significant reduction in soil infiltration rate, water storage capacity and ultimate

choice at Ubombo Sugar Estate in spite of lower application efficiencies for some

as a result of mechanical harvesting causes

i) Centre pivots are



66

runoff from the fields. This generally underscores the potential of centre pivot

irrigation system.

3.2. Recommendations

Based on the findings, the following are the recommendations of the study:

i) Regular pressure checks, flushing of centre pivot lateral and sprinklers, gravelling

of wheel tracks or installation of back boom sprinklers should be undertaken to

improve centre pivot irrigation system performance.

ii) Development and adoption of a new water and power budgeting model from first

principles is essential to improve irrigation water supply. This will prevent crop

water stress and subsequent reductions in yield.

iii) Further research is crucial on the effects of mechanical harvesting on compaction

of soils to develop operating procedures and mitigation strategies to avoid yield

losses and soil deterioration.

iv) Fencing fields near nature reserve to prevent wild animals from feeding and

destroying sugarcane will improve yields (e.g EEL09).



67

REFERENCES

Al-Gaadi (2013). Assessment of soil compaction under centre pivot irrigation systems

crop performance. American Journal of Agricultural and

Biological Sciences 8 (1): 54 - 66.

Al-Ghobari, H.M. (2011). Effect of Irrigation Water Quality on Soil Salinity and

Application Uniformity under Centre Pivot Systems in Arid Region. Australian

Journal of Basic and Applied Sciences 5 (7): 72 - 80.

Ali, O.O. (2012). Performance of Centre Pivot Irrigation Systems in River Nile State.

Natural and Science 10 (12).

Edkins, R. (2006). Irrigation efficiency gaps. Review and Stock Take. Sustainable

Farming Fund and Irrigation, New Zealand.

Griffiths, B.A.K. (2006). Infield Evaluation of Irrigation System Performance.

Unpublished Dissertation for Award ofMSc. Degree at University of KwaZulu-

Natal, Pietermaritzburg, South Africa, pp. 34-39.

Idris MTMEK (2010). Evaluation of operation speed effect on centre pivot irrigation

system performance. A case study of El Waha and El Zahra Project in Northern

State (Sudan). Sudan University of Science and Technology, Agriculture Science.

King, B.A. and Kincaid, D.C. (1997). Optimal performance from centre pivot systems.

ofCollege Agriculture.Idaho,ofUniversity

and its effect on



68

site visited

Lecler, N.L. (2004). Performance of Irrigation and Water Management Systems in the

Lowveld of Zimbabwe. Unpublished Thesis for Award of PhD Degree at

University of KwaZulu-Natal, Pietermaritzburg, South Africa, pp. 16-29.

Magwenzi, O.E. (2002). A decision support tool for assessing economics of irrigation in

sugarcane. Procedures of the South African Sugar Technologists Association 76:

135-146.

Magwenzi, O.E. and Nkambule, S.V. (2003). Suitability of centre pivot irrigation for

sugarcane production in Swaziland. Procedures of the South African Sugar

Technologists Association. 74pp.

Mayerhofer, C., Shamboko, B. and Mweene, M. (2010). Survey on commercial farming

and major industries, Land use, groundwater abstractions and potential pollution

sources. Report No.4.

Mohammad, V. (2012). Scrutiny of pressure loss, friction slope, inflow velocity, velocity

head, and Reynolds Number in centre pivots. International Journal of Advanced

Scientific and Technical Research 5: 2249 - 9954.

Mudima, K. (2001). Socio - economic Impact of Smallholder Irrigation Development in

Zimbabwe. A case Study of Five Successfid Irrigation Schemes. Private irrigation

[http//www.cals.uidaho.edu.edcomm/pdf/BUL/BUL0797.pdf.]

20/05/2013.

http://www.cals.uidaho.edu.edcomm/pdf/BUL/BUL0797.pdf


69

in sub -Saharan Africa. Proceedings, 22 - 26 October 2001, Accra, Ghana 2002.

pp21 -30.

North, S. (2012). Productive Water. The Journal of Irrigators in NSW.

Ntantos, P.N. and Karpouzos, D.K. (2010). Application of data envelopment analysis and

performance indicators to irrigation systems in Thessalonoki Plains (Greece).

International Journal of Engineering and Natural Sciences 4(3).

Porter, D.O. and Marek, T.H. (2009). Centre pivot sprinkler application depth and soil

water holding capacity. Proceedings of the 21st Annual Central Plain Irrigation

Conference Colby, Cansas. 112-121.

Reinders F.B. (2001). Performance of irrigation systems and the impact on water use

efficiency. Procedures of the South African Sugar Technologists Association.

Reuben, P.M., Mahoo, H., Thadei, S.Y. and Ernest, E. (2010). Evaluation of the

performance of centre pivot sprinkler irrigation system and its effects on crop

yield at Kagera, Tanzania. Second RUFORUM Biennial Meeting 20 - 24

September 2010, Entebbe, Uganda.

Sabah, A., Jennifer, J. and Steve, M. (2011). Field Evaluation of Centre Pivot Sprinkler

Irrigation System. Department of Biosystems and Agricultural Engineering,

Michigan State University.

Safwat Abdel-Moniem Hassan Feyed (1988). Unpublished Dissertation for Award of

MSc. Degree at Alexandria University. Alexandria, Egypt.



70

Salih, S.A.R. (2013). Evaluation of speed effect

Conference

Lumpur, Malaysia.

Sandri, D. and Cortez, D. (2009). Parameters of Performance of Sixteen Centre Pivot

Irrigation Equipment. Vol. 33 (1): 271-278.

Smith, P. (2010). Evaluating a centre pivot irrigation system. State of New South Wales

through Department of Industry and Investment (Industry and Investment, New

South Wales).

Smith, A. and North, S. (2009). Planning and managing centre pivot and linear move

irrigation in the Southern Riverina. Industry and Investment NSW and CRC,

Irrigation Futures Matters Series No 04/09.

Teeluck, M. (1998). Development of Centre Pivot Irrigation System in Mauritius.

Agriculture Research Council, Reduit, Mauritius.

on Civil and Architecture Engineering, May 6 - 7, 2013, Kulala

on centre pivot irrigation system 

performance at Waha project under Sudan North State conditions. International



71

APPENDICIES

(°C)

Maximum 
Temperature 
(°C)

102.2
100.8
123.0
104.3
87.7
89.9
101.5
108.2
105.0
109.5
91.3
118.1
112.2
98.1
90.7
113.1
115.0
90.5
94,9
79.7
90.5
85.9
97.2
95.5
93.5
89.6
104.7
102.4
102.3
92.7
81.7

21.4
21.4
21.1
21.0
21.0
20.7
21.5
21.9
21.1
21.2
20.2
20.1
21.2
21.7
21.5
21.6
22.0
21.5
21.5
21.1
20.8
21.4
22.0
21.8
21.5
21.3
21.3
20.8
21.3
20.9
21.1

32.8
31.6
33.1
31.7 
32.0 
34,0 
35.0
33.3 
32.0 
31.7 
31.0
32.7
32.8
32.8
32.6
33.2
31.8
32.7 
32.0 
31.5
32.8
33.4
32,8
32.5
32.1
32.0
31.4 
32.0
32.3
33.0
32.5

80.6
80.2
82.4
78.9
80.0
79.2
79.7
76.9
78.8
80.2
81.5
80.1
77.0
80.4
78.4
81.6
81.9
77.3
81.0
82.5
79.0
81.6
79.3
85.5
81.4
83.8
85.1
79.9
78.2
80.8
83.4

■ I ' ■

4.2
0.6
2.2
0.5__
1.3 __
5.4
2.0
1.9
2.9
15.3
1.7 __
0.3__
2.8 __
2.4 __
3.7 __
7.1
4.5 __
5.7 __
1.6 __
2.0__
2.3 __
1.2__
3.4 __
3.0__
3.4 __
4.5 __
4.1
1.7 __
0.5__
6.4__
1.1

_______________ j Wind-run'I Rain 
(km/day), (mm)

■■■• ■■■ ■ ■ -

••• : - - . . _ . . ** • •'-* - - "• —~
■ ■ . I..

7.1
5.7
7.9
7.0
7.4
8.5
8.1
6.9
5.9
6.0
5.9
7.3
6.6
7.0
6.8
6.3
6.3
6.9
5.2
5.5
7.7
7.2
6.1
6.2
6.2
7.3
6.6
6.9
7.7
7.1
7.5

57.0
61.5
55.9
56.2
56.9
55.4
51.7
53.4
56.7
58.1
57.8
52.9
53.1
55.2
56.2
55.9
58.0
57.2
57.5
57.1
54.4
55.4
59.3
60.8
60.3
60.4
59.5
56.3
54.4
56.2
59.0 .

Minimum RHMax RHMin Radiation Sunhours
—— i- • - • — —  

Appendix 1: Meteorological data used for the determination of crop water 
requirements

STATION: NGOGO WEATHER STATION, LOCATON: BIG BEND
CO-ORDINATES: X 26° 46’43”,Y 31° 56’11”,Z 107 m
MEAN MONTHLY WEATHER SUMMARY, JANUARY 1991-2013

Temperature | (%) | (%) (MJ/m2)

& —• >
_ 

23.0 
20.7 
24.3 
22.8 
23.4 
25.3 
24,6 
22.6 
21.0 
21.0 
21.0 
23.3 
22.0 
22.7 
22.2 
21.5 
21.5 
22.5 
19.6 
20.1 
23.7 
22.8 
20.9 
21.1 
21.2 
22.9 
21.8 
22.2 
23.4 
22.5 
23.0
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'day) ' (mm)
Maximum 
Temperature 
(°C) (°C)

MEAN MONTHLY WEATHER SUMMARY, FEBRUARY 1991-2013

Temperature

80.1
82.3
81.1
81.2
83.5
80.6
82.7
81.7
83.1
80.9
83.5
85.7
83.5
82.5
80.9
82.0
85.0
85.4
86.5
86.7
82.0
81.6
86.2
86.1
85.2
85.9
79.7
84.3

0.8
0.2
6.4
2.6
3.9
5.3
3.2
2.1
4,6
3.4
6,7
1.0
1.5
0.8
3.4
1.4
2.2
6.6
3.9
0.8
0.7
1.0
2.2
1.3
3.9
0.8 
0.9 
12.7

33.0
33.4
34,5
32,1
33.0
33.4
32.2
31,7
31.4
32,1
33.1
32.7
32,5
32,0
33.2
31.7
30.9
30,7
32.7
32.7
32,8
33.2
31.8
31,4
33.0
32,6
32.1
32.8

21.6
21.3
21,2
21.6
21.8
21.2
21,3
20.9
20.8
20,3
20.1
20.7
21.3
21.6
21.6
21,6
21.0
20,8
21.0
21.4
21.4
21,4
21.3
21.2
20.8
21.6
21.3
20.7

: • • -
54.3
55.4
50.8
57.8
56.2
52.5
54.6
58.7
60.9
59.1
53.9
58.1
56.2
58.2
53.5
57.9
59.1
60.8
57.5
54.7
54.5
55.0
58.6
57.5
54.9
57.4
53.3
53.4

Minimum RH I RH I Radiation

' (%). (%)
• •.................: ■ -v/-..

.. ■» V

24.6
24.7
25.5
22.5
23.2
24,3
21.5
20.9
22.1
23.2
23.7
22.9
22.0
21.6
22.5
20.5
19.8
19.4
20.8
21.7
22,2
22.0
19.8
20.4
21.8
20.9
21.2
21.8

8.5
8.5
9.1
7.3
7.7
8.4
6.7
6.4
7.1
7.8
8.1
7.7
7.2
7.0
7.6
6.4
5.9
5.7
6.6
7.2
7.6
7.5
6.3
6.5
7.5
7.0
7,2
7.7

T ■
86.8
91.6
95.2
89.7
88.7
92,3
98.5
93.8
93.0
79.5
90.2
77.8
85.6
85.2
85.3
101.6
87.1
77.7
78.3
75.4
77.2
93.5
97.5
73.9
83.0
87.9
72,2
79.9
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■ i

■: s'7

75.0
90.4
96.4
89.9
87.1
79.1
70.5
82.1
84,1
77.1
83.4
96.1
85.2
69.7
78.1
72.3
71.3
66.0
74.8
65.6
63.5
64.6
66.0
62.0
61,6
70.8
70.5
69.7
61.8
61.8
66.0

/_ £
83.5
85.6
82.2
85.2
84.1
83.1
85.3
84.5
83.8
83.4
84.5
83.9
83.5
82.7
87.6
87.2
85.0
84.7
85.5
84.7
88.2
88.1
83.4
87.7
88.2
85.0
83.5
85.8
86.8
86.0
87.3

59.1
55.3
55.1
56.1
56.9
56.0
54.6
53.3
54.1
52,5
48.8
52.2
57.7
57.2
56.1
56.7
57.3
63.8
52.2
54.7
55.6
54,0
54,8
58.9
60.1
55.5
58.6
59.4
60.5
59.0
56.8

7.3
8.1
6.6
6.8
6.8
7.0
7.1
8.0
7.1
8.3
8.0
7.2
6.2
6.1
6.6
6.9 
7.0 
6.0
7.6
7.5
7.2
7.2
6.5
6.2
6.8
7.2
6.5
6.3
6.4
6.7
7.2

6.3
2.6
4,1
1.6
1.3
1.1
4.4
0.5
2.9
0.7
1.5
2.1
0.1
1.0
2.5
2.6
8.0
1.7
0.3
1.3
1.9
0.9
7.2
4.3
0.8
0.6
0.6
1.9
2.2
2.7
1.0

32.0
32.7
31.8
31.6
31.1
31.5
31.8
32,1
32,1
32.8
33.1
32.2
30.2
30.5
31,2
31.1
31.2
29.7
31.8
32.1
31,5
32,4
31.8
30.5
31,0
31,7
31,0
30.3
30.3
30,9
30.6

MEAN MONTHLY WEATHER SUMMARY, MARCH 1991-2013

:'S-. Radiation y", ’ ' Wind run

(%) (%) : <“«
■ -• ; • 

■ • r '--I
21.2
22.4
19.9
20.1
20.1
20.3
20.4
21.8
20.2
22.0
21.5
20.2
18.6
18.4
19.1
19.3
19.5
17.9
20.2
19.9
19.3
19.3
18.2
17.7
18.4
18.8
17.8
17.4
17.4
17.9
18.4

Maximum ■ Minimum RH : RH 
TAmnorafiira. Temperature - 

•'/ (°C) - ;' ■ 

' ___ :
20.8
20.6
20.8
20.6
20,5
20.4
20.5
19.9
20,7
20.9
20,4
19.9
20.2
19.9
19.6
19.6
19.7
19.5
19.2
19.8
19.9
19.0
20.2
20.1
19.8
19.8
20.0
20.1
20.1
19.5
19.4

Max'Temperature 
(°C) .. (knVday) (mm)

• ?'--r .
■Rain '
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Maximum
Temperature
(°C)

Minimum . 
r—

(°C)‘

19.6
17.9
17.9
17.3
17.4
17.3
17.8
17.7
18.1
15.9
16.9
17.3
15.9
16.9
16.8
16.7
16.8
16.8
15.8
14.2
14.7
15.9
16.0
16.0
15.6
16.3
15.4
14.8
14.9
14.0

30.8
30.9
30.5
29,7
30.0
30.4
29.7
29.6
31.1
28.8
28,9
29.6
28.5
29.1
29.9
29.6
30.0
30.6
29,6
28.7
28.3
29,3
29.0
28.6
28.8
28.9
29.3
28.0
27.3
27.3

19.1
18.8
18.7
18.5
17,7
18.1
17.4
17.2
17,1
17,7
16.8
16.7
16.6
16.3
16.7
16.6
16.6
16.8
17.4
17.3
16.9
16.3
16.3
15.6
15.3
16.1
15.9
15.8
14,7
14.7

0.7
1.3
2,1
2,1
5.8
1.4
0.3
0.3
0.6
3.2
0.3
3.4
1.3
0.1
0.9
0.5
0.1
1.9
1.0
5.9
1.1
2.5
1.1
0.7
0.0
0.8
0.3
2.2
0.8
0.7

RH . ]
Temperature Max ...(%) W

■ • I-
87.7
87.0
88.3
86.7
89.1
89.3
87.4
87.0
88.2
83.9
86.4
88.7
89.1
88.5
90.9
90.3
88.4
90.2
90.4
87.7
88.9
89.2
88.3
90.8
90.2
88.7
92.1
90.3
89.5
90.9

MEAN MONTHLY WEATHER SUMMARY, APRIL 1991-2013

' six?
■ • : :-± •

51.8
52.5
54.9
54.1 
56.0 
54.2
51.3 
51.0 
49.7
54,2
52.1 
54.0 
54.2
50.2
52.6
58.8
53.9
50.5
53.3
56.3
55.1
50.9
53.4
51.9
53.9
49.0
51.0
53.7
53.5
55.7

______ I • • - -1
8.1
6.7
7,1
6.7
6.8
6.7
7.3
7.3
7.6
6.1
6.9
7.3
6.4
7.1
7.1
7.2
7.3
7.4
6.7
5.5
6.0
7.0
7.2
7.3
7.0
7.7
7.0
6.6
6.7
6.1

I

63.7
71.5
75.1
75.5
59.6
60.5
70.0
70.0
68.2
82.9
59.7
59.1
54.6
58.4
52,1
67.1
56.5
62,0
56.5
62.8
67.0
64.0
63.5
57.2
54.7
62,8
63.0
67.5
55.0
60.7 I
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MEAN MONTHLY WEATHER SUMMARY, MAY 1991 -2013 
Maximum
Temperature
(°C)

89.2
89.7
91.3
90.7
89.4
88.1
90.2
92.7
92.2
89.4
90.7
93.1
91.6
91.0
92.2
92.0
92.7
94.5
94.8
92.0
91.4
92.4
93.8
92.0
92.0
92.6
92.0
91.4
91.6
91.9
91.7

14.7
15.1
14,4
14.9
14.8
14.7
15.0
13.9
14.3
14,4
14,7
14.3
14.2
13.5
13.4
13.4
13.0
13.8
13.9
12.8
13.1
12.4
13.3
12.9
12.9
13.2
13.5
12.3
119____
13.0
12.9

28.1
28.9
28.4
29.5
28.5
28.8
28.8
27.7
28.8
28.2
28.2
27.8
27.9
27.7
27.9
27,4
27.7
27.6
28.0
28.0
27.5
26.5
27.5
27.3
27,0
27.8
27.3
25.8
26.1
26.7
26.9

Minimum I RH . - I RH ' rRadiatiori;l Sunhours I Wind run I Rain 
s~ s, _ _

■

54.4
52.6
53.4
50.0
52.1
49.9
48.3
55.1
47.6
48.7
48.3
48.8
48.8
50.0
50.8
51.9
49.0
51.4
46.6
49.2
47.6
49.2
45.6
46.5
47.5
43.3
41.8
49.4
44.1
44.0
44.3

52.6
57.9
59.7
55.7
61.2
53.5
54.5
47.9
56.2
60.9
51.3
62.9
72.7
59.2
52.8
54.4
45.1
44.0
44.4
49.4
49.2
47.6
45.5
45.4
53.3
53.5
58.4
69.5
52.9
53.8
46.0

' | - I
___6.7
___7.2
___6.6
___7.1
___7.1
___7.1
__ 7,4
__ 6.6

7.0
7.1
7.5
7.2
7.2
6.6
6.6
6.6
6.3
7.1
7.2
6.4
6.7
6.1
6.9
6.7
6.7
7.0
7.3
6.3
6.9
7.0
7.0

14.6
14.5
14.6
14.6
15.4
14.4
14.1
14,1
13.6
13.8
13.5
12.6
12.7
12.7
13.4
13.7
12.8
12.4
1 1.8
12.3
13.0
11.7
10.9
10.4
11.0
10.4
9.7
10.0
10.1
8.7
9.6

_
0.4
1.0
0.5
0.6
0.8
0.0
0.5
1.2
0.1
0.4
0.4
1.4
4.2
0.4
0.0
1.3
1.2
0.4
0.0
0.3__
0.1___
0.1___
0.0
0.0
0.5__
0.5__
0.0__
0.5__
0.0
0.1__
0.0
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Maximum 
Temperature 
(°C)

Radiation Sunhours Wind run Rain
(MJ/m2) ' (km/day) (mm)

4: ■ V ? -

9.7
10.2
9.5
9.4
9.0
8.9
8.2
8.9
8.8
8.4
8.3
8.4
8.7
8.4
7.2
7.4
7.8
8.3
10.0
8.9
8.6
8.2
8.5
8.3
7.7
7.7
7.3
7.7
7.9
8.3

1.0 
0.0 
0.3 
0.5 
0.1 
0.8 
0.0 
0.2 
0.1 
0.2 
0.2 
1.0 
0.7 
0.1
0.2 
0.3 
0.2 
0.9 
0.2 
1.2 
0.0 
0.2 
0.1 
0.2 
0.0 
0.0 
0.8 
0.4 
0.4 
1.3

26.6
26.4
26.4
26.0
26.0
25.9
25.8
26.4
25.4
24.9
25.6
26.2
26.5
26.2
26.1
26.0
25.8
25.7
25.2
24.7
25.4
26.3
26.4
26.0
26.2
25.6
26.1
25.3
25.2
24.5

57.2
54.9
58.8
47.5
60.0
50.7
43.5
53.8
58.4
46.3
45.1
46.9
54.1
50.9
53.5
49.7
50.5
64.1
58.2
48.8
42.9
48.4
46.3
59.1
62.8
57.1
57.8
60.4
58.6
47.1

90.5
91.2
89.3
92.1
92.3
92.2
95.2
90.6
90.7
93.5
93.0
92.6
92.8
90.3
92.2
92.9
91.0
92.5
89.3
92.9
93.5
93.4
93.1
92.9
90.6
88.6
90.1
89.8
90.4
93.8

;; ■ : .. V / ■■

6,6 
6/7 
6J_ 
6.7 
6/7 
63 
21 
21 
21 
22 
2Z 
6.5 
20 
22 
22 
2Z 
22 
2£ 
22 
2Z 
21 
22 
21 
21 
2Z 
22 
21 
20 
22 
6.1

Minimum I??'/ 

(°c)
■■■■ . . ■ -

(%) (%) :

...

46.6
46.0
45.9
45.0
45.7
47.6
45.1
46.5
47.0
52.6
47.5
45.7
45.1
39.7
44.2
44.1
43.2
47.9
50.6
49.1
48.4
48.1
44.3
42.9
43.7
43.8
41.0
46.2
50.0
51.9

MEAN MONTHLY WEATHER SUMMARY, JUNE 1991-2013

• ■ ’

_________
12.4
12.5
11.9
12.4
12.4
11.9
12.5
12.1
11.8
11.5
12.2
12.0
12.5
12.4
12.3
12.1
12.4
11.8
11.4
11.1
11.7
12.4
12.5
12.1
12.1
12.0
11.9
11.4
12.4
11.6
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RH S!Maximum 
Temperature 
(°C)

51.6
48.3
45.9
51.8
49.4
46.6
47.3
45.0
42.4
38.7
43.4
47.3
44.4
42.3
39.1
42.2
40.7
46.4
43.8
38.7
39.0
39.9
42.1
41.6
43.9
41.6
40.0
45.5
44.0
48.2
42.4

5.5
6.7
6.7
6.3
6.0
6.4
6.0
6.7
7.1
7.4
6.3
6.7
6.7
7.3
7.7
7.0
6.7
6.6
7.5
8.0
6.9
7.3
6.4
6.8
6.8
6.8
7.2
6.8
7.0
6.2
7.7

________________ ■_

58.8
61.2
57.1
51.2
68.0
64,3
63.4
49.7
53.0
63.0
67.7
61.0
64.2
59.4
68.4
77.1
71.3
66.0
52.1
67.6
62.1
56.9
72.2
71.2
78.7
69.1
78.8
67.5
82.4
66.4
56.8

24.5
25.4
25.7
24.5
24.4
24.3
24.6
25.4
25.8
26.5
25.2
24.9
24.8
26.0
26.5
25.4
25.8
25.1
25.6
26.4
26.7
26.7
26.3
26.6
26.3
26.7
27.4
25.8
25.9
25.1
26.6

8.9
8.0
8.0
8.1
8.5
7.7
7.7
7.6
7.2
7.1
8.1
8.6
8.9
7.6
8.0
8.3
7.3
8.2
7.8
7.7
7.8
8.2
8.8
9.1
9.3
9.8
9.4
9.7
10.0
9.7
9.1

■ ■ •■■■■ -!■-

92.6
92.9
90.1
93.1
88.5
90.1
91.5
92.1
91.6
92.4
91.5
90.6
91.7
93.6
89.3
87.2
87.5
89.1
90.2
91.0
89.9
89.8
91.2
88.6
92.4
88.8
84.5
90.5
88.1
88.2
89.6

■ 'I

10.9
12.2
12.2
11.9
11.6
12.0
11.6
12.3
12.8
13.1
12.1
12.5
12.5
13.2
13.7
13.1
12.7
12.7
13.7
14.3
13.2
13.7
12.8
13.3
13.3
13.3
13.9
13.5
13.8
13.0
14.7

_______
__0J0_

0.1
0.0
0.1
0.1
1.0
0.5
0.0
0.0
0.1
0.1
0.2
0.1
0.0
0.1
0.0
0.6
1.9
0.1
0.0
0.0
0.1
0.2
0.1
0.9
1.0
0.8
0.4
0.0
0.1
1.2

'ind Rain
(mm)

MEAN MONTHLY WEATHER SUMMARY, JULY 1991-2013 ,ZZ.... .
■ •.

Minimum 
Temperature Max 
(°C)

W]Min
■ - ■



Radiation 
(MJ/m2)

Maximum 
Temperature 
(°C)

9.9
8.8 
10.0 
11.0
11.2
10.7 
10.0 
10.0 
10.0
10.0
10.6
10.5
9.5
9.8
10.6
10.8
10.6
11.2
11.9
12.5
11.5
11.7
12.8
12.3
12.7
12.4 
13.0 
12.5
12.3 
13.0 
13.7

87.9
89.5
84.6
87.3
84.0
87.8
90.3
86.8
89.2
88.2
84.5
83.9
86.8
85.0
84.6
87.1
85.3
86.5
84.6
84.5
86.7
82.0
86.4
78.6
79.6
82.5
79.4
82.6
82.8
84.4
81.8

2.4 
2.2 
0.0 
1.2 
3.2 
0.8 
0.3 
0.1 
0.6 
0.3 
0.1 
0.0 
0.0 
0.8
1.3 
0.6 
0.0 
0.0 
0.2 
1.0 
0.0 
0.1 
0.3 
0.9 
0.6 
0.0 
0.0 
0.0 
0.1
0.0 
0.2

67.2
87.9 
88.0 
84,9
91.4
74.7
71.4
81.8
79.1
97.4
88.6
91.2
80.9
83.7
86.2
84.8
71.5
83.5
100.5
97.5
104.7
93.8
105.2
93.1
90.1
93.7
92.2
91.9 
94.0 
104.0
97.8

27.3
26.6
27.1
26.0
26.1
25.5
26.6
27.4
26.5
26.9
26.3
27.5
28.5
29.0
27.3
26.2
26.4
27.3
28.3
27.7
28.3
28.4
27.9
27.5
26.6
27.3
27.4
28.2
29.8
29.5
29.8

________________________■ ■

7.2
7.4
7.3
6.0
6.2
6.2
7.2
7.7
7.1
7.7
7.2
8.1
8.1
7.7
6.9
7.4
6.6
6.9
7.6
7.1
8.2
7.5
7.0
6.2
6.3
6.5
6.0
7.5
7.1
7.4
6.8

14.3
14.6
14.5
13.1
13.4
13.6
14.8
15.4
14.8
15.5
15.1
16.3
16.3
16.0
15.1
15.8
15.0
15.4
16.4
15.8
17.3
16.5
16.0
15.0
15.3
15.6
15.1
17.2
16.7
17.2
16.5

(mm)

• • s. •> .

Minimum 
Temperature 
(°C)

MEAN MONTHLY WEATHER SUMMARY, AUGUST 1991- 2013 o 
(%) (%)
(%) ••■ (%)

ell
■ ■ _______________ _______________ •• *

41.0
41.0
40.2
45.4
46.1
46.7
39.3
39.2
40.2
39.2
41.4
38.2
36.3
35.7
42.1
47.0
45.4
45.8
43.1
42.2
40.2
42.9
43.5
46.2
44.3
43.5
42.5
40.2
38.2
40.5
40.0 i
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Minimum 
Temperature 
(°C)

•RH 
Max 
(%)

MEAN MONTHLY WEATHER SUMMARY, SEPTEMBER 1991-2013 
Maximum 
Temperature 
(°C)

81.1
82.7
81.8
80.7
84.0
77.9
82.2
82.3
76.2
80.0
81.5
81.1
78.1
78.0
79.0
78.2
78.7
75.7
75.1
73.5
75.9
74.4
79.0
76.0
78.8
79.9
76.0
71.9
73.7
77.1

89.4
104.9
113.1
93.9
106.4
105.1
96.8 
106.0 
99.5
106.3
104,9
110.2
134.7
108.3
95.2
114.1
110.7
137.7
114.8
116.7
121.3 
110.0
101.9
131.1
104.6 
125.0 
127.4
138.5
122.5
87.4

12.9
13.4
13.9
14.9
13.9
14.1
14.3
13.7
15.0
15.3
14.7
13.4
14.2
15.9
14.6
14.4
15.5
16.0
15.5
15.7
14.4
16.1
15.6
16.6
17.1
16.9
17.3
17.2
16.0
15.4

38.1
40.0
35.9
45.6
43.5
44.8
46.4
39.4
42.1
44.7
48.5
48.2
45.9
51.1
40.9
40.4
45.0
43.6
43.1
43.5
43.0
54.4
45.8
46.1
50.2
45.6
43.4
49.1
50.8
51.6

29.4
30.1
30.4
29.2
29.6
28.7
28.0
29.9
30.4
30.4
27.5
28.2
29.2
26.5
29.2
30.6
29.5
29.8
28.8
29.3
29.3
28.3
30.4
32.3
29.8
31.2
30.7
29.6
27.7
28.8

' ______
0.3 
0.9 
0.1 
0.1 
1.7 
1.6 
3.5 
0.2 
0.9
1.1 
0.7 
1.0 
1.4 
0.7 
0.8 
0.4 
0.4 
0.2
1.0 
1.9 
0.6 
1.0 
0.1 
0.0 
0.1
0.5 
0.8 
0.6 
0.6 
1.1

. | .____ ' .
18.1
17.1
17.9
17.1
16.8
16.4
16.8
18.1
17.0
17.5
16.5
17.3
17.2
16.1
18.7
19.7
17.8
17.7
18.1
18.7
18.7
16.6
18.9
20.4
18.5 ?
19.7
18.3
17.9
183
18.9

RH i Radiation I Sunhours I Wind runl Rain 
Min (MJ/m2) . (km/day): (mm) 
(%) 

............... ' - 
■ 

..... 7.9 

.....7J 
~.... 7.7
__ 7.0 
__ 6.7 
__ 6.3 
__ 6.5 
__ 7.4 
__ 6.5 
__ 6.8 

6.0 
6.5 

__ 6.4 
5.5 
7.3 
8.0 
6.5 
6.4 
6.6 
7.0 
6.9 
5.4 
7.0 
7.9 
6.6 
7.3 
6.3 
6.0 
6.2 
6.5
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Minimum
(mm)

MEAN MONTHLY WEATHER SUMMARY, OCTOBER 1991-2013 
Maximum 
Temperature 
(°C)

■

16.1
16.3
16.8
16.8
17.5
16.6
17.3
17.2
17.2
17.0
16.9
17.7
17.3
17.0
17.6
17.1
17.6
17.3
18.0
17.3
18.0
18.0
18.1
18.5
18.7
18.3
18.2
18.5
19.2
18.4
18.1

29.6
29.5
29.6
29.7
29.9
29.5
28.6
27.5
28.0
28.7
30.3
29.8
28.4
28.7
29.1
29.9
28.4
28.4
28.7
29.5
29.2
30.2
30.7
30.9
29.5
27.9
28.6
30.3
28.8
29.4
28.9

1.6
1.4 
2.7 
1.4 
1.0
1.4 
0.9 
1.6 
1.3
1.4
2.4 
2.0 
2.9 
1.9
2.9
1.1
1.0 
0.6 
0.7 
3.3
1.6
2.2 
2.5
2.7
3.9
2.2
1.4
2.5
3.7 
2.9 
1.6

| |
76.9
75.0
73.9
72.9
73.5
78.3
74,3
73.5
77.2
76.4
73.6
73.8
75.3
76.0
75.1
69.2
77.1
76.1
74.8
72.2
73.6
74.3
72.8
73.4
74.3
75.8
73.9
75.8
73.9
77.0
77.1

__ 6.8 
__ 5.9 
__ 6.4 
__6.3 
__ 6.0 
__ 6.3 
__ 4.9 
__ 4.7 
__ 5.5 
__ 6.0

6.3 
5.3 

__ 5.0 
__ 5.2 
__ 5.4

6.3
__ 5.3 
__ 6.1

4,9 
6.2 
5.7 
5.7 
5.8 
5.7 
4.7 
4.9
5.2
5.8 
5.0 
5.4 
5.4

IRH . |RH Radiation Sunho 
e I Max I Min (MJ/m2) ’ |

1

I
19.5
18.1
19.0
18.9
18.5
19.1
16.9
16.8
18.1
18.8
19.4
17.9
17.5
17.9
18.3
19.8
18.3
19.6
17.7
19.8
19.1
19.1
19.3
19.3
17.7
18.1
18.6
19.6
18.5
19.0
19.0

| Wind ■ Rain 
(mm)

: .. .
_______  

109.0
118.6
108.8
105.0
102.6
122.0
121.8
118.3
116.8
117.8
100.2
108.9
106.9
103.5
118.9
124.6
106.0
112.3
111.3
107.4
106.4
101.6
117.3
132.5
119.5
121.3
103.8
121.4
118.3
108.6
105.7

mperature '

49.7
53.1
50.5
49.6
47.8
52.4
54.0
55.3
54.5
54.4
45.9
52.6
55.8
56.0
54.8
52.3
52.6
54.6
54.6
48.2
55.6
51.8
49.4
52.3
57.4
57.8
55.2
52.8
58.0
55.8
61.5
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&

Minimum :
Temperature 
(°C)

Rain 
(mm)

RH
s L(%) : I

MEAN MONTHLY WEATHER SUMMARY, NOVEMBER 1991-2013 
Maximum 
Temperature 
(°C)

77.4
78.4
73.7
69.8
71.7
75.5
73.5
71.8
69.0
75.5
77.4
76.6
78.9
74.9
75.5
77.0
73.4
78.8
82.8
76.2
77.0
73.5
76.5
75.3
78.4
72.5
76.8
75.8
75.5
75.8

6.8
7.2
7.0
6.6
6.0
5.8
6.9
6.6
6.5
5.4
5.9
5.9
6.1
7.3
6.8
6.3
4.3
4.6
5.2
6.0
5.5
5.4
6.4
5.0
5.5
6.7
5.3
5.1
6.7
6.2

30.0
31.4
31.2
32.4
31.6
30.1
30.6
31.5
32.2
30.9
31.0
31.9
31.7
31.5
31.7
31.4
30.2
29.3
30.0
32.2
32.5
30.3
30.9
30.3
29.7
31.0
29.3
29.8
30.0
31.4

17.6
17.9
19.1
19.3
19.1
19.0
18.7
19.1
19.8
19.3
19.9
19.8 
20.0 
19.7
19.6 
20.0 
20.4
19.1
19.3
20.2
20.8
19.5
19.7
19.7
19.5
19.2
19.8
19.6
18.7
19.1

3.0
2.8
0.8
1.4
1.6
3.5
2.1
1.7
3.9
2.2
3.7
7.6
4.0
4.2
4.7
4.4
5.2
6.7
2.5
1.8
1.8
3.7
3.0
3.3
3.3
3.8
1.1
3.5
2.5
3.6

• ?
i , I

21.4
22.1
21.8
21.3
20.4
20.0
21.8
21.3
21.2
19.5
20.4
20.3
20.8
22.7
21.9
21.1
17.9
18.4
19.4
20.7
20.0
19.9
21.5
19.2
20.0
22.0
19.8
19.5
22.1
21.4

Max Min (MJ/m2) I 

' (%) J I
--r

51.0
52.6
51.1
46.6
51.2
56.3
49.5
49.1
51.3
53.9
55.7
54.6
55.2
53.9
53.2
56.3
59.0
59.5
56.8
55.5
58.2
56.4
58.0
59.3
60.5
48.9
59.4
53.7
55.5
53.7

• ____
103.7
104.4
112.5
120.2
125.0
123.4
111.5
104.1
110.1
98.8
96.6
101.5
105.6
110.7
107.3
114.1
105.0
107.9
99.2
106.3
126.4
101.6
109.2
121.0
109.4
111.7
109.6
111.6
115.8
99.6
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MinimumMaximum 
Temperature 
(°C)

94.9
120.7
118.2
107.9
101.5
112.4 
93.0 
99.2
101.7
107.1
112.6
97.8
85.9
112.2
104.8
94.3
110.0
107.7
94.8
112.1
90.9
108.3
97.4
96.7
118.1
93.2
90.0
80.2
96.4
80.5
95.2

18.9
19.4
20.7
20.5
19.6
20.3
20.1
20.4
20.2
20.6
20.2
19.6
19.5
19.7
20.9
20.5
21.0
20.5
20.7
20.8
19.8
20.1
21.8
22.0
21.3
21.4
21.0
21.3
21.8
21.4
21.3

22.3
22.7
20,4
20.1
20.9
21.2
20.5
19.2
19.9
19.3
19.7
20.8
23.5
23.0
21.7
22.4
23.6
20.9
22.1
23.7
22.8
23.1
20.4
22.2
23.3
20.4
23.0
22.2
23.1
22.8
22.3

31.4
33.4
32.0
30.6
31.2
31.5
31,4
31.2
30.9
30.5
30.5
29.6
31.8
32,9
32.1
31.9
33.4
31.3
31.7
33.5
31.9
33.3
33.1
33.5
33.0
32.3
31.7
32.7
33.3
32.5
33.2

52.0
49.3
55.3
60.1
53.6
53.6
60.2
59.8
61.7
59.4
59.6
61.1
55.4
53.8
55.7
58.4
51.3
53.4
52.5
52.2
54.5
50.4
57.5
56.6
54.4
57.6
58.2
59.3
52.2
56.5
56.5

(km/day)
... . .

' ’ ■ • ■ ' I

6.8
7.0
5.6
5.4
5.9
6.1
5.6
4.8
5.4
5.0
5.1
5.8
7.4
7.1
6.3
6.8
7.5
5.8
6.5
7.6
7.0
7.1
5.5
6.6
7.3
5.5
7.1
6.6
7.2
7.0
6.7

■ J -4
75.2
74.8
72.2
77.2
77.3
78.8
75.8
81.1
81.5
80.8
81.3
78.0
78.1
79.5
76.0
78.2
76.8
73.6
75.5
73.3
80.3
74.5
73.8
80.3
74.4
78.2
81.2
81.5
76.1
77.4
79.0

MEAN MONTHLY WEATHER SUMMARY, DECEMBER 1991-2013
------ ---------- ' ,...J Rain

***»

_ '*7*“?*2 n •
. • i

3.4
3.5
1.2
4,5 
0.8 
3.6 
3.9
2.3
5.2
3.1
4.1 
8.0
1.7
3.1
1.8
3.5
7.4
1.5
1.4
5.9
1.7 
2.0 
4.2 
2.7
1.5
7.1
1.8
6.2
4.5
1.9
1.3
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Appendix 2: Physical and chemical properties of soil samples obtained from EEL09,

NKA21, CAS02 and SMB centre pivots
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and fertigation fittings of EEL09, NKA21, CAS02 and SMB centre

pivots

Parameter_______________
Alkalinity________________
Chloride (mg/L)___________
Conductivity (uS/cm)_______
Fluoride (mg/L)____________
Nitrate (mg/L)_____________
pH at 25degrees celcius_____
Total Suspended Solids (mg/L) 
Total Dissolved Solids (mg/L) 
Sulphate (mg/L)___________
Calcium (Ca) (mg/L)________
Iron (Fe) (mg/L)___________
Magnesium (Mg) (mg/L) 
Manganese (Mn) (mg/L) 
Sodium (Na) (mg/L)_______
Aluminium (Al) (mg/L)_____
Arsenic (AS) (mg/L)_______
Cadmium (Cd) (mg/L)______
Chromium (Cr) (mg/L)_____
Copper (Cu) (mg/L)________
Lead (Pb) (mg/L)________ _
Zinc (Zn) (mg/L)__________
Boron (B) (mg/L)__________
Cobalt (Co) (mg/L)_________
Nickel (Ni) (mg/L)_________
Berylium (Be) (mg/L)_______
Molybdenum (Mo) (mg/L) 
Tin (Sn) (mg/L)___________
Vanadium (V) (mg/L)______

Method 
SO32 

AMC04.0 
SOP26 

AMC02.0 
AMC02.0 

SOP26 
SOP31 
SOP26 

AMC02.0 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32

EEL09- Dant
93.73

40
149.9
0.26
<0.2
7.677

30
75.4

5
7.99
1.567
5.886
0.000
16.64
1.745
0.000
0.000
0.000
0.000
0.000
0.000
0.050
0.000
0.000
0.000
0.000
0.000
0.000

EEL09 - Centre Pivot 
142.88 

_______ 40_______  
186.7 

0.12_
<0.2_______
7.504 

_______ 26_______  
93.25 

_______ <1________ 
______ 11.8_______  

5.765_
8.010______
0.049 
17.12 
2.033 
0.000______
0.000 
0.000______
0.000______
0.000______
0.565_______
0.059_______
0.000_______
0.000_______
0.000_______
0.000_______
0.000_______
0.000

Appendix 3: Irrigation water quality parameters for water obtained from sources
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Parameter_______________
Alkalinity________________
Chloride (mg/L)___________
Conductivity (uS/cm)_______
Fluoride (mg/L)____________
Nitrate (mg/L)_____________
pl-1 at 25degrees celcius_____
Total Suspended Solids (mg/L) 
Total Dissolved Solids (mg/L) 
Sulphate (mg/L)___________
Calcium (Ca) (mg/L)________
Iron (Fe) (mg/L)___________
Magnesium (Mg) (mg/L) 
Manganese (Mn) (mg/L) 
Sodium (Na) (mg/L)_______
Aluminium (Al) (mg/L)_____
Arsenic (AS) (mg/L)_______
Cadmium (Cd) (mg/L)_____
Chromium (Cr) (mg/L)_____
Copper (Cu) (mg/L)______
Lead (Pb) (mg/L)__________
Zinc (Zn) (mg/L)__________
Boron (B) (mg/L)__________
Cobalt (Co) (mg/L)_______ _
Nickel (Ni) (mg/L)_________
Bcrylium (Be) (mg/L)_______
Molybdenum (Mo) (mg/L) 
Tin (Sn) (mg/L)________ ___
Vanadium (V) (mg/L)______

Method 
SO32 

AMC04.0 
SOP26 

AMC02.0 
AMC02.0 

SOP26 
SOP31 
SOP26 

AMC02.0 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32

NKA 17- Dam 
181.44 

45 
231.3 
0.24 
<0.2 
7.58 

14 
115.8 

2 
13.98 
0.697 
10.55 
0.000 
20.52 
0.716 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.062 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000

NKA21 - Centre Pivot 
182.4 

_______ 40_______  
232.3_
0.27_______

_______ 53_______  
7.703 

_______ 12________ 
116,1_

_______ 3________  
13.71_
0.726_______
10.18_______
0.000______
19.99_______
0.721_______
0.000_______
0.000_______
0.000_______
0.000_______
0.000_______
0.000_______
0.058_______
0.000_______
0.000_______
0.000_______
0.000_______
0.000_______
0.000
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Parameter________________
Alkalinity_________________
Chloride (mg/L)___________
Conductivity (uS/cm)_______
Fluoride (mg/L)____________
Nitrate (mg/L)_____________
pH at 25degrees celcius______
Total Suspended Solids (mg/L) 
Total Dissolved Solids (mg/L) 
Sulphate (mg/L)____________
Calcium (Ca) (mg/L)________
Iron (Fe) (mg/L)___________
Magnesium (Mg) (mg/L) 
Manganese (Mn) (mg/L)____
Sodium (Na) (mg/L)_______
Aluminium (Al) (mg/L)_____
Arsenic (AS) (mg/L)________
Cadmium (Cd) (mg/L)______
Chromium (Cr) (mg/L)_____
Copper (Cu) (mg/L)_________
Lead (Pb) (mg/L)__________
Zinc (Zn) (mg/L)___________
Boron (B) (mg/L)__________
Cobalt (Co) (mg/L)_________
Nickel (Ni) (mg/L)_________
Berylium (Be) (mg/L)_______
Molybdenum (Mo) (mg/L) 
Tin (Sn) (mg/L)__________ _
Vanadium (V) (mg/L)______

Method 
SO32 

AMC04.0 
SOP26 

AMC02.0 
AMC02.0 

SOP26 
SOP31 
SOP26 

AMC02.0 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32

CAS02 - Canal
157.83

35
214.2 

0
<0.2
7.712

40
107.2

7
18.28
4.261
10.08
0.000
15.43
7.742
0.000
0.000
0.000
0.000
0.000
0.000
0.073
0.000
0.000
0.000
0.000
0.000
0.000

CAS02 - Centre Pivot 
208.19 

_______ 35_______
285.1______

______ 0.31_______  
_______ L4_______

7.56_______
_______ 0________  

142.5
_______ 8________  

24.89 
1.018
14.18______
0.000
22.44 
1.525______
0.000______
0.376
0.000______
0.000______
0.000______
1.373_______
0.055_______
0.000_______
0.000_______
0.000_______
0.000_______
0.000_______
0.000
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Parameter_____ __________
Alkalinity_________________
Chloride (mg/L)____________
Conductivity (uS/cm)_______
Fluoride (mg/L)___________
Nitrate (mg/L)_____________
pH at 25degrees celcius______
Total Suspended Solids (mg/L) 
Total Dissolved Solids (mg/L) 
Sulphate (mg/L)____________
Calcium (Ca) (mg/L)________
Iron (Fe) (mg/L)___________
Magnesium (Mg) (mg/L) 
Manganese (Mn) (mg/L) 
Sodium (Na) (mg/L)_______
Aluminium (Al) (mg/L)_____
Arsenic (AS) (mg/L)________
Cadmium (Cd) (mg/L)______
Chromium (Cr) (mg/L)_____
Copper (Cu) (mg/L)_________
Lead (Pb) (mg/L)__________
Zinc (Zn) (mg/L)___________
Boron (B) (mg/L)__________
Cobalt (Co) (mg/L)_________
Nickel (Ni) (mg/L)_________
Berylium (Be) (mg/L)_______
Molybdenum (Mo) (mg/L)
Tin (Sn) (mg/L)____________
Vanadium (V) (mg/L)______

Method 
SO32 

AMC04.0 
SOP26 

AMC02.0 
AMC02.0 

SOP26 
SOP31 
SOP26 

AMC02.0 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32 
SOP32

SMB - Centre Pivot
68.43

35_______
104.4

_______ 0_______
<0.2

7.784
140

51.43
3_______

6.975
9.949
4.523
0.000
11.50

17.040
0.000
0.000
0.000
0.000
0.000
0.000
0.086
0.000
0.000
0.000
0.000
0.000
0.000

SMB - Canal
63.49

35 
100.8 

0 
<0.2 
7.856 

146 
50.82 

3 
6.812 
9.709 
4.664 
0.000 
12.75 

16.490 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.099 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000
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