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ABSTRACT

The biggest challenge in semi-arid areas is finding ways of reducing the major unproductive
water loss: evaporation from the soil surface. A large number of subsistence farmers east of
Bloemfontein, in and around Thaba’Nchu in the Free State Province of South Africa occupy
about 11 000 ha of land. The economic potential of this communal land still needs to be
unlocked and the natural resource base is critical for this endeavour. However, the prevalence
of clay and duplex soils is a major constrain towards improving food security in this area. Poor
soil water regimes resulting from prolific runoff and evaporation losses is one of the reasons
especially when conventional tillage is used. It was therefore hypothesized that by quantifying
soil surfaces evaporation (Es); characterizing of the soil hydraulic properties and understanding
the effect of temperature on mulch type and coverage of the Bonheim (Bo) soil can contribute
to the improvement of the infield rainwater harvesting IRWH) system and fill a gap in
knowledge under South African conditions that is in terms of promoting water storage capacity

and minimizing Es for better crop yields.

The ECH,O-TE probes used in this study were calibrated to measure soil water content (6) and
temperature (T). The evaporative desorption procedure (EDP) of Van der Westhuizen (2009)
for coir was modified to calibrate probes in undisturbed soils. The probes were evaluated
against measured volumetric soil water content (mm mm™) on their accuracy, precision and
repeatability to measure soil water content in the 26°C treatment (Chapter 2). Most of the
laboratory derived equations had RMSE close to zero, on average at 0.003 mm mm” and
precision (R?) ranged between 93 and 99% and accuracies up to 96%. These probes were found
to be sensitive to soil temperature changes in the measurement of water content. Under wet to
dry soil conditions about 48, 62 and 34% errors were obtained for the A, B and C-horizons,

respectively and therefore temperature compensated equations had to be developed in Chapter
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3. Temperature compensated equations predicted soil water content measurements with an
accuracy, precision and repeatability at 99, 99 and 95%, respectively. Manufacturer’s generic
equation tended to over predict soil water content measurements and lacked accuracy with

errors #40% and repeatability.

Chapter 4 investigated how mulch type and percentage cover influenced temperature above and
below the soil surface. First: results indicated that mulch did not influence air temperature at an
elevation of 160 mm above the soil surface. Secondly: percentage coverage affected soil
temperature up to 450 mm, and thirdly: the 100% reed mulch cover treatment was
recommended for farmers in order to minimise evaporation especially under semi-arid

conditions where normally the evaporative demand exceeds supply.

Chapter 5 on the other hand profiled and characterized the hydraulic properties of the Bo soil
for the A, B and C-horizons. Soil pores were separated into structural and textural pore classes
for each of the horizons that were identified for the three master horizon of the Bonheim soil
using a method first used in this study known as the “in situ internal drainage” (ISID) method.
The drained upper limit (DUL) for each horizon was determined using the ISID method and
were found to be associated with micro pore class. The structural pores of the three horizons
were found to be associated with low suctions and that they allowed water to flow at rates
between 1-20 mm hr'. The transitional pore class (Meso pores) conducted water at rates

between 3-12 mm hr' and micro pores between 3-10 mm hr'.

Five methods were used to estimate evaporation (Es) during three Es drying cycles (Chapter 6)
and these estimations were compared to a weighing lysimeter [Es(lys)] measurements in order

to evaluate their accuracy in the measurement of Es, using Willmot test statistics for paired
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values. The field hydraulic method had a good performance with an average D-index value of

0.60 in all the three drying cycles selected and thus estimated Es closer to Es(lys) hence it was

recommended for use in estimating Es for Bo soils.

Key words: ECH,O-TE probe, soil water content, calibration procedure, temperature,
soil, mulch, temperature, reed, hydraulic conductivity, drainage,

evaporation



CHAPTER 1

INTRODUCTION

1.1 Background and motivation

In South Africa 74% of the total area is used for dryland crop production and forestry, with
which 12% is used for dryland crop production and 62% for forestry and rangeland (Bennie et
al., 1998). The two main climatic factors that play an important role in dryland crop production
are rainfall (precipitation) (P) and temperature (T) in semi-arid areas where P is low and erratic
and normally characterised by high evaporative demand. The challenge, therefore, for
researchers is finding ways to reduce unproductive water losses especially through soil
evaporation (Es) and runoff (Rs) from the soil surface, and optimise rainwater productivity
(RWP). Bennie and Hensley (2001) concluded that between 50 and 75% of the annul P is lost
through Es. According to du Plessis and Mostert (1965), Haylett (1960) and Bennie et al.
(1998) who independently reported that water loss through R has been found to be between 6
and 30% of annual P on various soils under conventional tillage (CON). CON means the
common practice of land preparation of first ploughing with either a mouldboard or disc plough
then planting, which is still a general practice in South Africa for crop production. Other
unproductive water losses can be through deep drainage especially in sandy soils during

periods of high rainfall.

Bennie and Hensley (2001) reported that 80% of the total area in South Africa is semi-arid and
that crop production happens where the aridity index varies between 0.2 and 0.5. The total
amount of seasonal P is normally low and erratic thus resulting in either short or long seasonal
droughts; during which crop water requirements may or may not exceed the water stored in the
soil. It must be noted that the amount of rainwater stored at any given time and not used by the

plant helps provide the crop with water during deficit periods; thus the more P that can be



stored in the root zone the lesser the chances or risk of crop failure or damage due to water

deficit.

To reduce the risk of crop failure and bolster crop production in the marginal areas of the Free
State with predominately clay soils, Hensley et al. (2000) developed a crop production method
called the In-field RainWater Harvesting IRWH). The technique combines the advantages of
water harvesting which is based entirely on a principle of depriving a certain area of its share of
rainwater. Which would have been non-productive and diverting its share to another part of the
land to make it more useful using the 2 m runoff strips as shown in Figure 1.1. No-till (a
practice whereby the soil is only disturbed at planting in the basin of the IRWH) and mulching
(a practice of leaving organic or non-organic material on the soil surface to suppress Es) on
high drought risk clay and duplex soils. The technique also reduces total R to zero if the basin

are maintained and kept at the designed surface capacity.

im Jim
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Figure 1.1  Diagrammatic illustration of the In-field Rain Water Harvesting technique (van
Rensburg et al., 2002)

In the Free State province, the three critical challenges are poverty, food insecurity and

unemployment. A large portion (56%) of the population lives in poverty whilst unemployment

rate is estimated at 31% (Department of Agriculture-Free State, 2006). Therefore, a large



number of households living on smallholdings are earmarked by the local government to
promote crop production from backyard gardens and the crop lands (Backeberg, 2009). The
area receives on average between 520-600 mm of P per annum and the cultivated land has been
abandoned long ago and is lying fallow around much communal land of Thaba’Nchu. The
economic potential of about 14 000 ha of this communal land still needs to be unlocked and
could prevent these rural areas from becoming poverty traps. Research in this area that
compared the IRWH and CON indicated that there was a 70% probability that yields can
increase from 1000 to 1800 kg per ha and 50% probability that yields can increase from 1300

to 2300 kg per ha for maize with rainwater harvesting (Botha, 2006).

The main biophysical hindrance to achieving more than 2000 kg of maize per ha is water lost
by Es. Hence, this study investigates the effect different mulching strategies have on
temperature of the Bonheim (Bo) soil, which is the main driver for Es to occur from the soil
surface (Weiss and Hays, 2005). Soil temperature measurements were collected using ECH,0O-
TE probes (Decagon Devices Inc., Pullman, WA) and air temperature measurements were
made with HMP-50 probes (Vaisala Inc. Helsinki, Finland). Air and soil temperature varies
both in space and time, therefore the determination of energy exchange between the soil and
the atmosphere is an important process in the estimation of Es under mulches. Mulching is a
technique widely used to conserve soil and moderate its microclimate (Novak et al., 2000). The
usual purpose of a soil surface treatment has been to influence temperature favorably, to
prevent water loss by Es. Traditionally mulch consists of a well aerated, and therefore poorly
conducting, surface cover such as straw, leaf litter, stones or gravel. In the last 30 years, the
mulching effects of various kinds of natural materials and plastic have been tested in field
experiments, especially the effect on soil temperature (Katan, 1979; Maurya and Lal, 1981;

Gurnah, 1987; Sui ef al., 1992; Van Rensburg et al., 2002).



An understanding of the Bo soil hydraulic properties and the accurate determination of Es
using a weighing lysimeter compared to different methods all seek to improve the IRWH
system and unleash its potential to enhance crop production and reduce poverty where it is
applicable. Backeberg (2009) wrote that there is 16 million ha of communal land where the
IRWH technique can be applied in South Africa. Knowledge of soil hydraulic properties of the
Bo soil is very important in the improving the IRWH crop production system. ECH,O-TE
probes were used in the measurement of soil temperature and soil water content. Decagon
Devices (2007) reported an accuracy of + 3% volumetric soil water content for the ECH,O-TE
from their calibration tests. The probe uses capacitance to measure the dielectric permittivity of
the soil using an oscillator operating at 70 MHz. Soil hydraulic properties are physical
characteristics that describe the soil-water relationship. The most important properties are water
retention/release and hydraulic conductivity. The soil water release characteristic (SWRC)
describes the relationship between matrix suction (h) and soil water content (), with each soil
type having a unique or signature characteristic [0(h)]. On the other hand, hydraulic
conductivity (K) describes the ease of water flow in the soil in relation to its 6, hence this
relationship is termed [K(0)] in this study. Knowledge of soil hydraulic properties is a
prerequisite for predicting water transport in soils, for example the rate of Es (Fujimaki and
Inoue, 2003). Many methods have been developed to measure the hydraulic properties of soils
(Bruce and Klute, 1956; Gardner and Miklich, 1962; Hillel er al., 1972), however field
measurements of hydraulic properties are difficult, expensive and time consuming. In this
study, the internal drainage method (IDM) purported by Hillel ef al. (1972) was used in the

determination of K(0) relationships for the whole profile of the Bo soil at Glen (Bloemfontein).

Lastly, knowing the evaporative capacity and how it can be reduced for the Bo soil is of

paramount importance in improving the IRWH system in the areas where it is or can be
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applied. The understanding of the evaporative capacity for the Bo soil was achieved by
importing soil from the field in Glen to the University of the Free State, Bloemfontein campus
research site weighing lysimeter to estimate Es using soil based and empirical methods and
then comparing the results from these methods with weighing lysimeter Es measurements. This
was done in order to extrapolate Es data from the lysimeter measurements to field conditions,

especially using the relationship between hydraulic conductivity (K) and soil water content (0).
Objectives of the study

The main objective of the study was to estimate soil surface evaporation from the Bo soil. This
objective was achieved through overarching objectives in five independent studies outlined

below. Each study was carried out with its own set of specific objectives.

Study 1 (Chapter 2) titled “Laboratory calibration of the ECH,O-TE probes for measuring

water content”. The specific objectives of this study were to:

(6)) adapt the evaporative desorption procedure of Van der Westhuizen (2009) to calibrate
ECH,O-TE probes in a soil, using the Bonheim (swelling clay) as the test soil, and

(i1) compare the laboratory obtained calibration equations with that provided by the

manufacturer.

Study 2 (Chapter 3) titled “The effect of soil temperature on the ECH,O-TE probes
performance in measuring soil water content”. The purpose of this study was to evaluate the
influence of soil temperature on water content measurements made with ECH,O-TE probes

installed in a swelling clay soil.

Study 3 (Chapter 4) titled “Influence of mulch types and coverage on temperature regimes

in a clay soil under semi-arid conditions”. The specific objectives of this study were to:
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(6)) evaluate the effect of percentage cover and type of mulch on the diurnal temperature
profile of both the soil and air temperatures; and to

(i1) determine the changes in temperature gradient with soil depth during day-night cycles.

Study 4 (Chapter 5) titled “Characterization of the hydraulic properties of a Bonheim soil”.
The specific objectives of this study were to:
@) describe the pedological features of the Bonheim; and to

(i1) characterise the hydraulic properties [0(/2) and K(0) relationships] of the Bonheim soil.

Study 5 (Chapter 6) titled “Determination of evaporation from the melanic horizon using a
weighing lysimeter”. The objective of this study was to evaluate six evaporation estimation
methods against lysimeter measurements of Es namely: Field hydraulic conductivity, Darcy’s

equation, Soil hydraulic diffusivity, Ritchie, Rose and FAO-56 Penman-Monteith methods.
Layout of thesis

This thesis consists of six chapters. Chapter one deals with the motivation and objectives of the
study. Individual chapters (2, 3, 4, 5 and 6) contain an abstract, introduction including a review
of literature, detailed materials and methods, and results and discussion with pertinent
information to the experiments conducted to achieve study objectives. The site and soil selected
for the study are generic for all content chapters; therefore a detailed soil description is given in
the first content chapter (Chapter 2). Lastly, Chapter 7 (General discussion) which includes the

summary and recommendations.



CHAPTER 2
LABORATORY CALIBRATION OF ECH,O-TE PROBES FOR

MEASURING WATER CONTENT

Abstract

Capacitance probes play an integral part in the measure of soil water. However, in South Africa their
acceptance over other well established instruments lies squarely on their accuracy, applicability,
affordability and the ease at which they can be calibrated to give accurate results. The objective of this
study was to adapt a desorption evaporative procedure (EDP) of Van der Westhuizen (2009) to calibrate
ECH,O-TE probes in the laboratory using undisturbed samples from master horizons associated with a
swelling clay (Bonheim). The laboratory derived and manufacturer’s equations were compared with
measured volumetric soil water content. A soil sampling procedure using a modified hydraulic jack
(Model: SS-Jacko-Hyd-08-12) to acquire undisturbed horizontal soil samples in a 200 mm long by 105
mm diameter perforated cylindrical plastic columns. During the EDP process the change in mass of
columns were recorded hourly during drying. Soil water in the core samples were allowed to evaporate
(after saturation) whilst hung on calibrated load cells and volumetric soil water content were calculated
from gravimetric water content. Most laboratory derived equations had RMSE values close to zero, on
average at 0.003 mm mm™ and precision ranged between 93 and 99% characterized by high accuracy
levels between 93 and 96%. All manufacturer’s equations had low accuracy levels, the highest level was
at 69% and these equations over predicted soil water content for the A, B and C soil horizons by 45, 39
and 42%, respectively. The K-S statistics revealed that each ECH,O-TE probe was unique for the
probes calibrated and they were significantly different at o = 0.05; hence each probe must be

individually calibrated for clayey soils prior to use for the measurement of soil water content.

Key words: ECH,O-TE soil water probe, soil water content, calibration procedure,

temperature, clay soils



2.1 Introduction

Modern capacitance based soil water probes are widely used in various sectors. In South
Africa, they are mainly used to monitor soil water status as part of the weather services for
advisory purposes (Mokhele, 2010); in water catchments for the study of hydrology of soils (le
Roux, 2010); in the study of evaporation from coir, clay and sandy soils (Chimungu, 2009; van
Westhuizen 2009). These types of probes are very popular in recent times in irrigation
scheduling services (van Rensburg, 2010). However, the sector that lacks behind is dryland
agriculture, where water is the most limiting factor. One of the reasons given for the lack of
application in dryland crop production is the uncertainty of the performance of these probes in
a wide range of conditions associated with soil types. Despite the affordability of the probes,
questions on the performance of these probes with respect to sensitivity, consistency, durability

and accuracy are frequently asked by farmers and researchers.

Answers to this question are not always readily available, because for example general
equations are provided by the manufacturers for soils that are not ideal for South African soils.
For example, Decagon Devices (2007) reported an accuracy of + 3% volumetric soil water
content for soils with bulk electrical conductivities (EC) between 3 to 14 dS/m for the ECH,0O-
TE which was used in this study to measure soil water content. They calibrated the coated
probes for soil water content in small samples of soil in a beaker at known bulk densities and
provided generic calibration equations for mineral soils (sand, sandy loam, silt loam and clay),

potting soils and rock wool as follows:
Mineral soils: 8 =1.087 %107 * Raw —0.629 2.1)
Potting soil: 8 =1.04*10" * Raw —0.50 (2.2)

Rock wool media: 6=5.15%10" * Raw+1.41*10™ * Raw —0.160 2.3)



where 0 is volumetric water content of the medium (mm mm™) and Raw is the output voltage
of the probe. Morgan et al. (1999) concluded that manufacturer’s equations may over or under
estimate the 6 when used in different medium types and customers are encouraged by the
manufacturers to perform medium specific calibrations. This is especially critical in growth
mediums with high proportions of bound free water, especially at low water contents (Hilhorst

et al., 2001; Seyfried and Murdock, 2001; Fares and Polyakov, 2006).

Most calibration methods use disturbed samples and are normally calibrated in beaker size
samples under very artificial conditions that bring doubt to their applicability in the field. A
more accurate calibration procedure was described by Lane and Mackenzie (2001), and
entailed the insertion of a TDR sensor in a cylindrical plastic core, which was slowly wetted
from below to reach saturation. After approximately two weeks, the un-perforated core
assemblige suspended on load cells and allowed to dry through evaporation; whilst making
continuous measurements until no detectable change in mass was observed. This
aforementioned procedure was completed roughly after 33-44 days. However, the evaporative
desorption procedure (EDP) of van Westhuizen (2009) for the calibration of EC-10 and EC-20
probes in coir in the laboratory was adopted in this study. The EDP method took ten days to
complete the process and hence it was modified for the calibration of ECH,O-TE probes in
soils. It provided valuable alternative laboratory determined equations for a swelling clay soil.
Hence, this study seeks to: (i) adapt the evaporative desorption procedure of Van der
Westhuizen (2009) to calibrate ECH,O-TE probes in a soil, using the Bonheim (swelling clay)
as the test soil, and (ii) to compare the laboratory obtained calibration equations with that

provided by the manufacturer.
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2.2 Material and methods

2.2.1 Site location and description of soil

The soil samples were taken in a soil profile pit (Figure 2.1) at the Glen Agricultural Research
Station (28°57" S, 26°20" E), near Bloemfontein, in the Free State Province of South Africa.
Because the soil is used in all the studies presented in this study, a detailed soil classification is

given in this section.

A-horizon
(0-400 mm)

B-horizon
(400-800 mm)

C-horizon
(800-1300 mm)

Figure 2.1  Bonheim sil at Glen (Bloemfontein) (Photo by: N. Nhlabatsi)
The soil is classified as a Bonheim (Bo) form belonging to the Onrus family (Soil
Classification Working Group, 1991) or a vertic phacozem according to the classification
system of the World Reference Group for Soil Resources (1998). Some of the profile attributes
and relevant soil properties are summarized in Tables 2.1 and 2.2. Accordingly, the A and B-
horizons are all brown in color and have a high clay content (40 - 45%), with a high proportion
of smectite clay minerals resulting in strongly developed structure and a high CEC (24-26
cmol, kg1 soil). The threshold plasticity index (Pi) value for a diagnostic vertic horizon is 32 or
more in the South African soil classification system (Soil Classification Working Group, 1991).
The Pi value for the B-horizon is 33, indicating that this is a strongly expanding clay. The B-
horizon overlying a CaCOj; enriched sandstone saprolite at a depth of 800 mm. The parent

material is a mixture of dolerite and sandstone colluvium, with dolerite dominating. The
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calcareous underlying saprolite is sufficiently weathered to a depth of at least 1200 mm and
offers no significant impedance to root development to that depth. The melanic layer (A-
horizon) has high Pi values of 21, thus promoting self-mulching. The exchangeable Na content
in the profile is fortunately low (ESP <5%) and therefore cannot be blamed for exacerbating
the swell-shrink properties (Appendix 1), but the relatively high exchangeable Mg content in
both A and B-horizons between 11-12 cmol, kg'1 soil and more than 50% of the exchangeable
cations may be a factor that has contributed to the high Pi value (Hensley e al., 2000).

Table 2.1 Profile description of the Bonheim soil form at Glen (Hensley et al., 2000)

Map / photo 2826CD Glen Soil Form Bonheim
Latitude and Longitude -28°5571377/26°21712” Soil Family Onrus
Land type No Ea39c Surface rockiness None
Climate zone 45S Surface stoniness None
Altitude 1330 m Occurrence of flooding None
Terrain unit Upper Foot slope (4) Wind erosion None
Slope 1% Water erosion Sheet slight, partially
stabilized
Slope shape Straight Vegetation / Land use Agronomic cash crops
Aspect West Water table 0 mm
Micro relief None Described by M. Hensley and P.P. van
Staden
Parent material solum Origin binary, local Weathering of underlying Moderate physical and
colluvium, mainly dolerite; material chemical
solid rock
Underlying material Sandstone (feldspatic) Alteration of underlying  Calcified
material
Horizon Depth Description Dlagnosuc
(mm) horizons
A 0-400 Dry soil; color: dry: dark brown 7.5YR3/2; moist color: dark brown Melanic

7.5YR3/2; disturbed; clay; moderate coarse, angular blocky; very
hard; few normal fine pores; fine cracks; many clay cutans; very
few fine pedotubules; water absorption: 1 second(s); few roots;
gradual smooth transition.

Bl 400-550 Dry soil; color: dry: dark brown 7.5YR3/4, moist color: dark brown Pedocutanic
7.5YR3/4; undisturbed; clay; strong coarse angular blocky; very
hard; few normal fine pores; fine cracks; many slickensides; many
clay cutans; very few fine pedotubules; water absorption: 10
second(s); few roots; gradual smooth transition.

B2 550-800 Moist soil; color dry: brown to dark brown 7.5YR4/4, moist color: Pedocutanic
dark brown 7.5YR3/4; undisturbed; clay loam; common medium
distinct black illuvial humus mottles; common medium distinct
oxidized iron oxide mottles; moderate medium sub-angular blocky;
friable; few normal fine pores; non-hardened free lime, slight
effervescence; few clay cutans; very few fine bio-casts; water
absorption: 8 second(s); few roots; gradual smooth transition

C 800-1300 Moist soil; undisturbed; clay loam; many coarse distinct white lime Saprolite
mottles; many medium distinct crumb porous peds, many colored
geogenic mottles; non-hardened free lime, strong effervescence;
few roots; transition not observed.
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Table 2.2 Selected physical and chemical properties of the Bo soil used for the calibration

of ECH,O-TE probes (Hensley et al., 2000)

Melanic (A-horizon)  Pedocutanic (B-horizon)  Saprolite (C-horizon)

0—-400 (mm) 400 — 800 (mm) 800 — 1300 (mm)

Physical properties

Coarse sand (2 — 0.5 mm) 0.1 0.45 1.3
Medium sand (0.5 — 0.25 mm) 1.7 1.85 2.1
Fine sand (0.25 — 0.106 mm) 23.1 22.25 20.4
Very fine sand (0.106 — 0.05 mm) 19.5 19.7 17.1
Coarse silt (0.05 — 0.02 mm) 5.1 7.05 5.7
Fine silt (0.02 — 0.002 mm) 44 5.8 14.3
Clay (> 0.002 mm) 43.5 41.3 37.7
Texture Clay Clay Clay-loam
Bulk density (g cm™) 1.48 1.33 1.47
Plasticity Index 21 33 28

Chemical properties

Carbon (%) 0.57

Resistance (ohms) 340 280 240
pH (H,O) 7.56 8.25 8.49
pH (KCI) 6.11 7.06 7.21

Exchangeable/extractable cations (cmol, kg soil)

Sodium 0.56 1.05 1.19
Potassium 0.65 0.59 0.58
Calcium 8.33 7.98 13.77
Magnesium 12.22 11.74 8.86
S value 21.76 21.35 24.4
CEC 24.30 23.58 26.21
*ESP (%) 2.5 49 4.9

Exch. Mg (%) 56 55 36

*exchangeable sodium percentage
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2.2.2 Calibration of ECH,0O-TE probes

2221 Laboratory calibration procedure of Van der Westhuizen (2009)

Van der Westhuizen (2009) developed a laboratory evaporative desorption procedure (EDP) for
calibrating EC-10 and EC-20 probes in coir for measuring water content. The procedure is
based on packing a known mass of coir in a perforated cylindrical plastic column (CPC) with
dimensions of 500 mm (length) by 105 mm (diameter). The probes were inserted from the ends
using a guide and then saturated by placing it in a container with water for 24 hours. The CPC
were then hung on a frame installed in a climate controlled cabinet set at a temperature of 26°C.
The water in the coir was then allowed to evaporate over a period of 10 days. During the EDP
process the weight of the drying CPC columns with probes were recorded hourly using hanging
load cells. From this data gravimetric water content was calculated and converted to volumetric

water content (0,).
2.2.2.2 Adapted calibration procedure for soils

The equipment needed to carry-out the adapted evaporation desorption procedure (AEDP)
comprised of: a perforated CPC (Figure 2.2); a vacuum chamber to saturate samples; load cells
(Figure 2.2); data logger for monitoring water loss; a controlled climate chamber for
controlling temperature and lastly, a modified hydraulic jack to take undisturbed soil samples.
Since, the EDP of van der Westhuizen (2009) was solely developed for coir, the procedure had
to be modified for soils, which entails the sampling of horizontal in sifu cores from the field in
such a way that the soil remains undisturbed during transportation, oven-drying, saturation, and
desorption processes. Therefore, a soil sampling procedure had to be developed in this study to

be able to take undisturbed soil samples from the field.
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loadcell

cylindrical
plastic column

cylindrical
plastic stopper

Figure 2.2  Cutting edge, sampling core head and perforated cylindrical plastic columns
(105 mm diameter and 200 mm length) hanging from load cells in a constant air
temperature cabinet

A hydraulic jack (Model: SS-Jacko-Hyd-08-12) normally used in the automotive industry for

tensioning or de-tensioning car body parts was modified making it possible to take undisturbed

core with dimensions of 200 mm length and diameter 105 mm; hence termed modified
hydraulic jack (MHJ). The MHIJ consists of the following parts: hydraulic pump, hydraulic
extension arms, steel core head (SCH), and steel plates (Figure 2.3). Soil samples were taken
by pushing the core head, which housed the perforated CPC into the face of the profile pit,
during the operation the jack was horizontally anchored against the face of the profile pit,

pivoted against metal plates as shown in Figure 2.3.
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Figure 2.3  The modified hydraulic jack positioned in a profile pit of the melanic A-horizon
to take undisturbed soil cores (105 mm diameter and 200 mm length).

For the study, core samples were taken at three diagnostic horizons (A, B and C) with three

replications at each horizon when the soil was moderately moist. Each of the samples was

sealed at both ends using cylindrical plastic stoppers (CPS) that had 3 mm holes at a density of

1.5 holes cm™ (Figure 2.2) and and then transferred from the field to the laboratory where the

samples were prepared to be de-aired and saturated.

The apparatus for de-airing and saturation is diagrammatically presented in Figure 2.4.
Accordingly, the apparatus consists of two large chambers with dimensions 550 mm long and
diameter of 400 mm. Both chambers were equipped with vacuum tight lids connected to the
vacuum pump using pipes fitted with valves to control air flow. One of the chambers (chamber
one) was used for de-airing the distilled water and the other chamber (chamber two) for de-
airing the soil samples. A suction of 70 kPa was applied for about 48 hours, ensuring that the

water and soil samples were de-aired.
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Saturation of the samples was obtained by opening the water valve on the water pipe that
connects the two chambers near their bottoms. The water chamber (chamber one) was placed
on an elevated platform with respect to the soil sample chamber (chamber two) thus ensuring
that there was gravitational flow between the chambers. Before opening the water outlet valve

the suction should be reduced to 0 kPa (atmospheric pressure) for 24 hours to stabilize.

Vacuum gauge On / off switch
(-70 kpa)
Aot Inlet valve :I
Vacuum pump
Inlet valve {1) s Platform

Vacuum pipes

- i Inlet valve (2)
o <—Vacuum
£
£ 550mm Sateriexel o= Vacuum tight lid with seal
£ 5 | Saturation
E == : -E chamberel viacuum
& 3 e Water outlet valve ki <— Water level
- — ; — Soil sample (CPC) (200mm x 105mm)
M Vil ping £ |
Raised platform s S=T<— 2mm wire mesh
v-l-—'———q
| - v —
Platform
Figure 2.4 Diagrammatic illustrating the vacuum and saturation chamber apparatus setup

After the samples were completely saturated they were taken out of their chamber. To cater for
the swelling property (Appendix 1) of the Bonheim soil of about 9 and 13% for the A and B-
horizons, a clearance of 1 mm was allowed when the cylindrical plastic stoppers (CPS) were
fitted onto the soil columns. Thereafter, the probes were firmly inserted into the soil cores, and
ensured that maximum contact between the probe and the soil was established. The amount of
soil that was removed was placed in a beaker of known mass, weighed and oven dried for 24
hours at 105°C to determine how much of the soil was removed from each column. Each CPC

was labelled and hung on calibrated load cells (Figure 2.2) and half-hourly continuous weight
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loss (gravimetric) measurements were recorded for a 20 day drying or desorption cycle at a
constant air temperature of 26°C. Gravimetric soil water content was converted to volumetric
soil water content using bulk density obtained from the core method. Three samples were taken

from each master horizon.

The load cells were calibrated using known standard weights hung (adding and removing the
weights) on the load cell whilst recording the change in load cell output voltage (mV) with a
CR1000 data logger every two minutes. The response of the load cell voltage output versus
weight was plotted and regressed. All the equations obtained had an accuracy of not less than

R* of 0.99.
2.2.3 Statistical analysis

To evaluate the accuracy of the laboratory calibration equations for the ECH,O-TE probes a
Willmott procedure was used (Willmott, 1981 and 1982; Willmott et al., 1985). Willmott and
Wicks (1980) proposed and used the “index of agreement” (D) as a descriptive measure which
is used to make cross-comparisons between measured and predicted values in terms of
accuracy of predictions. Because a model ought to “explain” most of the major trends or
patterns present in observations, it is important to know how much of the root mean square
error (RMSE) is “systematic” (RMSEs) and what portion of the error is “unsystematic”
(RMSEu). For a “good” model, the systematic difference should approach zero while the
unsystematic should be almost equal to the RMSE. Willmott (1982) also recommended that the
coefficient of determination or precision (R» and mean absolute error (MAE) be used as
inferable statistics. Fox (1981) concluded that regardless of whether or not the accuracy or
potential accuracy is evaluated, it was made clear in his findings that no single index mentioned
above can solely adequately describe model performance and, therefore researchers should

report an array of complimentary measures. Therefore, to test the degree to which the ECH,0-
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TE probes were statistically different from each other in the measurement of 0, the
Kolmogorov-Smirnov (K-S) two sample test was also applied (Steel et al., 1997; Langyintuo et
al., 2002). When using the K-S test statistics, two distributions are said to be significantly
different if the maximum vertical deviation between them exceeds the critical value at the
specified significance level (a). In other words, the hypothesis that the probes are similar (H,)

is tested, using the K-S test.

2.3 Results and discussion
2.3.1  Laboratory calibration of soil water probes

2.3.1.1 Soil water content response during desorption

Figure 2.3 shows the change in volumetric soil water content with time during the desorption
procedure as a result of soil water lost through evaporation from the columns with soil from the
A-horizon (four probes), B-horizon (four probes) and C-horizon (three probes). For clarity,
Figure 2.3 shows only two data lines instead of four in the A-horizon due to the fact that probe
(#1 and #2) and (#3 and #4) were installed in the same column therefore had the same values of
soil water contents and the same for probe #17 and #18 in the B-horizon. The results in Table
2.3 indicated that variation between soil columns water contents was moderate in the wet range
(11%) after five hours (10™ reading) during desorption and none in the dry range (900"
reading) for the A-horizon. The opposite was observed in the B-horizon instead the coefficient
of variation increased from 24% (wet range) to 87% (dry range) maybe due to differences in
the rate of evaporation from soil columns. In the C-horizon, there was little variation in soil
water content between columns with the highest value at 6% and a moderate value was
obtained in the dry range (18%). Table 2.3 also indicates that between the three master horizons

that there was general increase in variation from wet to dry.
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Figure 2.5  Half-hourly volumetric water content (mm mm ) of the soil columns during a

desorption cycle of 20 days for the A-horizon (four probes), B-horizon (four

probes) and C-horizon (three probes)
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Table 2.3 Mean and coefficient of variation (%) results of measured soil water content
(mm mm™) taken at specified time intervals, during desorption results for the A-

horizon (four probes), B-horizon (four probes) and C-horizon (three probes)

Record number during desorption (1 reading = 0.5h)
Diagnostic horizon

10 100 200 300 400 500 600 700 800 900

A-horizon: Mean (mm mm™) 0411 0318 0.273 0.252 0.203 0.176 0.135 0.098 0.068 0.049

Cv (%) 11.0 1.8 7.4 0.7 1.4 8.5 2.1 3.5 16.3 0.0

B-horizon: Mean (mm mm™')  0.366 0.317 0273 0234 0.204 0.173 0.146 0.123 0.102 0.088

Cv (%) 239 268 300 348 413 475 537 625 715 872

C-horizon: Mean (mm mm™)  0.361 0.317 0.268 0.231 0.203 0.172 0.144 0.129 0.117 0.112

Cv (%) 5.1 53 3.8 22 6.2 104 127 154 189 189

Overall: Mean (mm mm’") 0379 0.317 0271 0.239 0203 0.174 0.142 0.117 0.096 0.083

Cv (%) 13.3 11.3 13.7 12.6 163 221 228 271 356 354

2.3.1.2 Probe output response during desorption

Figure 2.6 shows the response in probe output (mV) as the soil looses weight (water) through
evaporation during desorption procedure for the ECH,O-TE probes (Appendix 2) inserted in
the A, B and C-horizons. Results in Table 2.4 suggest that the variations amongst probes within
soil horizons are low; between 4 and 6% in the A, between 3-8% in the B and between 1-5% in
the C-horizon. From Figure 2.6 it can be concluded that the difference between the lowest and
highest readings at a particular time in the A-horizon is about 150 mV in the beginning of the
drying cycle (wet range) and 80 mV at the end of the drying cycle (dry range); in the B-horizon
about 100 mV (wet) and 120 mV (dry); and in the C-horizon about 100 mV (wet) and 10 mV
(dry). However, the integration of the volumetric soil water content and probe output was the

only way to establish whether the probes were unique in their response.
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Table 2.4 Mean and coefficient of variation (%) results of measured soil water content
(mm mm™) taken at specified time intervals, during desorption results for the A-

horizon (four probes), B-horizon (four probes) and C-horizon (three probes)

Record number during desorption (1 reading =0.5h)
Diagnostic horizon

10 100 200 300 400 500 600 700 800 900

A-horizon: Mean (mm mm™) 1169 1140 1091 1048 1002 947 900 856 805 770

Cv (%) 6.2 5.7 4.9 53 5.9 5.6 6.0 5.1 4.1 4.1

B-horizon: Mean (mm mm™) 1062 1039 996 956 924 871 826 787 757 735

Cv (%) 3.8 4.5 54 6.0 6.0 7.0 6.6 7.4 7.5 7.7

C-horizon: Mean (mm mm™') 1038 1004 952 913 876 825 778 748 725 714

Cv (%) 4.7 4.8 43 33 3.7 33 2.3 1.3 1.2 0.9
Overall: Mean (mm mm'™") 1090 1061 1013 972 934 881 835 797 762 740
Cv (%) 4.9 5.0 4.9 4.9 5.2 5.3 5.0 4.6 4.3 4.2

2.3.1.3 Laboratory determined calibration equations

The volumetric soil water content (6, in mm mm™) values obtained during the drying cycle
were plotted against the corresponding millivolt (mV) output measured by the probes for the
different horizons to obtain laboratory soil water content (6,5 in mm mm’l) equations.
Polynomial, exponential or linear functions were fitted for each probe and the statistical results
were summarized in Table 2.5. Good correlations were generally obtained, with an average
precision of more than 95% and with accuracies to 0.001 mm mm for the three diagnostic soil
horizons. The probes in the dry range had soil water content values at 0.05; 0.12 and 0.13 mm
mm'l, and at saturation had values at 0.40; 0.37 and 0.35 mm mm’' for A; B and C-horizons,
respectively. However, there was some variation between these probes in their response as
shown in Table 2.3. For example probe #19 in the B-horizon (Figure 2.7) had slightly higher
voltage output values than probes #13, #17 and #18 for the duration of the drying cycle. It must

be noted that no one type of curve provided the best fit for the 11 probes. The K-S test results
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for the comparison of pairs of probes in measurement of soil water content are presented in

Table 2.6. The results clearly indicate that individual ECH,O-TE probes were highly

significantly different from each other at a < 0.05; except for probes (#1-#2) in the A-horizon

that were found not to be significantly different at o < 0.05. The K-S results also revealed that

each probe was unique and it was merely by chance that any two probes can yield similar soil

water calibration curves for example probe pair’s #1-#2 mentioned above.

Table 2.5 Linear, exponential or fourth degree polynomial equations that describe
laboratory soil water content (6,6 in mm mm'l) determined from the relationship
between actual soil water content and probe output (x in mV) for all the ECH,0O-
TE probes used for the calibration (n = 968)

Diagnostic
Probe No: Linear, exponential or fourth degree polynomial equations R®
horizon
1 026 =0.001x - 0.7081 0.984
2 036 =2 x 107 x*74 0.995
A-horizon 3 026 =8 x 10™x - 0.5763 0.982
4 026 = 8 x 10™*x - 0.4969 0.994
13 036 =4 x 1071 0.995
17 0,5 = 8 x 10785743 0.991
B-horizon 18 026 = 1 x 107757404 0.982
19 0,6 = 1 x 107x>00% 0.994
20 036 =4 x 107x7 %% 0.978
C-horizon 22 026 = 4 x 107> 0.994

23 06 = 6 x 107125357 0.998
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2.3.2 Evaluation of calibration models

An independent data set was used for the evaluation of the manufacturers and laboratory
equations. Graphical results showing a comparison of volumetric soil water content values
determined using manufacturer’s and laboratory equations are presented in Figure 2.8. The
manufacturer’s equations tended to over predicted soil water content by more than 40%, except
for probe #20 in the C-horizon. For example, probe #4 had a low precision (D index) at 0.33,
low accuracy (RMSE) of 0.282 mm mm’’ compared to the 0.026 mm mm’' obtained from
laboratory equation in the A-horizon (Figure 2.8). When laboratory derived equations values
were compared with measured values, the precision (R?*) and accuracy (D-index) were high on
average at 0.98 and 0.92, respectively for most of the probes. For example, six of the probes
(#1; #3; #17; #18; #22 and #23) had soil water content values falling within the 10% accuracy
lines and the remaining five probes outside the lines. The RMSEu was very close to the RMSE
for all the probes in the A-horizon when using laboratory equations; which meant that the
laboratory calibrations were very accurate with the lowest MAE of 0.007 mm mm’' (Table 2.7).
For example probe #1 had similar RMSEu and RMSE values of 0.108 mm mm™ and RMSEs
approaching zero, at 0.010 mm mm” and precision of 99%. Probe #19 and #20 (Figure 2.8)
were the only probes where the manufacturer’s equations estimated soil water content with
accuracies of 0.013 and 0.042 mm mm™. For probe #19, the precision indices (R* and D-index)
were high at 0.96 and 0.95 derived from comparing measured versus manufacturer’s soil
volumetric soil water content values. For probe #20, a precision of 98% was observed when
using both manufacturer’s and laboratory equations. Similar accuracy levels were reported by
Kizito et al. (2008) for the ECH,O-TE probe. Cobos (2009) and Czarnomski et al. (2005)
wrote after testing their probes that soil - specific calibration of the ECH,O-TE probe achieves
accuracies of *2% similar to that of TDR probe at a fraction of the price. Hence, they

concluded that the resolution (0.1-100%), precision (+2%), repeatability, and probe to probe
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agreement of the ECH,O-TE probe were excellent at +5% accuracy with the generic factory
calibration. Furthermore, they wrote that soil specific calibration of one probe can be applied to
all other probes of the same type in that particular soil. In contrast what is evident from the
results from this study was that each ECH,O-TE probe has its own precision levels maybe due
to the minor differences in the component parts that make up the probe and therefore need to be
calibrated individually for the specific soil medium where it is going to be used before any
meaningful statistical inferences can be made. The results obtained in this study had precisions
generally better than 95% and with probe to probe repeatability at 0.93% in the measurement of
volumetric soil water content.

Table 2.6 K-S test results comparing the predicted soil water content pairs from the A, B

and C-horizons for eleven ECH,O-TE probes

Diagnostic horizon Pairs of probes D-statistics  Significance level (a)

1-2 0.0788™ 0.0190

1-3 0.3323* 0.0000

1-4 0.2237* 0.0000

A-horizon 2-3 0.3324%* 0.0000
2-4 0.1862* 0.0000

3-4 0.1476* 0.0000

13-17 0.2310* 0.0000

13-18 0.2331* 0.0000

13-19 0.5291* 0.0000

B-horizon 17-18 0.0817* 0.0050
17-19 0.6443* 0.0000

18-19 0.6754* 0.0000

20-22 0.5424* 0.0000

C-horizon 20-23 0.4512%* 0.0000
22-23 0.2095* 0.0000

* Significantly different at o = 0.01; ™ not significantly different at o =0.01
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Table 2.7 Quantitative measures comparing measured volumetric soil water content versus predicted volumetric soil water content using

laboratory and manufacturer’s calibration equations™

A-horizon B-horizon C-horizon

Probe Number 1 2 3 4 13 17 18 19 20 2 23
RMSE 0108 0068  0.071 0.026  0.021 0013 0020 0014 0016 0009 0021
RMSEs 0010 0010 0029 0017 0021 0013 0019 0014 0016 0009 0021
Mezz‘rlzz‘: O RMSEu  0.108 0.067 0.065 0.019 0.005 0.003 0.005 0.005 0.004  0.002 0.004
Predicted 06 MAE 0038 0038 0044 0018 0017 0010 0016 0010 0012 0007 0016
R 0990 0929 0968 0974 0970 0988 0953 0964 0980 0989 0921
D-index 0899 0928 0682 0920 0928 0962 0914 0951 0.931 0958 0758
RMSE 0180 0194  0.188 0282 0254 0219 0253 0.013 0042 0148  0.128
RMSEs 0127  0.54 0189 0283 0254 0219 0253 0012 0042 0148  0.128
Mezz‘rlzz‘: O, RMSEu  0.129 0.118 0.008 0.004  0.010 0.005 0.003 0.003 0.005
manufacturer’s 0,  MAE 0.151 0.180 0187 0282 0254 0219 0253 0.011 0.041 0.148 0127
R? 0936 0990 0987 0979 0973 0.991 0.951 0964 0978 0989 0921

D-index 0.687 0.743 0.504 0.336 0.302 0.302 0.288 0.952 0.633 0.263 0.281
*The terms d and 7° are dimensionless, while the remaining terms have the unit’s mm mm’*
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2.4 Conclusions

The evaporation desorption procedure (EDP) of van der Westhuizen (2009) was successfully
adapted to calibrate ECH,O-TE probes in soil. Two very important sub-procedures were
developed and applied; firstly the adaptation of a standard hydraulic jack for pushing a core
sampler with a cylindrical plastic column (105 mm diameter by 200 mm length) horizontally
into the profile. Secondly, developing a large vacuum apparatus for saturating the de-aired soil
columns in distilled water and thereafter hung the columns on calibrated load cells in a
controlled climate cabinet to dry in accordance with the EDP procedure. The EDP enables
scientists to calibrate capacitance probes (probe length 95 mm) in soils within a month. It was
concluded that there was 6% variation in probe output attributed to temperature sensitivity of
the probes and that laboratory derived equations had high precision between 93 and 98%; with
accuracy levels between 68 and 96%. On the other hand, manufacturers had low accuracy
levels which ranged from 28 to 69%. This section of the study concluded that each ECH,O-TE
probe was unique and must be calibrated first for a specific medium rather than using
manufacturer given equations blindly, especially when used in scientific experiments to get
accurate measurements of volumetric soil water content. Therefore, it can be concluded that the

ECH,O-TE probe can be deployed in reactive clay soils thereby reducing research costs.
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CHAPTER 3

THE EFFECT OF SOIL TEMPERATURE ON THE ECH,0-TE PROBES
PERFORMANCE IN MEASURING SOIL WATER CONTENT

Abstract

This study evaluated the effect of temperature on soil water content (0) measurements made with
ECH,O-TE probes in the laboratory employing an adapted evaporative desorption procedure (AEDP)
and using two different soil temperature treatments (5 and 26°C) in a swelling clay soil (Bonheim) to
determine their accuracy, precision and repeatability. Undisturbed soil cores in 200 mm long perforated
cylindrical plastic pipe (diameter 105 mm) were used to calibrate the ECH,O-TE probes. Laboratory
calibrated soil water content equations were developed for each of the probes for each of the treatments
and had precision (R”) ranging between 0.90 and 0.99. Temperature compensated equations were
determined through multiple regression analysis for each probe. Temperature and voltage output (as
independent variables) and measured soil water content (dependent variable) were regressed to yield a
probe specific ‘temperature compensated’ equation (0,.). The soil water content measurements obtained
using these compensated equations were found to be accurate (D-index) to within 1% and precision
varied between 0.93 and 0.99 during desorption. Kolmogorov-Smirnov (K-S) comparison results
revealed that soil water content measurements between pairs of probes were significantly different at a
= 0.05. It was concluded that temperature compensated equations yielded better predictions. Therefore
based on the results it is advisable that each probe must be calibrated at more than one temperature to
derive a probe specific equation. The manufacturer’s equation (0,) provided by Decagon Devices

tended to over predict soil water content for the swelling clay (Bonheim).

Key words: soil water content, calibration, soil temperature, ECH,O-TE probe
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3.1 Introduction

Chapter 2 of this study revealed that the ECH,O-TE probes (Decagon Devices Inc., Pullman,
WA), if calibrated properly for soils at a constant soil temperature of 26°C could yield soil
water calibration equations with accuracies that varied between 0.95 and 0.99 and repeatability
levels that range from 0.93 to 0.99. From a theoretical point of view water potential (being a
chemical potential of water) is dependent on temperature, so one expects temperature to
influence how these instruments measure soil water content (Pepin et al., 1995; Seyfried and
Murdock, 2001; Wraith and Or, 2001; Czarnomski et al., 2005; Bogena et al., 2007; Saito et
al., 2008; Kizito et al., 2008). Kizito et al. (2008) concluded that the use of a single calibration
curve in a specific soil medium for different ECH,O-TE probes does not always truly evaluate
the temperature effect. The method of calibration that they used may not be the ideal in
simulating natural field conditions especially in the top 150 mm of soil profile where there are
daily temperature fluctuations. Furthermore, they stated that the measurement frequency is one
of the primary factors that affect the sensitivity of capacitance probes to soil variables such as

soil texture, electrical conductivity and temperature.

Kizito et al. (2008) concluded that among all the techniques developed to measure soil water
content, electromagnetic methods have received the most attention. Most instruments use
capacitance and frequency domain reflectometry (FRD) techniques that offer an alternative to
time domain reflectometry (TDR) because of their low costs, among other advantages such as
allowing continuous monitoring, data logging capabilities, repeatability, and applicability to a
wide range of soil types (Nalder and Lapid, 1996; Mohamed et al., 1997; Seyfried and
Murdock, 2001 and 2004). However, the accuracy and precision of these instruments vary, and
the calibration of these instruments may change with soil type, electrical conductivity, and
temperature (Czarnomski et al., 2005; Bogena et al., 2007). Therefore calibration for these

effects is essential for accurate determination of soil water content. ECH,O-TE probes have a
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measurement frequency of 70 MHz. Campbell (1990) determined that a measurement

frequency of 50 MHz was required to obtain stable real soil dielectric permittivity values.
However, Kelleners et al. (2005) concluded that measurement frequencies must be equal or
above 500 MHz for stable dielectric permittivity values, whereas Chen and Or (2006)
concluded that the measurement frequency should be greater than 100 MHz to minimize
Maxwell-Wagner polarization. The general conclusion from all the studies was that high
measurement frequencies are required for accurate measurement of soil water content, while

minimizing sensitivity to changes in soil electrical conductivity and temperature.

Cobos and Campbell (2007) had concluded that correction for temperature sensitivity for
ECH;O probes was meant primarily for users who have sensors placed in the top 150 mm of
the soil profile under a bare surface, or whose sensors otherwise undergo strong temperature
cycling. None of the above mentioned researchers calibrated these probes in conditions similar
to the field in swelling clay and therefore this created a gap in knowledge that needed to be
filled to scientifically calibrate these probes in a Bonheim soil. The aim of this study was to
evaluate the influence of soil temperature on soil water content measurements made with

ECH,O-TE probes installed in a swelling clay soil.

3.2 Material and methods

3.2.1  Measurement of soil water content

Site and soil description for this study are detailed in Chapter 2, Section 2.2.1 and the
instrument used for the measurement of soil water content is the ECH,O-TE probe. The
ECH,O-TE probe uses a capacitance technique. By rapidly charging and discharging a positive
and ground electrode (capacitor) in the soil, an electromagnetic field at 70 MHz is generated
whose charge time () is related to the capacitance (C) of the soil by the equation (Bogena et

al., 2007; Kizito et al., 2008):
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V-V,
t=RClIn (3.1
Vi_Vf

where R is the series resistance, V is voltage at time 7, V; is the starting voltage, and Vis the
applied or supply voltage. Furthermore, for a capacitor with a geometric factor of F, the
capacitance is related to the dielectric permittivity (g) of the soil between the capacitor
electrodes by:

C=¢g,¢eF (3.2)
where g, is the permittivity of the free space. Thus the € of the soil can be determined by
measuring the change time (#) of the sensor buried in the soil. Consequently, as water has a
dielectric permittivity that is much greater than soil minerals or air, the charge time ¢ in the soil
of equation (3.1) can be correlated with soil water content. A thermistor installed in contact
with the sensor body measures soil temperature, while the gold traces on the surface of the

sensor form a four-pole array to measure electrical conductivity.

The manufacturer’s generic probe calibration equation (Decagon Devices, 2007) for clay soils

was given as:
Mineral soils: 8, =1.087*107*R_ —0.629 (3.3)

where 0, is volumetric soil water content (mm mm'l) of the probe and R, is the output voltage

of the probe (mV).
3.2.2  Procedure for laboratory calibration

The ECH,O-TE probe soil water calibration procedure described in Chapter 2, Section 2.2.2.2
was used as basis for determining the influence of soil temperature on the voltage output of the
probes. After the completion of the adapted evaporation desorption procedure (AEDP) which
was carried out at a constant soil temperature of 26°C (near room temperature), the samples
were re-saturated and desorbed using the EDP method of van der Westhuizen (2009). However,
the aim was to obtain observations at 5°C; but the desorption process was too slow making the

method impractical. Therefore, a decision was made to increase the temperature to 26°C for 12
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hours to enhance evaporation from the soil columns and then switched back to 5°C. This

procedure was followed until evaporation was negligible after 44 days. Only the data
associated with stable soil core temperatures of 5°C were used for the analysis. Soil

temperatures were obtained from the probes temperature readings.
3.2.3  Procedure for testing the effect of soil temperature

Three ECH,O-TE probes (#1, #13 and #23) were randomly selected one from each of the
master horizons and the temperature effect was calculated as the difference in soil water
content per layer based to the water content at 26°C multiplied by 100 to get percentage
difference from very wet to dry conditions during the desorption procedure. The reason why
the probes were calibrated between 5 and 26°C was that the climate cabinet could only reach

these amplitudes in temperature.

3.24  Procedure for testing temperature compensated and manufacturers

equations

First: Temperature compensated calibration equations (0,,) were developed by multiple
regressions of measured soil water content values (dependent variable) with two independent
variables namely: probe output (x in mV) and temperature (T in °C) for ECH,O-TE probes.
Secondly: For testing the compensated and manufacturers equations an independent data set
was used. The data was obtained from the 5°C desorption measurements, where the

temperature oscillated between > 5 and 26°C.
3.2.5 Statistical analysis

The accuracy of the derived calibration equations was determined by using the Willmott
procedure and to test the degree to which the individual ECH,O-TE probes were statistically
different from each other in the measurement of soil water content at different temperatures, the
Kolmogorov-Smirnov (K-S) two sample tests were applied as described in Chapter 2 (Section

2.2.3).
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3.3 Results and discussion

3.3.1  Effect of temperature on soil water content measurements

Three probes, one from each horizon, were randomly selected to illustrate the influence of soil
temperature on water content measurements (Table 3.1 and Figure 3.2). Table 3.1 shows
clearly that temperature influenced soil water content measurements most in the dry range
during desorption. For example, probe #1: 790 mV during the 5 and 26°C treatments, the soil
water contents were 0.135 and 0.091 mm mm'l, respectively; relative to the reference water
content (26°C) it represented an error of 48.4% with respect to the depth of the horizon. Under
very wet conditions, the error was 10% compared to 46.5% under wet conditions. This result
indicated that temperature influenced ECH,0O-TE probes more under drier conditions compared
to very wet conditions as this trend was observed in all three selected probes (Table 3.1). It is
important to observe that in between dry and wet ranges the percentage error within a horizon
was almost similar for instance about 34% for probe #23.

Table 3.1 Temperature effect on probe output (mV) for three randomly selected probes

used to measure soil water content in the master horizons during desorption

Soil water content

(mmmm')  (mm/horizon)
Diagnostic horizon Probe (mV) level % water difference*
5°C 26°C  5°C  26°C

790 Dry 0.135 0.091 54.0 364 48.4
A-horizon
1 958 Wet 0.337 0.230 134.8 92.0 46.5
(0 —-400)
1105 Verywet 0451 0410 1804 164.0 10.0
800 Dry 0.137 0.087 54 34.8 57.5
B-horizon
13 980 Wet 0.267 0.164 106.8 65.6 62.8
(400 — 800)
1058 Verywet 0.354 0.257 141.6 102.8 37.7
721 Dry 0.132 0.098 66.0 49.0 34.7
C-horizon
23 900 Wet 0.286 0.213 143.0 106.5 34.3
(800 — 1300)
1024 Verywet 0.362 0.347 181.0 173.5 4.3

*Percentage difference was calculated based on water content per horizon at 26°C
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Mathematical functions (linear and nonlinear) that best describe the relationship probe output

and volumetric soil water content for each temperature treatment are summarized in Table 3.3.
The results indicated that each probe responded uniquely to changes in soil water content as
Table 3.3 shows that the same probe had significantly different results when calibrated in
another temperature treatment. It must be noted however, that no one type of curve function
uniquely provided the best fit and the precision (R?) for most of the probes were high at 99%
with only probe #2 out of the eleven selected ECH,O-TE probes with a slightly lower precision
of 0.97% at the 5°C drying cycle. Table 3.1 provided evidence that temperature affected the
probes significantly under wet-to-dry conditions, hence; the calibration equations in Table 3.3
could not just be applied owing to the large errors under these conditions. Therefore,
temperature compensated calibration equations (6;.) had to be developed to compensate for
temperature sensitivity of the ECH,O-TE probes.

Table 3.2 K-S test comparison predicted soil water content values between laboratory

equations derived at 5 and 26°C

Diagnostic horizon Probe pairs 05 versus 0,4
1-1 0.2136* 0.0000
2-2 0.4918* 0.0000
A-horizon
3-3 0.4412* 0.0000
4-4 0.4900* 0.0000
13-13 0.5000* 0.0000
17 -17 0.3439* 0.0000
B-horizon
18 -18 0.1697* 0.0000
19-19 0.1884* 0.0000
20 -20 0.3176* 0.0000
C-horizon 22 -22 0.2112* 0.0000
23-23 0.5909* 0.0000

*Significantly different at o = 0.05; ™ not significantly different at o =0.05
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Table 3.3 Laboratory calibration equations that describe the relationship between volumetric soil water content and probe output (mV) for the
ECH,O-TE probes calibrated (n = 284 per probe) separately at 5 and 26°C soil temperatures
Horizon Probe no. Linear or nonlinear equations at 5°C R’ Linear or nonlinear equations at 26°C R’

1 05 =0.001x — 0.7168 0.984 0,5 =0.001x - 0.7081 0.984

2 05 =2 x"x* - 8 x 107x” + 0.001x - 0.6075x + 134.32 0.968 0y =2x 107" x5 0.995

A-horizon 3 05 = 0.0009x — 0.511 0.995  0,,=8x10"x - 0.5763 0.982
4 05 =2 x 10-"'x* - 8 x 10*x’ + 0.0001x” - 0.0554x + 10.916 0.900 0, =8x 10™x - 0.4969 0.994

13 05 = 0.0009x — 0.5421 0.994 By =4x 107> 0.995

B-horizon 17 05 = 0.0009x — 0.5990 0.987 0y =8x 10"%*" 0.991
18 05 = 0.0008x — 0.5696 0981 0y =1x10""x* 0.982

19 05 = 0.0009x — 0.5074 0.989 0y =1x 107x**% 0.994

20 05 = 0.001x — 0.6227 0.995 6y =4x 107x7%F 0.978

C-horizon 22 05 = 0.0007x — 0.447 0.994 0y =4x 10"%x>%7 0.994
23 05 = 0.0008x — 0.4664 0.996 By =6x 10" 0.998

o
Units for 0y, are mm mm’'; x represents probe output units in mV
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3.3.2 Temperature compensated equations

Table 3.4 showed that all the temperature compensated equations had a high precision (R*
varied between 93 to 99%). These temperature compensated equations are applicable to soil
conditions with temperatures ranging between 5 to 26°C. Table 3.5 shows the percentage in
days measured by van Rensburg et al, (2002) and also in Chapter 4 of this study in whereby the
temperature was between 5 and 26°C; < 5°C and > 26°C for the A, B and C-horizons. The
results revealed that soil temperature was below 5°C for about 1.4% (between 3 to 4 days) in
the A-horizon; from the soil surface to a depth of 75 mm). Therefore, this means that
approximately 99% of the time in the A-horizon the soil temperature fell between 5 and 26°C.
For the B and C-horizons the soil temperature was always between 5 and 26°C. The whole
profile during these measurement periods was never higher than the reference room
temperature of 26°C. From the depth of 150 to 1050 mm, the soil temperature fell within the
required range (5 and 26°C) for the Bonheim soil.

Table 3.4 Temperature compensated equations for the eleven ECH,O-TE probes

calibrated at two drying cycles of 5 and 26°C, respectively (n = 968 per probe)

Horizon Probe no. Temperature compensated equations R’

1 B, = 0.000982x — 0.00297T - 0.61849 0.981

2 B = 0.00133x — 0.00724T - 0.81222 0.932

A-horizon 3 B, = 0.0008x — 0.00752T - 0.40987 0.983
4 0, = 0.000815x — 0.00632T - 0.38328 0.970

13 0, = 0.000756x — 0.00319T - 0.45009 0.964

17 0, = 0.000814x — 0.00171T - 0.5333 0.977

B-horizon 18 B = 0.000766x — 0.00069T - 0.53522 0.975
19 0 = 0.000787x + 0.006447T - 0.49762 0.992

20 0, = 0.001005x + 0.00384T - 0.62234 0.991

C-horizon 22 0. = 0.000703x + 0.001791T - 0.44054 0.995

23 0, = 0.000857x — 0.00172T - 0.48699 0.986
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Table 3.5 The percentage of days measured by van Rensburg et al, (2002) and Chapter

4 whereby the soil temperature (°C) levels are: 5<26°C; < 5°C and > 26°C

Soil temperature variation (%)

Soil

D}ilagpostic depth 5<26°C <5°C > 26°C
*
orizon (mm) R\e,:f:sl *Chapter 4 I;]e egls Chapter 4 l:,e ilns Cthter
25 99.4 98.6 0.6 1.4 0 0
A-horizon 75 99.2 98.6 0.8 1.4 0 0
150 100 100 0 0 0 0
B-horizon 450 100 100 0 0 0 0
750 100 100 0 0 0 0
C-horizon 1050 100 100 0 0 0 0

*Data from van Renburg et al, (2002) from DOY 101 to 217 (2002) and chapter four from DOY 168-293 (2008)

3.3.3 Evaluation of calibration equations

Figure 3.3 shows the relationship between measured volumetric soil water content and
predicted soil water content using (i) temperature compensated and (ii) manufacturers’
equations. The graphs showed clearly that temperature compensated equations predicted soil
water content within the £10% error lines for all the probes. The accuracy index (D in Table
3.6) indicated that the accuracy ranged between 48.1 to 83.9% when manufacturer’s equations
were compared with measured independent values of soil water content. According to Willmott
(1992) for a modelled equation to be acceptable the ratio of RMSEu/RMSE should be higher or

equal to 0.65 and RMSE be as close to zero as much as possible.

Table 3.6 showed clearly that only probes #19 and #20 satisfied the above mentioned criteria
when manufacturer’s equations were applied. The precision coefficient’s (R?) for the remaining
nine probes were between 0.95 and 0.99, but this means that they were consistent in predicting
water contents inaccurately with RMSE’s much more than zero. Czarnomski er al. (2005)
concluded that these probes needed to be calibrated in the particular mediums where its to be
used for the calibration equations to be accurate.

Table 3.6 indicated that temperature compensated equations were accurate, precise and
consistent in prediction of soil water content. All temperature compensated probes throughout

had accuracies (D-indices) that ranged from 0.94 to 0.99; and RMSE/RMSEu ratios varied
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between 0.74 and 1.00 satisfied the criteria for a good model. The lowest RMSE was at

0.015 mm mm™" for temperature compensated compared to 0.107 mm mm™' for manufacturer’s
equations for probe #23. Most manufacturers’ equations had standard errors higher than 20%
and this phenomenon was also observed by Czarnomski et al. (2005) for the ECH,O-TE probe.
However, the error ranged between 0-2 percent thus a 5% improvement in the measurement of
soil water content when using temperature compensated equations. This may suggest that the
ECH,O-TE probe manucfacturers internal compensation design mechanism for temperature is
not adequate enough hence the 40% temperature sensitivity displayed by the different probes in

this study as shown in Table 3.1.
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Figure 3.3  Relationships between volumetric soil water content versus predicted soil water
content using (i) manufacturers and (ii) combined laboratory calibration
equation values for each of the 11 ECH,O-TE probes calibrated at 5 and 26°C

(average n per probe = 220)
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Quantitative measures evaluating the relationship between measured soil water content (6,) versus (i) manufacturer’s and (ii) temperature

A-horizon B-horizon C-horizon

Probe number 1 2 3 4 13 17 18 19 20 22 23
RMSE 0.168 0.172 0.215 0.126 0218 0.191 0.217 0.093 0.080 0.118 0.107
RMSEs 0.165 0.145 0.201 0.108 0214 0.196 0.212  0.069 0.042  0.099 0.106
RMSEu 0.031 0.093 0.075 0.065 0.042 0.044  0.063 0.068 0.064 0.018
MAE 0.166 0.162 0.209 0.113 0214 0.186 0.213  0.065 0.049  0.095 0.102

(i) 0, versus 0, R’ 0985 0.935 0973 0.99 0954 0976 0.173  0.985 0979  0.993 0.980
D-index 0.717 0.617 0.574 0.782 0502 0.563 0481 0.833 0.839  0.728 0.822
Slope (b) 1.076  0.755 1.305 1.346 1.447 1363 1415 1406 1.073  1.566 1.251
Intercept (a) 0.148 0.195 0.125 0.019 0.133 0.143 0.151 -0.184 -0.063 -0.018 0.049
RMSEs/RMSE 0983 0.843 0937 0.857 0981 1.030 0979 0.737 0.521 0.814 0.985
RMSEuW/RMSE 0.182 0.538 0.349 0515 0.192 0205 0.676 0.853 0.541 0.171
RMSE 0.025 0.089 0.090 0.089 0.041 0.023 0.059 0.064 0.070  0.020 0.015
RMSEs 0.003 0.013 0.060 0.061 0.002 0.003 0.004 0.003 0.002  0.000 0.002
RMSEu 0.024 0.088 0.067 0.065 0.040 0.023 0.059 0.064 0.070  0.020 0.014
MAE 0.014 0.045 0.067 0.068 0.020 0.014 0.026  0.020 0.022 0.006 0.011

(ii) 0, versus 0, R’ 0985 0.935 0972 0.99 0954 0975 0973 0.985 0979  0.993 0.980
D-index 0990 0.868 0.823  0.841 0940 0981 0.875 0.884 0.862  0.985 0.995
Slope (b) 0972 0.924 0962 1.008 1.006  1.020 0.997 1.018 0992 1.006 0.979
Intercept (a) 0.007 0.008 -0.051 -0.063 -0.003  0.000 -0.004 -0.008 0.000 -0.001 0.004
RMSEs/RMSE 0.140 0.141 0.668 0.682 0.057 0.144 0.072 0.041 0.033  0.025 0.149
RMSEuw/RMSE 0990 0.990 0.744 0.731 0998 0.990 0.997 0.999 0.999 1.000 0.989

*The terms b and R?, D-index, RMSEs/RMSE, RMSEuw/RMSE are dimensionless, while the remaining terms have the units mm mm™
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3.4  Conclusions

The ECH,O-TE probes were calibrated to measure the effect of soil temperature on the probes
at room reference temperatures of 5 and 26°C as treatments. Temperature affected soil water
measurements between wet to dry soil conditions to about 48, 62 and 34% for the A, B and C-
horizons, respectively. Secondly, temperature compensated equations predicted soil water
content measurements with an accuracy, precision and repeatability at 99, 99 and 95%,
respectively. Thirdly, manufacturer’s generic equation tended to over predict soil water content
measurements and lacked accuracy with errors #40% and repeatability. Hence, the equation
provided by Decagon Devices (2006) holds a low validity for the soil used in this study.
Furthermore, temperature compensated equations yielded accurate and repeatable results when
compared with the manufacturer’s equations. It is advisable therefore that each ECH,O-TE
probe be calibrated at different temperatures in order to develop probe specific temperature
compensated equations thus avoiding the use of one generic calibration equation for this type
of ECH,O-TE probe. The study revealed that the temperature compensated equations improved
measurements to an error of £1% as it compensated for a range of temperatures. In contrast,
work carried out by Kizito ef al. (2008) and Bogena et al. (2007) concluded that standard
equations can be used to accurately estimate soil water content, but the results from this study
show clearly that their assumptions may lead to errors of £10% as soils differ in their physical
and chemical properties. For scientific purposes it was concluded that ECH,O-TE probes be
calibrated under conditions that are as close as possible to field conditions as the calibration
soil temperatures fell within the required range of between 5 and 26°C. This study concludes
that with careful calibration the ECH,O-TE probe can be deployed in reactive clay soils

thereby reducing research costs.
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CHAPTER 4

INFLUENCE OF MULCH TYPE AND SURFACE COVERAGE ON
TEMPERATURE REGIMES IN A CLAY SOIL UNDER SEMI-ARID
CONDITIONS

Abstract

Temperature plays a significant role in evaporation. This study investigates ways of limiting
evaporation by investigating how mulch type and percentage cover influences temperature, both above
and below the soil surface. The mulching treatments were: bare soil surface (Ba, control), 50% reed
mulch cover (50% R), 50% stone cover (50% S) and 100% reeds mulch cover (100% R). Temperature
measurements were made at 25, 75, 150, 450, 750 and 1050 mm below the soil surface using ECH,O-
TE sensors and at 75, 160 and 1400 mm above the soil surface using HMP-50 probes. K-S statistical
test results and cumulative distribution function (CDFs) revealed that 100% R mulch had small soil
temperature variation throughout the year long measurement period. Results show there were no
significant temperature differences between 50% S and bare treatments at o = 0.05; at the depths of 25,
75 and 150 mm, however 100% R affected soil temperature significantly more than 50% R. Mulch did
not influence air temperature at height of 160mm above the soil. Percentage coverage affected soil
temperature at depths: 25, 75 and 150 mm, but not at the deeper depths of 450, 750 and 1050 mm. The
variation for all depths in the soil temperature gradient was lowest (0.00°C per half hour) for the 100%
R with the highest at 0.49°C per half hour for the bare soil (control). The 100% R influenced soil
temperature more than the other treatments in the following order: 100% R, more than 50% R, more

than 50% S and greatest difference from bare soil.

Key words: bare soil, stone, reed
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4.1 Introduction

In the south eastern part of the Free State Province of South Africa there is a semi-arid area that
covers 800 000 hectares with a population of approximately 500 000 people. The
characteristics of this area include heavy clay soils; erratic rainstorms and high evaporation
rates. Hensley et al. (2000) reported that water loss through evaporation for this area can
amount up to 75% of the annual rainfall under maize production and 69% for sunflower; hence
they developed a crop production technique known as In-field Rain Water Harvesting (IRWH).
This technique is used by households in this area to grow maize and vegetables in their
backyard gardens (Kundhlande et al., 2004). The IRWH technique minimises runoff, thus
promoting infiltration both during the fallow and growing periods; however, the major loss of
water is still through evaporation from the soil surface. Mulching has been widely used by
researchers to conserve soil water and moderate the field microclimate (Novak et al., 2000;
Stigter et al., 2005; Zhang et al., 2009). Hence, this study investigates how reed and stone
mulches affect the soil thermal properties. The shortened energy balance at the soil surface is
given by the equation (Wu et al., 1996):

R +H+AE+G=0 4.1
where R, is the net radiant flux (W m'z), H is the sensible heat flux (W m'z), A is the soil
thermal conductivity (W m’ K'l), AE is the latent heat flux (W m'z), and G is the soil heat flux
W m'z). These parameters are different for the bare soil surface and mulched soil surface. The

net radiant flux for a bare soil surface is given by the equation:

R, =(-a)R +e R,—€ oT" (4.2)
where a_is the soil albedo, R, is the measured global radiation (W m'z), €.is the soil
emissivity, R, is the atmospheric long wave radiation (W m™), Tis the surface temperature (K)

and o is the Stefan-Boltzmann constant (5.67 x 10 W m? K'4). The net radiant flux at the

mulched soil surface (Wu et al., 1996) is determined as follows:
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R, =Rz,(-a)/(-p.a)+e Rrl1-p, +pe,)+e,c,oT /(1-p +pe,

4.3)
- (l_ pl) ESOTVA‘/(]‘_ Pt ples)

where p,is reflectivity of the mulch to long wave radiation, p,is the reflectivity of the mulch
to solar wave radiation,e , is the mulch emissivity, 7, is transmissivity of the mulch to long
wave radiation and 7_ is transmissivity of the mulch to solar short wave radiation. Weiss and

Hays (2005) observed that a major driving force in most evaporation processes is temperature.
Therefore, soil management regimes that can change the characteristics of the soil surface, and
hence influence the soil thermal properties can be used as solutions to limit evaporation in the

IRWH.

Several investigators have reported that the soil thermal regime under mulching is different
from that of a bare soil, with soil temperatures often being lower under mulched surfaces than
in non-mulched soils (Bristow, 1988; Sarkar et al., 2007; Zhang et al., 2009; Hou et al., 2010).
Others have documented the fact that mulch can increase the top layer soil temperature for
example under high weed infestation on groundnut fields in Vietnam (Ramakrishna et al.,
2006) and under plastic film between maize row crop in China (Wang et al., 2003; Zhou et al.,
2009). These conflicting results may be due to timing of soil temperature measurements, soil
properties, the type of mulch used as well as other undocumented factors. Many researchers’
note that the effect of mulch on soil temperature varies in that it may increase or decrease
temperatures during the growing season from the fallow period through to full canopy stage
(Ma and Li, 1996; Cheng and Zhang, 2000). The usual purpose of surface treatments is to
influence soil temperature favorably, to prevent water loss by evaporation, to check soil erosion
by wind and runoff as well as to enhance soil structure. Traditionally mulch consists of a well
aerated, and therefore poor thermal conducting surface cover such as straw, leaf litter and wood
chips (Katan, 1979; Maurya and Lal, 1981; Gurnah, 1987; Sui et al., 1992). Crop residues,

when left as mulch, influence soil water content and soil temperature because they decrease the
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energy available to the soil from the incoming solar radiation, and therefore reduce the

amount of heat entering the soil. This, occurs due to changes in the surface shortwave reflective
properties, as well as an increase in the resistance to vapor or heat diffusion as seen in equation
4.3 from Wu et al. (1996). The mulch properties that determine these changes are its type,
amount, thickness, and percentage ground covered, as well as its shortwave reflectivity,
porosity and tortuosity (Van Doren and Allmaras, 1978). The objectives of this study were (a)
to evaluate the effect of percentage cover and type of mulch on the diurnal profile of both the
soil and air temperatures; and (b) to determine the change in temperature gradients with soil

depth and during a day-night cycle.

4.2 Materials and methods

4.2.1 Experimental design

Soil description and experimental site details are fully discussed in chapter 2, section 2.2.1.
There were four treatments as shown in Figure 4.1 and (Appendix 3), namely (i) bare soil or no
mulch on the soil surface (Ba), (ii) mulch of reeds covering 50% of the area (50% R), (iii)
mulch of reeds covering 100% of the area (100% R), and (iv) mulch of stones on the soil
surface covering 50% of the area (50% S). There was also a two meter fetch area around the
experimental plot. There was no replication as the instruments are expensive hence a very
detailed measurement process was conducted over a long period. Before the instruments were
installed in the field a test experiment was conducted to make sure that the instruments are
placed in areas representative of the treatments and thus provide valid results. The common
reed Phragmites australis was used as reed mulch which has hollow and rigid woody stalks
with diameter of reeds ranging between 11-29 mm, with an average diameter of £19 mm. The
stones used were approximately round dolerite stones with a diameter ranging from 90 to 160

mm, with an average of 113 mm.
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Figure 4.1  Experimental layout shong the for mulch treatments viz Bare soil (B), mulch
of reeds covering 50% (B) of the surface area (50% R), mulch of reeds covering
100% (C) of the surface area (100%), mulch of stones covering 50% (D) of the
area (50% S) and 2 m fetch area

4.2.2 Measurement period and instruments used

The experimental measurement period lasted from 17 June 2009 to 20 October 2009 (DOY 168
to 188; 205 to 207; 221 to 236; 244 to 245; 261 to 293); with measurements on a total of 70
days. Days missing were due to data logger failure. Winter and spring periods are represented
by DOY182-207 and DOY274-293 respectively. DOY 205 (24 July 2009) and DOY 288 (15
October 2009) were chosen at random to represent diurnal winter and days spring respectively.
Temperature was recorded every 30 minutes at several positions in each treatment, both above
(+) the soil surface (Ab) and below (-) the soil surface (Be). Measurements were taken at
heights (+) or depths (-) of +1400, +160, +75, -25, -75, -150, -450, -750 and -1050 mm. Soil
temperature measurements were collected using ECH,O-TE probes (Decagon Devices Inc.,
Pullman, WA) and air temperature measurements were made with HMP-50 probes protected by
small radiation shield with an accuracy of +3% and 99% precision (Campbell Scientific,
Logan, UT) both connected to a CR1000 logger via a multiplexer (Campbell Scientific, Logan,

UT).

The ECH,O-TE probes were calibrated for temperature sensitivity at 5 different temperatures

(2, 14,27, 31 and 40°C) in a waterbath in the laboratory.
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4.2.3 Temperature calculations

Daily maximum temperature (7): these values were used in the calculation of mean temperature
values for each ten day period for each mulch treatment and elevations (above and below soil

surface) using the following equation:

10 ‘

T =

where i is the day, Ti is the daily maximum temperature value for day i (°C). Each of the 10-
day periods were grouped as follows: 1** (DOY 168-177), 2™ (178-187), 3" (DOY 188 and
205-206 and 221-226), 4™ (DOY 232-236 and 244-245 and 261-263), 5™ (DOY 264-273) and
6" (DOY 274-283). Temperature gradient: For this study the amount of energy entering or
leaving a particular soil depth over time; during the day and night cycles is expressed as a
temperature gradient (TG) or rate of change of soil or air temperature. The TG during the night-
time cycle (cooling phase) is termed TGn and during the daytime known as TGd (warming
phase) and can be negative or positive. An equation describing TGd and TGn for any of the

treatments and elevations is as follows:

TGd = TlShOO _T6h30 (4.5)
12
TGn = T6h00 1_271181130 (4.6)

Where: Tenoo is the temperature at 06h00 local time per treatment (°C)
Tsns0 is the temperature at 06h30 local time per treatment (°C)
T 800 is the temperature at 18h00 local time per treatment (°C)
T)8n30 is the temperature at 18h30 local time per treatment (°C)
TG is the rate of change of temperature (°C h™) with subscripts n and d representing night and

day periods.
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4.2.4 Cumulative distribution functions and statistical analysis

The daily maximum temperature values for the measurement period were arranged in
ascending order. The cumulative probability for each treatment or measurement depth was then
plotted as the probability of the particular value including the sum of the probabilities of the
values ranked below it. Cumulative distribution functions (CDFs) were then constructed as the
probabilities against the corresponding maximum temperature values. To test the degree to
which cumulative distributions were statistically different from each for each of the treatments,
the Kolmogorov-Smirnov (K-S) two sample tests were applied (Steel et al., 1997; Langyintuo
et al., 2002). According to the K-S test, two distributions are significantly different if the
maximum vertical (D-statistics) deviation between them exceeds the critical value at the
specified significance level (a). In other words, the hypothesis that temperatures at different

depths and across different treatments are similar (H,) is tested, using the K-S test.

4.3 Results and discussion

43.1  Daily maximum temperatures for the measurement period

Generally, the temperature profiles (Figures 4.2a; 4.2b; 4.2c and 4.2d) indicate downward
energy entering the soil and influencing the soil profile down to the -450 mm level; with the
greatest influence being at depths (-25 and -75 mm), followed by -150 mm and lastly -450 mm
depth. Figures 4.2a; 4.2b; 4.2¢ and 4.2d also indicate that when the weather station temperature
at +1400 mm was higher than 15°C; the temperature values at +75 and +160 mm levels were
continuously higher than the station air temperature by approximately 4°C for all the four
treatments (100% R, 50% R, 50% S and bare). The higher temperature values maybe attributed
to an intermediate layer of still (warmer) air just above the soil surface due to the amount of
terrestrial radiation leaving the surface; reflective albedo of the mulch or soil and the slow
transfer of sensible heat into the soil caused air temperature at these heights to be higher than

the station air temperature.
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Figure 4.2b shows that at depths (+25, +75 and +150 mm) below the soil surface, the soil

temperature values for the 100% R were lower than those of the bare treatment (Figure 4.2a)
which had temperatures above 15°C. This is due to the fact that, the mulch absorbs most of
solar radiation and heats up and then transmits little energy downward by conduction thus
resulting in a lower soil temperature underneath it. A similar trend was observed by Stigter et
al. (2005) as the influence of mulch on microclimate. At the depths -25 and -75 mm the bare
soil’s maximum temperatures were higher than those from any of the mulch treatments, 100%
R, 50% R and 50% S treatments during the same period. Table 4.1 also indicates that the soil
temperature values at depths -25 and -75 mm for the bare treatment were not significantly
different from each other, at a significance level of a = 0.05 thus the profiles downward heat
flux through the top 75 mm of soil was similarly affected when no mulch was present. At
depths of -150 and -450 mm below the soil, there was less variation in soil temperature for the
100% R (Figure 4.2b), than the bare soil treatment throughout the measurement period (Figure

4.2a).
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Figure 4.2  Daily maximum temperature variation above (Ab) and at depths below (Be) the
soil surface over the whole measuring period for (a) bare soil, (b) 100% reed, (c)
50% stone and (d) 50% reed treatments, starting at DOY 168
Figures 4.2b; 4.2c and 4.2d show that, at the depth of -750 mm the soil temperature values were
lower than soil temperatures at the -1050 mm depth during the winter period due to the fact that
there is still downward heat movement into the deeper layers of the soil. But, the opposite was
observed during the spring period whereby the soil temperature values at -750 mm were higher
than soil temperatures at depth -1050 mm (Figure 4.2). It maybe due to the downward heat
flow during the day as the heat moves downward through the profile faster than during the
warmer periods, thus releasing some of the energy to the layers above it during the night. The

K-S comparison results (Table 4.1) indicate that for the bare soil treatment, the temperature
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profile from the height of +1400 mm above the soil downwards to the depth of -75 mm

below the soil surface were not significantly different (a = 0.05). For the other treatments
(100% R, 50% R and 50% S) the temperature values were significantly different. Within each
of the following treatments: 100% R, 50% R and 50% S at depths -25, -75, -150, -450, -750
and -1050 mm temperature values were significantly different from each other at o = 0.05
(Table 4.1) throughout the measurement period. This confirms the influence of different mulch
types and cover on soil temperature regimes.

4.3.2  CDFs for daily maximum air and soil temperature between treatments

Figures 4.3a and 4.3b and Table 4.2 show that the daily maximum air temperature values at
heights (+75 and +160 mm) above the soil surface for different treatments were not
significantly different from each other at a = 0.05 throughout the measurement period. This
means that mulch type and percentage cover of the mulch did not influence air temperature at
these heights above the soil surface. CDF graphs show clearly that the 100% R had the greatest
effect on lowering soil temperature at depths of -25, -75, -150 and -450 below that of other
treatments followed by the 50% R. This was consistent with work of Horton et al. (1996) who
observed that mulch cover normally has a higher albedo and therefore lower thermal
conductivity than bare soil, and consequently it reduces the solar energy reaching the soil, and

finally reduces the temperature increases during warm conditions.
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Table 4.1 K-S comparisons of daily maximum temperatures at different heights and depths

Bare 100% R 50% R 50% S
Pairs above (+) and below (-) soil

D-stats P value D-stats P value D-stats P value D-stats P value

(+) 1400 vs (+) 160 0.2143™  0.0690 0.2571*%  0.0160 0.2000™  0.1060 0.2286*  0.0430
(+) 1400 vs (+) 75 0.2571*  0.0160 0.2714*  0.0090 0.2000™  0.1060 0.2286™  0.0430
(+) 1400 vs (-) 25 0.1571™  0..3260 0.6426*  0.0000 0.2429*  0.0260 0.1857°  0.4430
(+) 1400 vs (-) 75 0.1029™  0.844 0.6286  0.0000 0.3857*  0.0000 0.1429*  0.0000
(+) 1400 vs (-) 150 0.4143*  0.0000 0.7000*  0.0000 0.6429*  0.0000 0.4143*  0.0000
(+) 1400 vs (-) 450 0.6571*  0.0000 0.7429*  0.0000 0.7000*  0.0000 0.5714*  0.0000
(+) 1400 vs (-) 750 0.6571*  0.0000 0.7286*  0.0000 0.6857*  0.0000 0.6714*  0.0000
(+) 1400 vs (-)1050 0.6571*  0.0000 0.8000*  0..0000 0.7714*  0.0000 0.7429*  0.0000
(+) 160 vs (+) 75 0.1143™  0.7250 0.0714™  0..9920 0.2286*  0.0430 0.1429™  0.443
(+) 160 vs (-) 25 0.2000™  0.1060 0.8286*  0.0000 0.1143™  0.7250 0.3714*  0.0000
(+) 160 vs () 75 0.2206™  0.062 0.8286*  0.0000 0.5000*  0.0000 0.2143™  0.0629
(+) 160 vs (-) 150 0.5286*  0.0000 0.8714*  0.0000 0.7429*%  0.0000 0.5714*  0.0000
(+) 160 vs (-) 450 0.7857*  0.0000 0.9143*  0.0000 0.8143*  0.0000 0.7143*  0.0000
(+) 160 vs (-) 750 0.7857*  0.0000 0.9000*  0.0000 0.81436*  0.0000 0.8143*  0.0000
(+) 160 vs (-) 1050 0.7857*  0.0000 0.9286*  0.0000 0.9286*  0.0000 0.9143*  0.0000
(+)75vs ()25 0.2571*  0.0160 0.8143*  0.0000 0.1571™  0..3260 0.3714*  0.0000
+)75vs (-) 75 0.2647*  0.0140 0.8000*  0.0000 0.5857*  0.0000 0.2429*  0.0000
(+) 75 vs (=) 150 0.5714*  0.0000 0.8714*  0.0000 0.8143*  0.0000 0.6143*  0.0000
(+) 75 vs (-) 450 0.8429*  0.0000 0.9000*  0.0000 0.9143*  0.0000 0.7429*  0.0000
(+) 75 vs () 750 0.8571*  0.0000 0.9000*  0.0000 0.9000*  0.0000 0.8571*  0.0000
(+) 75 vs (-) 1050 0.8571*  0.0000 0.9429*  0.0000 0.9286*  0.0000 0.9286*  0.0000
(-)25vs ()75 0.1029™  0.8440 0.2286*  0.0430 0.5000*  0.0000 0.2714*  0.009
(-) 25 vs (-) 150 0.4286*  0.0000 0.2286*  0.0430 0.7000*  0.0000 0.3571*  0.0000
(-) 25 vs (-) 450 0.6000*  0.0000 0.2857*  0.0050 0.7857*  0.0000 0.4857*  0.0000
(-) 25 vs (-) 750 0.6143*  0.0000 0.4000*  0.0000 0.7571*  0.0000 0.5714*  0.0000
(-) 25 vs (-) 1050 0.6143*  0.0000 0.4000*  0.0000 0.8143*  0.0000 0.6000*  0.0000
(-) 75 vs (-) 150 0.3824*  0.0000 0.2286*  0.0430 0.4000*  0.0000 0.4857*  0.0000
(-) 75 vs (-) 450 0.4286*  0.0000 0.4286*  0.0000 04714 0.0000 0.6857*  0.0000
(-) 75 vs (-) 750 0.6176*  0.0000 0.5714*  0.0000 0.4571*  0.0000 0.7714*  0.0000
(-) 75 vs (-) 1050 0.6324*  0.0000 0.5286*  0.0000 0.5000*  0.0000 0.8571*  0.0000
(-) 150 vs (-) 450 0.4000*  0.0000 0.0260*  0.0000 0.2286*  0.0430 0.2571*  0.0160
(-) 150 vs (-) 750 0.4143*  0.0000 0.4571*%  0.0000 0.2714*  0.0090 0.4571*  0.0000
(-) 150 vs (-) 1050 0.4143*  0.0000 0.3714*  0.0000 0.4429*%  0.0000 0.4857*  0.0000
(-) 450 vs (-) 750 0.3857*  0.0000 0.3429*  0.0000 0.1857*  0.1590 0.3429*  0.0000
(-) 450 vs (-) 1050 0.5143*  0.0000 0.3429*  0.0000 0.3857*  0.0000 0.4571*  0.0000
(-) 750 vs (-) 1050 0.3286*  0.0010 0.4571*  0.0000 0.3857 0.0000 0.3000*  0.0030

*Significantly different at o = 0.05; ™ not significantly different at a. = 0.05
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The stones have good contact with the soil surface and therefore can conduct the heat

received from solar radiation on the upper surface through the stone and directly into the soil
profile. Stone mulch acts similarly to the bare soil with a continuous contact surface for
conduction of heat received from solar radiation. The stones physical system is different from
that of the reed mulch. The reeds are laying on the surface of the soil, but they are hollow
which discourages the conduction of heat. So, although the upper surface of the reeds may
reach a high temperature, this heat cannot be easily conducted directly across the air space of
the hollow reeds. Thus they provide a thermal conduction discontinuity and so the temperatures

below the 100% R mulch are much lower than the other treatments (Figure 4.3).

At depths of -75, -150, -450 mm the bare and 50% S treatments had a similar effect on soil
temperature as they were found to be not significantly different (i.e: similar) at a = 0.05, they
were only significantly different from each other at the surface (-25 mm) and at the deepest
measurement depths of -750 and -1050 mm (Figures 4.3d; 4.3e; 4.3f and Table 4.2). The 50%
stone and bare treatments had the similar effect on temperature; and were significantly different
from other mulch treatments 50% R and 100% R at depths -75, -150 and -450 mm, this means
that they probably allow similar amounts of radiation onto the soil surface hence heat
conductivity into the soil profile is probably similar. Depths -25 and -75 mm (Figure 4.2) show
that there was diurnal and daily temperature variation, at -150 and -450 mm less variable and at
-750 and -1050 mm little variation. These results indicate that the mulch had more influence on
soil temperature through to the depth of -450 mm than in the deeper layers as also observed by
Dahiya et al. (2007). These results indicate that temperature and mulch had an effect up to -450
mm contrary to Botha (2006) findings: who stated that Es only occurs between soil depths (0-
300 mm). Therefore, this means that the effective zone of evaporation from the soil (0-450

mm).
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Cumulative distribution function graphs of daily maximum temperature for

heights above (+) and depths below (-) the soil surface as influenced by the

mulch treatments
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Table 4.2 K-S paired comparison of maximum temperatures for the mulching treatments at various levels above (+) and below (-) the soil surface over

the measurement period

Comparisons Sensor level relative to soil surface: (+) above and (-) below
+160 mm +75 mm -25 mm -75 mm
D-statistics P-value D-statistics P-value D-statistics P-value D-statistics P-value
Bare vs 100R 0.1286™ 0.5800 0.0714™ 0.9920 0.6429* 0.0000 0.6555* 0.0000
Bare vs 50R 0.0571™ 1.000 0.1571™ 0.3260 0.1714™ 0.2320 0.3567* 0.0000
Bare vs 50S 0.0714™ 0.9920 0.0714"™ 0.9920 0.2714* 0.0090 0.1702" 0.2460
100R vs S0R 0.1143™ 0.7250 0.1714™ 0.2320 0.7286* 0.0000 0.4143* 0.0000
100R vs 508 0.0714™ 0.9920 0.1000™ 0.8570 0.5286* 0.0000 0.7286* 0.0000
50R vs 508 0.0714™ 0.9920 0.1429™ 0.4430 0.3143* 0.0010 0.4143* 0.0000
-150 mm -450 mm -750 mm -1050 mm
D-statistics P-value D-statistics P-value D-statistics P-value D-statistics P-value
Bare vs 100R 0.4571* 0.0000 0.3286* 0.0010 0.3571* 0.0000 0.7000* 0.0000
Bare vs 50R 0.3857* 0.0000 0.1857™ 0.1590 0.3000* 0.0030 0.6714* 0.0000
Bare vs 50S 0.0714™ 0.9920 0.2143™ 0.0690 0.3571* 0.0000 0.5714* 0.0000
100R vs 50R 0.2857* 0.0050 0.2714* 0.0090 0.2571%° 0.0160 0.2143™ 0.0690
100R vs 508 0.4571* 0.0000 0.4571* 0.0000 0.3143* 0.0010 0.3143* 0.0010
50R vs 508 0.3714* 0.0000 0.3857* 0.0010 0.1714™ 0.2320 0.2714* 0.0090

*Significantly different at a = 0.05; ™ not significantly different at 0. =0.05
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433  Air temperature

To illustrate the effect of the mulch treatments on the diurnal changes in air temperature, two
separate days were randomly chosen for detailed analysis from each period viz. for winter
DOY 205 and for spring DOY 288 (Figure 4.4). DOY 205 had a maximum weather station
temperature of 11.8°C and minimum of -6.6°C. DOY 288 had a maximum of 29.1°C and

minimum of 16.5°C.
DOY 205 (winter): At the +75 mm above mulch layer the 100% R, the night temperature

was higher (by up to 4°C) than other treatments. It seems that the 100% reeds provided
insulation and retained heat such that the air does not cool down as much as compared to bare
soil, 50% R or 50% S treatments (Figure 4.4a). However, the effect was absent at the +160 mm
in all the treatments (Figure 4.4b). All mulching treatments had temperature values higher than
station air temperature at the +1400 mm level (Figures 4.4a and 4.4b) during daytime. The Bare
treatment had the highest temperatures at +75 mm (Figure 4.4a) due to terrestrial radiation
making the soil surface hot, hence also warming the nearby air. From 09h00 to 18h00, the 50%
treatments (50% R and 50% S) had at the +75 mm level similar maximum temperatures at
15.0°C and (100% R and Bare) were similar at 17.0°C (Figures 4.4a and 4.4b). Overall the
results reveal that percentage cover and type of mulch did not have a significant effect on air
temperature, except for the 100% reed mulch which caused an increase in temperature during
the night and midday at +75 mm level.

DOY 288 (spring): At the +75 mm level, Figure 4.4c shows that 100% R and Bare

treatments had similar trends in their response to temperature both with a maximum of 30°C at
12h00; however 50% R and 50% S both had a slightly higher maximum by 3°C. Figure 4.3d at
the +160 mm level illustrates clearly that the treatments applied did not influence air
temperature though the temperatures were 4°C higher than the weather station air temperature

at +1400 mm during the morning only. Results for both DOY 205 and 288 show, that the
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different mulch treatments did not have a meaningful effect on air temperature at heights +75

or +160 mm.
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Figure 4.4  Diurnal changes in air temperatures at heights +75 and +160 mm on DOY 205

and DOY 288 as affected by the mulch treatments
434  Soil temperature
DOY 205 (winter): The diurnal changes in soil temperature displayed in Figure 4.5a shows

that at depth -25 mm, the 100% R treatment had daily maximum and minimum soil
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temperatures of 9.1 and 6.3°C, respectively thus a daily variation of only 2.6°C; yet the 50%

R, 50% S and Bare had daily variations of 13.3, 11.0 and 15.2°C, respectively. It seems that the
50% R mulch allows the most back radiation and escape of heat from the surface as it reached
the lowest minimum temperature (-1.6°C) at -25 mm depth. The Bare showed a similar pattern
with daytime high of 15.3°C and cooling down to 0.1°C at night; thus during the night,
temperature of the bare soil falls rapidly because of radiative cooling such that the surface is
the coldest location in the profile. The 100% R retains the most heat at -25 mm depth and thus
has a small diurnal variation. This is due to the fact that some solar energy passes through the
mulch and heats up the air within and soil beneath the mulch, and then the heat is trapped by
the “greenhouse effect”. Similar patterns are shown in Figure 4.5b for -75 mm depth, where the
50% S reached highest peak of 18.4°C, followed by bare with 16.5°C; then 50% R with 10.8°C
and lastly 100% R with 8.7°C. The 100% R reduces the amplitude of daily temperature
variations due to the insulating effect of mulch as also observed by Shinners et al. (1993).
Throughout the study period the 100% R kept soil temperature peak variations to a minimum,
far more than any of the other treatments throughout the day; followed by 50% S, then 50 % R
and lastly the bare soil treatment had the highest diurnal variation. The 100% R mulch for the
whole spring period seemingly had more insulation effect than any of the other three treatments
both during the day and night. In general the soil temperature seemed to increase linearly from
07h00 to reach a peak at 15h00, from then on it gradually decreased again, compared to station
air temperature more sudden cooling after 16h00. At -150 mm level, Figure 4.5¢ shows that
100% R, 50% R, 50% S and bare treatments reached maximum at 18h00 (8.9°C), 18h30
(9.1°C), 19h30 (11.4°C) and at 18h30 (11.0°C) and all had similar minimums of less than 8°C.
The 50% S and bare treatments and 100% R and 50% R followed the same trends as shown in
Figure 5c, though its important to observe that 50% S mulch reached its peak much later at
19h30, which may be due to the stones continuous transmission of stored heat in comparison to
the bare treatment (the stones served as a storage place for heat to be released in the late

afternoon).
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At the depth of -450 mm (Figure 4.5d) there was little variation in soil temperature between

treatments except that the 50% S had slightly higher temperature by 1°C compared to the other
treatments. This meant that the stone mulch transmitted more solar radiation into the soil than
the other treatments; due to the fact that the stones are a better conductor of heat than the reeds
which are hollow inside, thus reducing heat transfer into the soil. At the depth of -750 mm
(Figure 4.5e) the 100% R, 50% R, 50% S and bare treatments maintained almost constant
average soil temperatures of 13.4, 12.3, 11.5 and 13.7°C, respectively; however for the depth of
-1050 mm (Figure 4.5f) the 50% R and 50% S mulches had similar temperatures at 13.4°C
throughout the day. The 100% R mulch at -1050 mm was lower by 0.2°C and the bare soil had
a higher average temperature than the others by 1.7°C at 15.1°C. Throughout DOY 205 the
100% reed mulch imposed a more effective blanket or moderating effect on the temperature
than the other treatments. This phenomenal agrees with the fact that during colder winter
periods, the input of solar energy is lower and there is a net loss of soil heat energy to the
atmosphere at night, resulting in temperature decrease in the soil profile. For the bare treatment
conduction of heat through the surface is higher; hence it releases more heat during the night.
The presence of mulch on the surface seems to insulate, to some degree, the soil from the
colder atmosphere. Therefore, heat loss from the soil is somewhat lower under mulching
(Figures 4.5a, 4.5b and 4.5¢) than without mulching and soil temperatures consequently remain

higher and have lower diurnal variation especially with the 100% R coverage.
DOY 288 (spring): Figure 4.6a shows how 100% R influences soil temperature at -25 mm

with a low diurnal variation in temperature of 1.4°C; with a low maximum at 13h00 of 17.0°C.
Figure 4.6b shows clearly that the 50% S mulch continuously had higher temperatures
throughout the cycle. The peak temperatures at 13h30 for the 50% S, bare, 50% R and 100%
were at 26.1, 24.1, 21.0 and 17.0°C, respectively. The stones absorb solar energy and conduct
heat into the soil much more efficiently than the other treatments due to the fact that it is in
good contact with the soil surface. The 50% R at depth of -75 mm below the soil recorded the

lowest temperatures between 24h00 and 08h00 (Figure 4.6b). The 50% S and Bare followed



69
the same trend in soil temperature at -25mm depth but only reaching a maximum of 23.0°C.

Once again, the 100% R continued to maintain almost constant soil temperatures at about
16.0°C at -75, -150 and -450 mm depths (Figures 4.6b, 4.6¢ and 4.6d). At -150 mm depth, the
maximum temperature diurnal variation was at 3°C for all the treatments, showing little
variation in soil temperature throughout the day, this is due to the damping effect of
temperature with the increase in depth. However, the 50% S and bare treatments had higher
temperature than the 100% R and 50% R. At -450 mm below the soil (Figure 4.6d), the
temperatures were almost constant throughout the whole day at 16.5, 17.0, 18.5 and 17.5°C for
the 100% R, 50% R, 50% S and bare treatments, respectively. The 50% S soil temperatures
were higher than the other treatments since the stones store heat when it’s warm and then
release it slowly into the soil. Figures 4.6e and 4.6f for depths -750 and -1050 mm show that
soil temperature for 100% R, 50% R, and 50% S mulch treatments were similar throughout the
day at 17°C and bare soil was consistently higher by 1.0°C. At depths -25, -75 and -150 mm
(Figures 4.6a, 4.6b and 4.6c) soil temperatures under 100% R mulch concurred with results of
Fabrizzi et al. (2005) and Olasantan (1999), as both indicated that their soil temperatures under
mulching were higher than bare soil during colder weather. They concluded that the magnitude
of the changes in soil temperature varies across studies, and attributed it to the mulch type,

amount, soil properties as well as climate regions.
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Figure 4.6 Soil temperatures below (-) the soil at (a) -25, (b) -75, (c) -150, (d) -450, (e) -750
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43.5  Ten day periods of daily maximum temperature profiles

The results for the ten day periods of maximum temperature profiles as influenced by the
mulch treatments are presented in Figure 4.7. In the topsoil (0-400 mm), Figures 4.7a, 4.7b,
4.7c, 4.7d, 4.7e and 4.7f show that the 100% R generally had lower soil temperature values
than the 50% R, 50% S and bare soil. This was attributed to the insulation effect of reeds, as
they are hollow and hence poor conductors of heat. The temperature values from the 50% R
were similar to those of the 100% R, followed by the 50% S and lastly the bare. A similar trend
was observed at depth -450 mm in all the treatments. All the other treatments had higher
temperatures values than the 100% R, this can be logical in that their soil surfaces are heated
more directly than the 100% R surface and can be attributed to the fact that the reeds provide a
blanket effect. The 50% S had higher temperatures closer to the surface (-25, -75 and -150 mm)
owing to the fact that the stones conduct heat into the soil even during the night being better
conductor but it did not go all the way to the deepest soil layers. Figure 4.7 and Tables 4.3
show clearly that bare soil had higher soil temperatures than the 100% R, 50% R and 50% at
the depth of 1050 mm; the effect of solar radiation passes through to the deeper profile layer
faster than the other treatments hence the higher temperatures. The lower temperatures could
contribute positively to root growth and plant development due to the low variations in soil
temperatures under mulched soil surfaces. Figures 4.7a, 4.7b, 4.7c, 4.7d and 4.7d during
winter; show that at the depth of -750 mm the 50% S had lower soil temperatures than 100% R,
50% R and bare soil. Yet at depth -450 mm, throughout the measurement period, similar
temperature values with a variation less than 1.5°C. It was observed also that with approaching
spring, temperatures values closer to the surface started increasing considerably from DOY 264

onwards.
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Table 4.3 10 day periods (1 to 6) of daily maximum temperature profile as influenced by the mulch treatments

Sensor level relative to
soil surface
in mm

Ten day periods of daily maximum temperature (°C) per treatment

Ist ten day period (DOY 168-177)

2nd ten day period (DOY 178-187)

Bare 50% R 50% S 100% R Sd** Cv* Bare 50% R 50% S 100% R Sd** Cv*

+1400 16.15 16.15 16.15 16.15 0.00 0.00 16.41 16.41 16.41 16.41 0.00 0.00
+160 18.32 18.04 18.16 18.64 0.26 0.01 19.02 18.68 18.98 19.81 0.48 0.03
+75 18.74 18.83 18.56 18.43 0.18 0.01 19.71 19.65 19.44 19.25 0.21 0.01
-25 16.06 17.07 14.79 11.87 2.25 0.15 15.73 16.99 14.23 10.07 3.01 0.21
-75 16.32 13.04 17.59 11.91 2.67 0.18 16.16 11.81 17.67 9.94 3.62 0.26
-150 13.73 12.62 13.95 12.02 0.92 0.07 12.00 10.34 12.20 9.90 1.16 0.10
-450 14.06 14.29 14.61 13.99 0.28 0.02 11.79 12.05 12.28 11.75 0.25 0.02
=750 16.40 15.31 14.40 15.70 0.83 0.05 14.78 13.36 12.33 14.08 1.05 0.08
-1050 17.75 15.90 15.98 15.74 0.94 0.06 16.76 14.90 14.74 14.57 1.02 0.07

3rd ten day period (DOY 188-226) 4th ten day period (DOY 232-263)
+1400 14.60 14.60 14.60 14.60 0.00 0.00 20.37 20.37 20.37 20.37 0.00 0.00
+160 17.86 17.30 17.60 18.86 0.68 0.04 23.24 23.21 23.70 24.07 0.41 0.02
+75 19.50 18.75 18.12 18.75 0.56 0.03 24.47 25.69 24.15 23.96 0.78 0.03
-25 16.68 17.91 14.36 9.26 3.82 0.26 20.33 22.50 18.31 12.51 4.29 0.23
-75 17.51 11.72 19.36 8.95 4.87 0.34 20.65 15.56 22.11 12.61 442 0.25
-150 11.40 9.31 11.77 8.98 1.43 0.14 15.18 12.82 15.33 12.00 1.68 0.12
-450 11.03 11.17 11.77 10.86 0.40 0.04 13.38 13.29 14.38 12.55 0.75 0.06
=750 13.77 12.26 11.42 13.16 1.03 0.08 14.73 13.52 13.24 14.18 0.67 0.05
-1050 15.33 13.45 13.32 13.10 1.03 0.07 15.49 13.61 13.77 13.33 0.98 0.07
Sth ten day period (DOY 264-273) 6th ten day period (DOY 274-283)

+1400 24.74 24.74 24.74 24.74 0.00 0.00 26.45 26.45 26.45 26.45 0.00 0.00
+160 27.26 27.24 27.65 28.11 0.41 0.01 28.68 28.65 29.12 29.51 041 0.01
+75 27.95 29.96 28.64 27.96 0.94 0.03 28.81 31.17 29.69 28.96 1.08 0.04
-25 27.46 28.17 23.18 17.78 4.78 0.20 25.78 27.77 23.78 17.22 4.58 0.19
-75 27.05 20.85 25.79 17.86 4.29 0.19 25.47 20.35 26.27 17.88 4.04 0.18
-150 20.46 18.13 20.13 17.14 1.59 0.08 20.89 18.12 20.98 16.77 2.09 0.11
-450 18.05 17.63 18.99 17.10 0.80 0.04 18.37 17.67 19.39 16.97 1.03 0.06
-750 18.38 17.44 17.55 17.47 0.45 0.03 18.71 17.88 17.94 17.56 0.49 0.03
-1050 18.15 16.26 16.76 16.10 0.93 0.06 18.67 16.70 17.23 16.45 0.99 0.06

*#*CV is the coeffient of variation and *Sd is standard deviation
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43.6  Temperature gradients

Generally heat is continually moving into or out of the soil and the thermal energy being
continually redistributed through the soil. Heat will not flow under isothermal conditions (no
temperature gradient) and the rate of heat flux into the soil is determined by the temperature
gradient (TG) and thermal conductivity of the soil. During the day and night time (Table 4.4) at
heights (+160 and +1400 mm) above the soil, the highest TG was 0.27°C h™ and the lowest
was 0.27°C h™ in all four treatments on DOY 288. On the contrary for the same day, at the
depths (-25, -75 and -150 mm) the TG between the day and night phases was highest at nearly
0.58°C h™! for 50% S and the other treatments (bare, 50% R and 100% R) were at most 0.47°C
h™'. An indication that the stones store energy (good conductor) during the day and release it
during the night, hence the higher TG for 50% S. It was important to observe that deeper layers
(-450, -750 and -1050 mm) experienced near isothermal conditions for the 100% R, 50% R and
50% S treatments during the day and night phases on DOY 288. Only the bare soil exhibited a
negative gradient (-1.51°C h™ at -1050 mm) during the day and night times on both DOY 205
and 288, when compared to the 100% R, 50% R and 50% S mulch treatments. This is due to
the fact that the bare soil allows more radiation to penetrate deeper into the soil profile than the

other treatments; hence the heat (cold) wave reaches to deeper soil depths.

Below the soil surface at depth of -75 mm on DOY 205, the TG for the Bare (0.95°C h'l) and
50% S (1.12°C h'l) treatments were higher than those of 50% R (0.51°C h'l) and 100% R
(0.23°C h™") during the daytime (Table 4.4). The highest negative gradient is in the night being
that of 50% S due to the fact that it has very good contact with the soil hence a good conductor
of heat during the day and cooling at night. In general the temperature gradient is greater in the
topsoil (0 to 150 mm) than in the deeper soil layers (-450 to -1050 mm). Overall the gradient
value for 100% R was less than other daytime gradients being nearer zero than others during

nighttime.
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Table 4.4 Temperature gradient profiles (TG, °C h™") for both the warming and cooling phases for DOY 205 (summer day) and DOY 288 (spring

day) in 2009 as influenced by mulching treatments at heights above (+) or below (-) the soil surface

Temperature change (°C h™)

Sensor level

relative to soil DOY 288 (Spring) DOY 205 (Winter)

surifr?ce Daytime phase Night phase Daytime phase Night phase
mm 100%R  50%R  50%S Bare 100%R 50%R  50%S  Bare 100%R  50%R 50%S  Bare 100%R 50%R 50%S Bare
+1400 0.21 0.21 0.21 0.21 -0.12 -0.12  -0.12  -0.12 0.98 0.98 0.98 0.98 -0.66  -0.66 -0.66 -0.66
+160 0.19 0.18 0.21 0.20 -0.13 -0.13  -0.17  -0.17 0.82 0.62 0.77 0.71 -0.63  -0.62 -0.67 -0.62
+75 0.21 0.26 0.22 0.27 -0.15 -0.25 -0.17  -0.25 0.80 0.94 0.77 0.95 -0.55  -071 -0.56 -0.70
-25 0.15 0.37 0.47 0.40 -0.15 -0.31 -0.45  -0.38 0.23 0.77 0.81 0.89 -0.18  -063 -0.72 -0.76
-75 0.13 0.31 0.58 0.44 -0.15 -0.31 -0.54  -0.40 0.23 0.51 1.12 0.95 -0.19  -043 -097 -0.82
-150 0.07 0.12 0.22 0.19 -0.09 -0.13  -0.22  -0.19 0.12 0.05 0.23 0.25 -0.09  -007 -023 -024
-450 0.02 0.00 0.00 0.01 -0.01 -0.02  -0.02  -0.01 -0.02 -0.03  -0.07 -0.04 0.03 0.04 0.07 005
-750 0.01 0.00 0.02 0.00 -0.01 -0.02  -0.02  -1.51 0.01 0.00 -0.02  -0.01 0.00 0.00 0.02 ~-L15

-1050 0.00 -0.02 0.00 -1.53 0.01 0.01 0.00 0.02 -0.01 0.00 0.00 0.00 0.00 0.00 0.01 -0.01
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4.4 Conclusions

Mulch type and percentage cover do not affect air temperature significantly at +75 and +160
mm above the soil. However, 100% R and 50% R mulching treatments reduced soil
temperature diurnal variations during daytime conditions and encouraged higher soil
temperatures during cold weather when compared to 50% S and bare soil. The 100% R mulch
cover had minimal temperature diurnal variation throughout the study period. Mulching
treatments affected soil temperature in the following order: 100% R; 50% R, 50% S and Bare.
However, 50% S had higher temperature values than the 100% R, 50% R and bare treatments
at the depths of -25, -75, -150 and -450 mm below the soil surface. The variation in the
temperature gradient below the soil surface was (-1.53°C h™) for the bare soil at 1050 mm
depth (control) with the highest at 1.12°C h™! for the 50% S soil treatment at -75 mm depth, and
the 100% R had the least variation with a maximum at 0.23°C h". Overall, the results indicate
that mulch had less effect on soil temperature with the increase in depth from -25, -75, -450, -
750 and -1050 mm. The results also show clearly that percentage cover affects soil
temperature. Considering the abundant availability of reed mulch material in the region, it is

recommended that mulching can help reduce evaporation by controlling soil thermal properties.
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CHAPTER 5
CHARACTERIZATION OF THE HYDRAULIC PROPERTIES OF A
BONHEIM SOIL

Abstract

There is a distinct lack of knowledge with respect to the hydraulic properties of the South African
Bonheim soil, also referred to as a vertic phaeozem in other countries. The aim of this study was to fill
the gap by determining some of the most important hydraulic properties (drainage patterns, soil water-
hydraulic conductivity and soil water-matric suction) of a modal Bonheim soil sampled at Glen
Agricultural Institute near Bloemfontein. Desorption measurements were carried out on each horizon to
obtain a series of soil water content (0)-matric suction (h) values from which the “soil water release
curve” (SWRC) was derived. Hillel’s internal drainage method was used to obtain the in situ drainage
pattern as well as the relationship between soil water content (8) and the hydraulic conductivity (K) for
each master horizon. Structural and textural pore domain classes were identified in each horizon by
using the in sifu internal drainage (ISID) method. The structural (macro) pores of the three horizons
were associated with very low suctions (<1.1 kPa) and were found to hold between 12-19% of the total
pore volume and conduct water at rates between 1 and 20 mm hr'. A second pore class was identified
as transitional pores, which fell between the structural and textural domain pore classes and these pores
occupied between 17 and 20% of total pore volume and conducted water at rates between 3.9-12.6 mm
hr'. Lastly, textural pores represent a third class of pore domain which conducted water at rates
between 3.3-10.4 mm hr”'. The results showed that the transitional pores (upper boundary pore class) is
associated with very low suctions (> 1.3 kPa) and thus a suggestion was made that the 0 within this
class is associated with the drained upper limit (DUL). The lower boundary (textural pores) is
associated with soil water contents at 1500 kPa. A sizeable amount of water can be stored between these

two boundaries which are of great importance for crop production.

Key words: hydraulic conductivity, soil water, water release, instantaneous, drainage
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5.1 Introduction

Bonheim soils (Bo) have a melanic A, pedocutanic B and saprolite C horizons, which are
associated with gentle or flat-lying areas and formed from sedimentary or igneous rocks. A
mean annual precipitation of 550 - 800 mm and an aridity index of 0.2 - 0.5 (semi-arid) are
particularly conducive for the formation of these soil forms (Soil Classification Working
Group, 1991; van der Merwe et al., 2002). It is by definition a well-structured, dark-coloured
margalitic clay soil with marked swell-shrink properties (le Roux et al., 1997; Hensley et al.,
2006). The South African Bo is similar to the vertic phaeozem of the international classification
system belonging to the mollic group of soils (World Reference Base, 1998). This soil form can
be found throughout the world, for example: Ethopia (Zekele et al., 2004); Russian Federation
(Meidema et al., 1999); United States of America (Blanco-Canqui et al., 2007); from the
Thabankulu border of Swaziland through to Zimbabwe (van der Merwe et al., 2002). In South
Africa, soils with a melanic A horizon cover an area of approximately 2.3 million ha or 2% of
the total area of 122.8 million ha (van der Merwe et al., 2002). This soil has a high porosity and
water holding capacity. The relatively high levels of organic matter and near-neutral pH make

these soils very fertile (van der Merwe et al., 2002).

The Free State Province covers 12.9 million ha of which 3.82 million ha are arable. Yet, it
produces one third of South Africa’s total grain crop, mainly maize and wheat. Of this entire
grain crop produced none is from areas south, east and north-east of Bloemfontein, in spite of
the more favourable rainfall of between 500 - 600 mm. The potential is limited by the clay and
duplex soils which are dominant and have properties which render them unfavourable for
cropping with conventional tillage practices. This is due to a dry soil water regime caused by
excessive water losses through runoff and evaporation (Hensley et al., 2006). Eloff (1994)
classified these soils as having a very low potential for agricultural production, and
recommended them for grazing despite the fact that they cover about 2.8 million ha. Field

experiments were conducted on the Bo north-east of Bloemfontein to test appropriate
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production techniques, in an attempt to deal with the problem of soils east of Bloemfontein

(Hensley et al., 2000). Botha and van Rensburg (2004) demonstrated from their findings over
six seasons that the in-field rainwater harvesting (IRWH) crop production technique, when
compared to conventional production practices (ploughing with mouldboard) increased maize
and sunflower yields by as much as 50%. Tekle (2005) identified about 80 000 ha in the Free
State where the IRWH technique could be applied. This technique has proved to be particularly
suitable and acceptable by the subsistence farmers in Thaba Nchu area for selected field and
vegetable crops (Kundhlande er al., 2004; Botha et al., 2007). These farmers are considered
extremely vulnerable, because the majority of the people suffer from poverty (56%),
unemployment (31%) and food insecurity (54%) (Department of Agriculture - Free State

Province, 2006).

A number of researchers, as listed in Table 5.1, have done some studies on clay soils in South
Africa and internationally. The review shows clearly that, though some work has been done on
the Bo, none of these studies have determined the hydraulic properties of this soil. Hillel (1998)
and Dirksen (1999) stated that a soil’s hydraulic conductivity (K) is one of the most important
physical properties; as it varies over many orders of magnitude not only between different soils,
but also within the same soil. It is envisaged in this study that the characterization of the inter-
relationships between hydraulic conductivity (K)-soil water content (8) [K(8)] and 6-matric
suction [0(h)] for the Bo will provide insightful information, fill a gap in knowledge, and
contribute to the understanding of the soil water balance of the IRWH system. This in turn
could improve peoples life’s throughout South Africa and other semi-arid zones in the world.
Some studies on the determination of hydraulic properties using the instantaneous drainage
method of Hillel (1972) have been done for other soil forms in the Free State (South Africa):
notably the works of Fraenkel (2008) on the Tukulu, Arcadia, Sepane and Bloemdal soils;
Chimungu (2009) on the Tukulu and Bainsvlei soils and Bothma (2009) on the Bloemdal and

Sepane soils (Table 5.1).
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Table 5.1  Soil hydraulic studies on melanic and duplex soils [(+) indicates work done and (-) indicates work not carried out on the topic]
Particle Soil hydraulic Other soil physical

Country Author(s) Dominant soil form Soil water balance distribution (%) properties properties
AS 1 Es Ev dr Cc Si Sa 0(h) K(0) Po Po
South Africa Hensley et al. (2000); Bonheim; Swartland + -+ + + + + + - - + +
South Africa Botha er al. (2003) Bonheim; Swartland + -+ + o+ + + + - - + +
South Africa Botha, (2006) Bonheim; Swartland + -+ + + + + + - - + -
South Africa Anderson, (2007) Bonheim + -+ - - + + + - - + -
South Africa van Rensburg et al. (2002) Bonheim + -+ - - + + + - - + -
South Africa Chimungu, (2009) Bainsvlei; Tukulu - - - - - + + + + + + -

Tukulu; Sepane
South Africa Fraenkel, (2008) - -+ - + + + + + + + +
Bloemdal

South Africa Bothma, (2009) Bloemdal; Sepane - - - - + + + + + + + +
South Africa van der Merwe et al. (2002) Melanic A horizon - - - - - + + + - - + -
Ethopia Welderufael, (2006) Bonheim + + o+ - + + + + - - + +
Russian Federation Miedema et al. (1999) Mollic A horizon - + + - - + + + - + - +
Ethopia Zekele et al. (2004) Mollic Andosol - + - - - + + + - + + +
USA Blanco-Canqui et al. (2007) Mollic - + - - - + + + - + + +

where: AS: change in soil water storage; I: irrigation; Es: soil surface evaporation; Ev: evapotranspiration; R:

runoff; Cc; Sc, Sa: Clay; Silt, and Sand contents; dr: drainage curves; p,: porosity; py: bulk density



81

Unfortunately, these findings cannot be extrapolated to the Bo with it’s melanic A horizon, that

differs in many ways from those soils. The aims of the study were to:

(6)) describe the profile of a typical Bonheim soil and
(i1) relate pedological attributes of the master horizons to measured hydraulic
properties.

5.2 Material and methods
5.2.1 Soil sampling

Site location and soil classification are detailed in chapter 2 (section 2.2.1). Undisturbed soil
core samples were taken from the profile pit under wet conditions at the depths of 150 mm
(representing the A-horizon), 550 mm (representing the B-horizon) and 850 mm with three
replications using a modified hydraulic jack as described in Chapter 2, section 2.2.2.2. The
dimensions of the core sampler were 105 mm (diameter) with a height of 77 mm. Each sample
was properly sealed and used for both the bulk density (p,) and soil water retention
determinations. For py, the samples were dried in an oven at 105°C for 24 hours.

5.2.2  Soil water release measurements

To prepare the soil samples for retention measurements, the first step was to saturate the soil
cores using a two way vacuum saturation chamber system as discussed in chapter 2 (section
2.2.2.2). The system is made up of two vessels (chambers), one of them filled with water and a
stirrer placed at the bottom of the vessel to continually stir the water in the vessel during the de-
airing process. In the other vessel, three core samples were placed on a 3 mm high platform
gauge wire-mesh and both vessels de-aired using a vacuum pump sucking at -70 kPa at room
temperature for 48 hours. Thereafter the vacuum pump has turned off; hence, ensuring the two-
way chamber system remains air tight. The de-aired water was allowed to gradually flow into

the chamber containing the de-aired core samples until the water level was just below the top of
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the core samples. Soil samples were then left for a further 24 hours in the chamber, thus
ensuring that full saturation was achieved. The gravimetric weights of the saturated samples
were determined by weighing the samples immediately after taking them out of the saturation

vessel.

After saturation, the soil water release curves (SWRC) were determined in three steps: Step 1
used the hanging water column tension cup method of Dirksen (1999) on undisturbed core
samples with ranges from O up to 9 kPa (Note: absolute kPa values used hereafter). For this
study the 0.01 kPa was assumed to represent O kPa. The suction levels differed amongst
horizons, but a total of 10 suction levels were achieved for each of the three soil horizons. Step
2 involved the equilibration of undisturbed soil samples from the three soil horizon using the
pressure plate apparatus of Jury et al. (1991) set at 10, 20, 40, 70, and 100 kPa. In step 3
disturbed soil samples from the three horizons on the pressure plate apparatus were used at
settings of 100, 300, 500, 1500 kPa. Steps 1, 2 and 3 lasted approximately 6, 8 and 11 days,
respectively until equilibrium at each pressure setting. Soil samples were weighed after each
equilibration to determine the gravimetric water content and the volumetric water content was
then calculated using the measured bulk density. Then soil water retention curves were drawn
from the data for each horizon.

523 Specific water capacity

The slope of the SWRC, which is a change of water content per unit change of matric potential,
is generally termed the specific (or differential) water capacity (Cy). Cy values were calculated
for each soil horizon at different sections of the SWRC and the separated sections were as
follows: (1) 0-1 kPa, referred to as Cy o-1);

(i1) 1-10 kPa: referred to as Cy (1-10);

(iii) 10-1500 kPa: referred to as Cy (10-1500)-
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Cy were calculated using the equation below (Hillel, 1998):

C,=—-d0/dh (5.1)
where d (mm mm™) is the slope of wetness and dh (mm) is the change in matric suction.
5.2.4  Internal drainage method

In this study, the internal drainage method (IDM) of Hillel et al. (1972) was used to determine
the K(0) relationship as it has come to be accepted as a standard in situ procedure (Marion et
al., 1994). The main advantage is that it is non-destructive, and can be applied simultaneously
at several soil depths under natural conditions that include swelling and shrinking, and normal
field suction heads (Hillel et al., 1972; Zhang et al., 2007). The internal or instantaneous
drainage experiment was carried out on the Bonheim soil using an area of 4000 mm x 4000
mm. A metal frame of 400 mm in height was inserted to a depth of 300 mm into the soil to
prevent lateral water movement from the surrounding soil. Within this plot, soil water and in
situ matric suction measurements were taken at depths: 25, 75, 150, 450, 750 and 1050 mm
from the soil surface level. The volumetric soil water content was recorded hourly using
calibrated ECH,O-TE probes connected to a CR1000 logger via multiplexer (Campbell
Scientific, Logan, UT). The matric suction was also recorded hourly using Watermark 200
sensors. Four neutron access tubes were also inserted to a depth of 1300 mm to assist only in
monitoring soil wetness during water ponding. Water was ponded on the soil surface until the
ECH,O-TE probe readings indicated saturation for the entire profile and which was achieved
three days after continuous ponding. Then, the whole plot was completely covered by a sheet of
black plastic to stop water entering or evaporating from the plot. During the experiment it was
discovered that the Watermark 200 was not sensitive enough in the wet range at suctions
between 0-10 kPa and matric potentials in this range were estimated from the laboratory
obtained SWRC. These curves were used to estimate matric suction from the soil water content

measured with the ECH,O-TE probes during drainage.
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5.2.5  Data processing for internal drainage method

The processing of the data obtained during the IDM experiment was carried out as described by
Hillel et al. (1972); first in situ 6 values were plotted with time for each depth (Figure 5.2).
Secondly, ¢ was calculated through each depth increment by integrating the 0-time curve, with
respect to depth (Appendix 4). Thirdly, the hydraulic gradient 0H /dz was determined using
three different SWRC each specific for each depth to estimate / from in situ determined values
of 0. Gravitational head was then added to % to obtain the change in hydraulic gradient (AH).
Fourthly, K(6) was calculated at each depth (Appendix 5 and 6) and for the different 0 values
by dividing the flux (g) with the corresponding dH /dz values. Finally, K was plotted against 6
values and a curve was fitted.

5.2.6  Partitioning of pores into structural and textural components

A new method for separating structural and textural pores is proposed based on the in sifu
internal drainage characteristic of the profile, abbreviated as the ISID method. The ISID
method partitions data into classes, by using successive “critical levels” and their associated R’
values as described by Cate and Nelson (1971). The partitioning occurs where the R” reaches its
maximum. The technique consists of the following steps:

@) Arrange the (X, Y) pairs from smallest to the highest based on the X-values; where X

is time (hours) and Y is volumetric soil water content (mm mm™") at X.

(ii) Secondly, calculate the correction factor (C) using the following equation:
2
¢, -V
n (5.2)
(iii) Thirdly, calculate the total corrected sum of squares (D) using the following equation:
2 2

n
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@iv) Fourthly, calculate the D deviations from the means of two populations that result

from each successive X value, for example:

Y, +Y,) Y,+Y,)?

Alzg + Bl:u (5.4)

2 n—2
then; not;

Y, +Y,+Y,)’ Y,-Y)’

A, =—( *+Y +Y) +| B, =—( =¥ (5.5)

3 n-3
@iv) Thereafter, add the sum of squares of the pooled sum of squares at each X level and

then subtract the correction factor and divide by D expressed as a percentage of D or

as R? with the equation:

A +B —
R2 :|: n + n C:l (56)
D

By this interactive process obtain a series of R? values by increasing number of samples by one
each time until a critical level of X is reached, where R? is at its maximum and thereafter starts
reducing.

5.2.7 Statistical analysis

The accuracy of fitted soil water release curves was evaluated using the Willmott procedure

which is detailed in chapter 2, section 2.2.3.

5.3 Results and discussion

5.3.1 Profile attributes of the Bonheim

The soil description of the Bonheim soil at Glen [Table 2.1 (chapter 2)] is supported with a
photo of the profile [Figure 2.1 (chapter 2)] and the soil attributes are summarised together with
other Bo soils reported by Turner (2000), sampled in KwaZulu-Natal and Mpumalanga (n = 13

profiles). The melanic horizon at Glen is a clay soil with dark brown angular blocked peds,
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characterized by a high proportion of smectite clay minerals to a depth of 400 mm. It has a
strongly developed structure with a high CEC value at 24.3 cmol. kg™ soil characterized by
marked swell-shrink properties with a bulk density at 1.48 mg mm™. The exchangeable Na
content at 2.5% is fortunately low and therefore cannot be blamed for exacerbating the swell-
shrink properties. The Mg content (12.2 cmol, kg'l) is relatively high compared to an average
of 9.7 cmol, kg'1 for other the melanic layers. The 56% exchangeable Mg may be a factor that

contributed to the high plasticity index (Pi) value at 31.

The pedocutanic layer (B-horizon at Glen) is a dark brown soil classed as clay soil from a depth
of 400 up to 800 mm and graded as having well-developed angular and sub-angular blocked
structure and characterized by the presence of high proportion of smectite clay minerals, hence
the Pi value of 33, which is higher than the value of 31 for the melanic horizon. This confirms
the strong structure of this expanding clay, which enables it to retain more water. The
pedocutanic layer at Glen has a clay content of 41.3%, with other-pedocutanics (n = 13) at
58.0% and a bulk density of 1.33 mg mm™. It has a lower CEC (23.6 cmol. kg") value
compared to other-pedocutanic layers at 36.8 cmol, kg'1 with a standard deviation (Sd) of 9.4
cmol, kg'l. The pedocutanic layer at Glen is typically similar to other pedocutanic layers in the

country as most of the textural and structural properties were similar.

The C-horizon is a calcium carbonate enriched sandstone saprolite sufficiently weathered to a
depth of at least 1200 mm and offers no significant impedance to root development to that
depth. The parent material is a mixture of dolerite and sandstone colluvium, with dolerite
dominating. The exchangeable Na content in the profile is fortunately low (ESP < 5%) and
does not cause swell-shrink properties like the overlying pedocutanic layer. The clay, silt and

sand contents for this layer were at 37.7, 20.0 and 40.9%, respectively. It is textural classified
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as clay loam and has an exchangeable Mg and Na values at 36 and 4.9%, respectively. The Pi

value was 28, considerably more than the overlying horizons.

Comparing the attributes of the Bonheim at Glen with that of the other Bonheim’s from Turner
(2000) (Table 5.2), revealed that CEC, carbon (C) and clay content, compared well within the
A-horizons, but not for the B-horizons. These attributes are closely related to the structural
pores in the horizons i.e. the volume of the macro pores, while the clay content and the type of
clay are associated with textural pores (micro pores) (Luxmoore, 1981). Macro and meso pores
are very conductive and are responsible for water flow and fluxes between saturation and the
drained upper limit of horizons. On the other hand, micro pores are slow conductive pores
which operate below the drained upper limit and lower suctions. Thus, it can be predicted that
the hydraulic properties of the melanic horizon of Glen were comparable to that from Turner
(2000). Due to apparent differences in the soil attributes of the B-horizons, the structural and
textural pores will differ and hence the hydraulic properties. Hydraulic conductivity is also
related to chemical attributes such as salt concentration (expressed as resistance in Table 5.2)
and exchangeable sodium percentage (ESP) of the horizons (McNeal and Coleman, 1966).
Unfortunately the ESP attribute was absent from the chemical data from Turner (2000), which
makes comparisons impossible. However, the chemical properties are dynamic and depend on
management. Overall, it can be expected that the A-horizons will exhibit similar hydraulic

properties and the B-horizons can be slightly different.
5.3.2  Characterization of drainage patterns of horizons
Drainage data were obtained from the internal drainage experiment, which lasted 30 days, by

selecting all the hourly data over the first 100 hours (4.2 days) of the experiment and thereafter

only measurements taken daily at 08h00 were used for the remaining period.
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Table 5.2 Comparison of physical and chemical properties of Bonheim at Glen with other
Bonheim (n = 13) soils described in Turner (2000)
Property Parameter Melanic Pedocutanic Saprolite
Glen Other  Sd Glen Other Sd Glen
Sand (%) 44.40 31.00 948 444  30.0 10.18 40.9
Silt (%) 9.50 29.00 13.79 129  28.0 10.68 20.0
Clay (%) 43.50 40.0 247 41.3 58.0 11.81 37.7
Physical Texture class Cc Cc-CcLm Cc Cc-CcLm CcLm
Pp (mg mm™) 1.58 - - 1.33 - - 1.47
Swelling (%) 11 - - 13 - - 6
Plasticity Index 31 - - - - - 28
Carbon (%) 0.57 1.0 030 0.2 0.5 0.14 -
Resistance (ohms) 340 900 396 280 420  98.99 240
pH (H,0) 7.56 6.6  0.68 825 720 074 8.49
pH (KCI) 6.11 56  0.36 7.06  6.00 0.75 7.21
Na (cmol, kg™) 0.56 40 228 1.05 9.00 5.62 1.19
K (cmol. kg™ 0.65 1.0 025 0.59 1.00  0.29 0.58
Chemical
Ca (cmol. kg™ 8.33 8.5 0.12 798 12.10 291 13.77
Mg (cmol, kg™) 12.22 9.7 1.78 11.74 4830 25.85 8.86
*Clay-S value 21.76 - - 21.35 - - 24.4
CEC (cmol, kg™") 24.30 274 219 23.58 36.80 9.35 26.21
Exch. Na ESP (%) 2.5 - - 4.9 - - 49
Exch. Mg ESP (%) 56 - - - - - 36

where: Sd = standard deviation; Cc = clay; CcLm = Clayloam; p, = bulk density; *(Z exchangeable cations x 100/ % clay)

A power function was fitted through the data and the curves are depicted in Figure 5.1 for each

of the three horizons. The associated regression results are summarized in Table 5.3. From the

regression data it is clear that the power function fitted the data well for all horizons (R*>0.98)

which explains the similar shapes of the curves. However, the coefficients of the equations

differed markedly amongst horizons, indicating that they are unique for each horizon. The
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regression functions indicated slightly higher values of porosity in the field than porosities
calculated based on the p, of the three horizons. Laboratory and field porosities for the A, B
and C horizons were similar for each horizon: 0.40, 0.50, 0.45 mm mm’l, and 0.46, 0.51 and

0.48 mm mm’', respectively.
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Figure 5.1  Drainage patterns of three horizons for the Bo soil at Glen for a 30-day period

Table 5.3 Regression functions describing drainage patterns over time for a 30-day period

for the horizons of the Bonheim soil at Glen

Diagnostic soil horizon (mm) Regression function R’
A-horizon (0-400) 0 = 0.4594 0087 0.988
B-horizon (400-800) 0 = 0.5056 %% 0.998
C-horizon (800-1050) 0 = 0.4958 9% 0.996

0 is the soil water content in mm mm™ and t is time after field saturation in hours

The in situ internal drainage method (ISID) was used in partitioning the drainage curves into
relatively high flow (macro pores), moderate flow (meso or transitional pores), and low flow
(micro pores) hydraulic classes (Figures 5.1 and 5.4). The dotted lines in Figure 5.4 represent
the cut-off points or partitioning of pores into classes. For each of the three horizons, all the

macro pores were drained after 12 hours and the meso pores drained after 96 hours (4 days) and
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these being determined using the ISID method. This study proposes that the drained upper limit
(DUL) occurs after the meso pores have been completely drained, opposed to the method
described by Ratliff et al. (1983). They defined the DUL where the drainage curve has attained
a negligible drainage rate (about 0.1 to 0.2% per day). Typically, the Ratliff er al. (1983)
method suggested that most soils reach DUL in between 2 to 12 days and fine-textured soils
and soils with restrictive layers required up to 20 days of drainage. This approximation of
determining the DUL by Ratliff et al. (1983) is refined in this study by using the ISID method
to accurately determine the ‘critical level” were DUL is reached. For comparison, based on a 20
day (480 hours) drainage cycle of Ratliff et al. (1983) the DUL values for A, B and C horizons
were: 0.274% (110 mm), 0.297% (119 mm) and 0.311% (93 mm), respectively, with a profile
total of 322 mm (Figure 5.1). DUL values obtained using the ISID method for the same
horizons were: 0.360% (144 mm), 0.344% (138 mm) and 0.314% (94 mm), respectively, with a
total profile of 376 mm (Figure 5.1). Compared to the ISID method, the Ratliff ef al. (1983)
method under estimated the DUL for the A, B and C horizons by 24, 14, and 1%, respectively.
Botha (2006) using the Ratliff et al. (1983) method found that the DUL values for the A, B and
C horizons were 0.305, 0.344 and 0.260 mm mm respectively, compared to ISID DUL values
of 0.314, 0.344 and 0.360 mm mm’'. Because the ISID method is based on a statistical
procedure that can be applied and repeated on any drainage curve, it is suggested that the

method should be used as an alternative to the Ratliff er al. (1983) method.
5.3.3 Characterisation of K(0) relationships of horizons

Soil hydraulic conductivity (saturated and unsaturated), typically varies by orders of magnitude
in space, and unsaturated values can change dramatically in time with the state of the water
content of the soil. The relationship between measured K and 6 for the Bonheim soil is
presented in Figure 5.3 and results of regression functions for each of the three horizons are

given in Table 5.4. The mathematical relationships between conductivity [K (mm hr™")] and soil
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water content [0 (mm mm™")] could be best described by exponential equations (Table 5.4 and
Figure 5.2). The linear relationships on the semi-log scale suggests that the K(0) relationships
are unique for each horizon because they have different slopes and intercepts. It seems that the
vertical flow in the profile is controlled by the C-horizon when flow rates are above 0.35 mm
mm’l, and controlled by the A-horizon when flow rates are between 0.27-0.31 mm mm™.

Table 5.4 Regression functions describing the K(8) relationships for the three master

horizons for the Bo soil

Diagnostic soil horizon Soil depth (mm) Regression functions R’
A-horizon 150 K =5 x10%e*7°" 0.997
B-horizon 600 K=6x10"e74® 0.977
C-horizon 1050 K =1x107e?"1%80 0.994
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Figure 5.2  K(0) relationships for the A, B and C horizons of the Bonheim at Glen
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5.3.4  Characterisation of 6(h) relationships of horizons

The relationships of volumetric soil water content versus matric suction for the different soil
horizons are shown in Figure 5.3. From the shape of the curves and slope being the specific
water capacity (Cp), it is clear that the three horizons exhibit unique soil water release
characteristics. For example, over the 0-1 kPa suction range the specific water release [Cy (o.1)]
was higher in the C horizon (Cy = 0.1613), followed by the B (Cy = 0.0803) and then the A
horizon (Cy = 0.0407). The situation changed dramatically from 1-10 kPa, where the highest
specific water release capacity [Cy (1-10)] was experienced by the A horizon (Cy = 0.0196),
followed by the B (Cy = 0.0172) and then the C horizon (Cy = 0.0100). Between the suction
ranges of 10 to 1500 kPa [Cy (10-1500)], all three master horizons held and released a similar

amount of water, hence, the similar specific water release capacity at (Co= 0.0001).
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Figure 5.3  Soil water release curves for the three horizons for the Bo soil
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5.3.5 Hydraulic properties and its relation to pedological features

The pedological features in this study are the structural and textural properties of the diagnostic
horizons of the Bo soil. The relationship between these pedological features and hydraulic
properties referred as Pedotransfer function (PTF) were deduced from the integration: of the:

(6)) hydraulic information obtained using the IDM of Hillel et al. (1972) and SWRCs;

(i1) proposed ISID method in the partitioning of pore classes into structural and textural

pores as shown in Figures 5.1 and 5.4.

The melanic horizon is described as a dark brown, well developed, moderately course and
angular blocky structured clay (44%) soil, and characterized by structural pores with a volume
of water of 0.085 mm mm’ (Table 5.5) (0.459-0.374 mm mm'l) or 19% of the total air space
(Figure 5.4a). This space is associated with the voids between structural units or peds and as
such conduct water at very low suctions (0-1.1 kPa), resulting in relatively high flow rates of
10.5 to 12.7 mm h™ (Figure 5.4a) and according to Luxmoore (1981) these pores are mainly >1
mm in diameter and are responsible for channel flow through the horizon under surface
ponding and/or perched water table conditions. The meso pores occupy a smaller volume of
space (16% of the total space) over a volumetric water content range from 0.373 to 0.314 mm
mm’’ (Table 5.5) and holds water at suctions between 1.1-1.3 kPa, with flow rates between 3.9-
10.5 mm h™ (Table 5.5). The meso pores in this study are considered to be transitional between
structural and textural pores. According to Luxmoore (1981) this pore diameter size range is
found between 0.01 and 1 mm. Textural pores are in general related to the clay content of a soil
and are known as micro pores. The textural pores associated with the melanic prevailed
between soil water content range of 0.314 (DUL) to 0.135 mm mm™ as shown in Figures 5.3;
5.4 and Table 5.5 between the suction ranges of 1.3 to 1500 kPa. Therefore an amount of 0.085
mm mm™ (34 mm per 400 mm) of water was made available by the melanic A-horizon. This is

a very important property of this soil in dryland farming, an aspect which is often neglected in
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agronomical evaluations. The pedocutanic layer (B-horizon) is a dark brown layer, strong
course characterised by both angular and medium sub-angular blocked structured clay (41%)
soil. The average flows of water within the pedocutanic layer structural pores were moderate
between 8.5-9.1 mm hr’! (Table 5.5) and water occupied a volume of 0.092 mm mm” (35 mm
per 400 mm and 17% of the total air space) and conducted between suctions (0-1.1 kPa). This
pore class according to Luxmoore (1981) is associated with drainage; hysteresis and
gravitational driving force. The structural pores of the melanic released 1% more soil water

than the pedocutanic horizon.

Table 5.5 Measured values of K and 0 at different pore class domain for Bo soil
Hydraulic property Pore class A-horizon B-horizon C-horizon
Max 12.700 9.120 15.030
Macro Min 10.527 8.471 12.573
Mean 11.614 8.796 13.802
Max 10.527 8.471 12.573
K (mm hr) Meso Min 3.973 6.971 10.405
Mean 4.833 7.721 11.489
Max 3.973 6.971 10.405
Micro Min 3.353 4.863 6.648
Mean 3.663 5917 8.527
Max 0.459 0.510 0.496
Macro Min 0.374 0.418 0.435
Total available 0.085 0.092 0.061
Max 0.374 0.418 0.435
0 (mm mm'™") Meso Min 0314 0.344 0.360
Total available 0.060 0.074 0.075
Max 0.314 0.344 0.360
Micro Min 0.135 0.119 0.151

Total available 0.179 0.225 0.209
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The transitional (meso) pores of the pedocutanic occupy 18% of the total air space, 2% more
than the melanic layer and the flow rates through the soil were 7.0-8.5 mm hr'. These pores
held 29.6 mm per 400 mm of soil water [(0.418-0.344 mm mm'l) x 400 mm], or 20% more
water than those held by the melanic. The measured DUL value for the B-horizon was 0.344
mm mm’. The flow through the micro pores of the pedocutanic ranged from 0.344 to 0.119
mm mm’', which means these pores held 0.225 mm mm’ equivalent to 90 mm per 400 mm soil
water. This is typical of the pedocutanic layer which has relatively high smectic clays coupled
with a plasticity index of 33 and a swelling percentage of 13%. Thus it holds much more water
than melanic for this pore class. The pedocutanic released 20% more water than the melanic
layer at this pore class and this feature is important in sustaining crop growth and development
until the next rainfall event. The flow rates through the pedocutanic were between 6.6-10.4 mm

hr'! (Table 5.5).

The saprolite layer belongs to a clay loam texture class (38% clay) and does not have distinct
structural properties as in the case of the overlying horizons. Despite this fact, the results
showed that it had a considerable amount of structural related pores (12%) between the ranges
of 0-1 kPa. The pores conduct water at a rate that varies between 12.6 and 15.0 mm hr'. The
meso pores released 23 mm of soil water per 300 mm at flow rates of between 11.5 - 12.6 mm
hr'. The DUL value for the saprolite was found to be at 0.360 mm mm’’ (Figure 5.1). The
micro pores of the saprolite held 63 mm per 400 mm depth of soil and the water flow was

between 0.360-0.151 mm mm™' (Table 5.5).

Overall, the Bonheim soil provides a good environment for plant growth and development

especially the pedocutanic layer, followed by the melanic. The pedocutanic layer stores and
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releases more soil water through its structural and textural pores compared to the other soil

horizons which is an important property in dryland crop production.

5.4 Conclusions

From the drainage curves, soil water-hydraulic conductivity relationships and soil water —
matric suction curves, it was concluded that the hydraulic relationships were unique for the
melanic, pedocutanic and saprolite horizons. The challenge, however, was to relate these
hydraulic properties to structural and textural pore domains. Pore domains were identified in
each horizon by applying the statistical procedure of Cate and Nelson (1971) on the in sifu
determined drainage patterns. Based on the separation procedure (referred to as the ISID

method) several conclusions were drawn.

Firstly, the structural (macro pores) were associated with very low suctions (between 0 and 1.1
kPa) for all horizons. Apparently they occupied a small amount of pore volume of between 12-
19% and with a storage capacity of 0.085 mm mm™ with flow that ranged between 8-15 mm hr
!. Secondly, the pore class that fell between the structural and textural domain is referred to in
this study as transitional or meso pores and occupied about the same volume of the total pore
space as that of the structural pores (between 17 and 20% of total pore space), characterised by
low K values. Thirdly, textural pores started at low suctions in all of the horizons, >1.3 kPa for
the melanic, > 1.1 for the pedocutanic and >0.8 kPa for the saprolite. These pores are very
important for water storage and hence crop production. Accordingly, plants can extract water
from the textural related pores up to suctions of 1500 kPa, also referred to as the laboratory
determined lower limit of plant available water. The ISID method allows agronomists to obtain
accurate field values of the DUL of soil horizons. These values can be used as pedo-transfer

functions.
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CHAPTER 6
DETERMINATION OF EVAPORATION FROM THE MELANIC
HORIZON USING A WEIGHING LYSIMETER

Abstract

The knowledge of daily evaporation rates (Es) both in irrigated and dryland crop production is
important especially under semi-arid conditions, as most of the water is lost through evaporation and
thus considered to be unproductive. The objective of the study was to use a continuous weighing
lysimeter to give a standard soil surface evaporation rate measurement [Es(lys)] with a precision of 1
mm rainfall added or Es loss and evaluate the following five estimation methods, using Willmot test
statistics for paired values namely: (1) Field hydraulic conductivity [Es(k)], (2) Darcy equation [Es(q)],
(3) Hydraulic diffusivity [Es(d)], (4) Ritchie [Es(ri)], (5) Rose [Es(ro)] and (6) FAO-56 Penman-
Monteith (ETo). Three evaporation (drying) cycles were identified and selected. The first (2008: DOY
270 - 281), second (2009: DOY 62 - 72) and third (2009: DOY 199 - 210) drying cycles lasted for 11,
10 and 11 days, respectively. An automatic weather station within the vicinity of the experimental area
provided climatic data. The Es(k) method performed better than the Es(q), Es(d), Es(ri) and Es(ro)
during the first drying cycle, with mean absolute error (MAE) and root mean square error (RMSE) of
1.3871 and 1.5067 mm d”' respectively, followed by the Es(q) method at 1.3656 and 1.5741 mm d”' both
indicating a good performance. The FAO-56 Penman-Monteith method only provided estimates of the
atmospheric potential. The indices of agreement for the Es(k) and Es(q) methods during the first cycle
were 0.8775 and 0.85195 respectively. During the second cycle, the Es(q) method offered a better
performance than the Es(k) as it predicted closer to lysimeter measurements. During the third cycle all
the methods underestimated Es close to each other by 1.3 mm d'. The methods evaluated can be put in
order from the most to the least accurate for the conditions of this experiment as follows: Es(k), Es(q),
Es(ro), Es(d) and lastly Es(ri). The Es(k) method is recommended for use in estimating Es for Bonheim
soils.

Key words: evaporation, lysimeter, hydraulic conductivity, soil water content
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6.1 Introduction

The evaporation rate from a bare soil surface (Es) is the process by which water is lost as water
vapour into the atmosphere over time. It is one of the most important water losses from semi-
arid croplands in South Africa as this water cannot contribute to crop water use. It has a direct
negative impact on crop yields in dryland agriculture in semi-arid regions. The knowledge of
the amount of evaporation is also important in the determination of rainfall-runoff relationships
(Hensley et al., 2000; Botha et al., 2003). The water regime for the Bonheim soil has been
studied in field experiments with crops over a period of 10 years. The aim of those experiments
was water conservation for crop production using a production technique called “In-field Rain
Water Harvesting” IRWH) and was compared with a conventional full surface tillage method
(mould board plough). The results of those experiments revealed that Es amounted to 75% of
the annual rainfall for maize and 69% for sunflower production (van Rensburg et al., 2002;
Botha et al., 2003). Thus it is a major problem in semi-arid areas. Bennie et al. (1994) also
estimated that in semi-arid areas of South Africa between 60 and 80% of the rainfall evaporates

before it can make any contribution to crop production.

Under unsaturated conditions Es occurs in three stages (Hillel, 1998). During the first stage Es
is controlled by the evaporative demand of the atmosphere and the second stage occurs when
the Es falls progressively below the potential atmospheric evaporation rate. This stage is
dictated by the rate at which the soil can provide water towards the evaporation zone. The third
stage comes after the surface zone has become so desiccated that further conduction of liquid
water through it effectively ceases thus Es is almost zero. Soil water transmission through this
desiccated layer thereafter occurs primarily by the slow process of vapor diffusion and this is
controlled by the availability of water and the current atmospheric demand. According to Hillel

(1998) for Es to occur three conditions are necessary: first, the existence of a vapor pressure
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gradient between the soil and the atmosphere; second, the supply of energy needed for latent
heat of vaporization of water and third, the supply of water to the surface. The first two
conditions are influenced by meteorological factors, the soil water content of the surface
horizon and the immediate horizon below it. The hydraulic property of the surface horizon
influences the third condition. In this study it was important to measure and try to estimate Es
from a bare surface of the melanic A-horizon of the Bonheim soil together with its hydraulic
properties, viz. the relationship between hydraulic conductivity [K(0)] and soil water content
(0); and the relationship [0(h)] between matrix suction (h) and (0) that control evaporation in
the second and third stage. The previous chapter clearly described the relationships between
these hydraulic properties. It was decided that a weighing lysimeter be used in the
determination of Es as a standard measurement for the Es from the melanic layer of the
Bonheim soil. This then provides an accurate independent measurement of Es so as to better
understand this important clay soil widely distributed throughout the Free State Province of
South Africa. If one characterizes the Es for this clay soil it can offer the possibility of
extrapolating results to other geographical areas with similar soils in semi-arid regions.
Extrapolation can done by applying and testing different equations already available in
literature, for example Rose (1966), Hillel (1972), Ritchie (1972), Allen et al. (1998) and Hillel

(1998) and possibly try to develop a predictive model for melanic soils.

The objective of this study was to evaluate six Es estimation methods against the lysimeter
measurement of Es. It was envisaged that these different Es methods will provide insightful
information, fill a gap in knowledge, and contribute to the understanding the evaporation
dynamics of the IRWH system; which in turn could improve peoples livelihoods throughout

South Africa.
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6.2 Material and methods

6.2.1 Site location and soil classification

The field experiment was conducted at the University of the Free State (Free State Province,
South Africa), on the Bloemfontein west campus research site, about two kilometers west of
the main campus. The soil in the lysimeter is a melanic A-horizon transferred from the research
site of the Glen Agricultural Institute about 25 km north of the main campus. The soil form of
the melanic horizon used in this study was classified with the assistance of Hensley et al.

(2000) in Chapter 2 (Section 2.2.1).
6.2.2  Description of the lysimeter

The weighing lysimeter made of non-heating fiber glass without a draining base had a diameter
of 2.5 m and therefore a total surface area of 4.9063 m” with the depth available for filling with
soil of 0.35 m, and thus soil filled volume of 1.7172 m°>. The volume of water 1 mm deep to
cover the area of the lysimeter is the therefore 0.0049063 m’, Assuming that the density of
water at 20°C, is 998.2071 kg m'3, the mass of 1 mm = 0.001 m of rainfall over the lysimeter
area is equal to 4.8975 kg (approximately 4.9 kg or 4.9 of water). The total mass of soil placed
in the lysimeter on DOY 172 of 2008 was 2 270 kg. Two samples of the melanic soil were
taken just before adding to the lysimeter and oven dried at 105°C for 24 hours to determine its
gravimetric soil water content. It was found to be 11.89%. Therefore, the amount of water
included in the soil on the day the lysimeter was filled was 269.903 kg and the total mass of
oven dry soil added was therefore 2000.097 kg. The initial bulk density (py) (mass of oven dry
soil/volume of soil in lysimeter) was 1160 kg m™. On DOY 270 when the first cycle was
initiated, 339.60 of water was added to the lysimeter between 17h00 and 18h00 and the bulk
density changed to 1260 kg m™. To allow for good redistribution of soil water and minimal
evaporation a plastic sheet was placed on the lysimeter on which to pour water using jerry cans

to avoid disturbing the soil whilst adding the water.
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Calibrating the lysimeter

The soil filled lysimeter was calibrated to cater for both increasing and decreasing masses

(simulating additions by rainfall and losses by Es) on DOY 172 (2008) late in the afternoon to

avoid high wind which could disturb the calibration process. For the purpose of calibration,

output millivolt readings were read from a notepad logger connected to a CR10X data

computer with readings taken every three minutes to ensure stabilization with loadcell accuracy

at 0.99. Two liter (2£) bottles were used for the calibration of the lysimeter, and the following

steps were used:

®

(i)

(iii)

@iv)

)

(vi)

(vii)

(viii)

(ix)

Forty-four two liter bottles were filled with water;

Each of the bottles were numbered, from number one to 44;

The mass of each numbered bottle (Appendix 7 and Appendix 8) was clearly written
on the bottle’s plastic body;

The initial millivolt reading (23482 mV) was then recorded, before placing any
bottles onto the lysimeter;

Thereafter, bottle No. 1 with a mass of 2024.3 g was placed onto the centre of the
lysimeter and the corresponding millivolt reading was recorded;

Then, bottle No. 2 was placed onto the lysimeter and the corresponding millivolt
output recorded;

Step (vi) was repeated for every two liter bottle placed onto the lysimeter until
reaching bottle No. 44;

The final millivolt reading was 24119 mV and the 44 bottles had a total mass of
92.2731 kg;

Thereafter, bottle No. 44 was removed from the lysimeter and again the

corresponding millivolt output recorded;
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x) The previous step (ix) was repeated by removing each of the bottles in numerical
order from No. 43 down to bottle No. 1 and recording the corresponding millivolt
output until there were no bottles on the lysimeter.

The series of millivolt readings obtained whilst increasing or decreasing the mass on the

lysimeter during calibration is shown in Figure 6.1. They indicate that a single linear regression

equation is appropriate as there is little effect of hysteresis, giving a very good R’ value of

0.9995.
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Figure 6.1  Series of millivolt outputs during the calibration process to represent wetting
and drying phases

The series of millivolt readings obtained from the procedure above were used to make an

equation to convert mass to Es loss from the lysimeter. Since, a change of 92.2731 kg in weight

resulted in an increase in 637 millivolt and therefore, a mass of one kilogram in the lysimeter is

equivalent to (conversion factor) 6.9034 millivolt per kilogram. Since, 1 mm of rainfall added
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or Es loss on the lysimeter is equivalent to 4.9 kg of water, a change of 1 mm in the mass of the
lysimeter will be signaled by a change in millivolt reading of (4.9 kg mm™ x 6.903)mV = 33.83
mV mm'. Therefore daily lysimeter measurements Es(lys) from the lysimeter can be calculated

using the equation:

2 Amv,

6.1
33.83 1

Es(lys) =

where Es(lys) is the daily Es measurement by the lysimeter (mm day'l), mV; is the millivolt

output each hour i.
6.2.4  Measurements

The lysimeter was connected to a CR10X datalogger (Campbell Scientific, Logan, UT) via five
loadcells. Millivolt output readings were recorded automatically every minute, averaged hourly
and downloaded regularly. The Es measurement period lasted from 26 September 2008 (DOY
270) to 15 April 2009 (DOY 260) with a total of 320 days measured, with only 34 days when
data was not available due to technical problems. An Es cycle was considered to be, initially
from soil water content near to DUL until the next rainfall event after a minimum of 10 days
had elapsed since the beginning of the Es cycle, and thereafter between consecutive rainfall
events with cumulative amount(s) or rainfall events of between 19 and 25 mm. The selected
drying cycles were as follows: 1* cycle 2008: DOY 270-281; o cycle 2009: DOY 62-72 and

3" cycle 2009: DOY 199-210.

6.2.5 FAO-56 Penman-Monteith

The equation for reference evapotranspiration as given by Allen et al. (1998):

0.408A(Rn—G)+y 200 U,(e, —e,)

ETo = I +273 (6.2)
A+ y(1+0.34U,)

where ETo is the reference evapotranspiration (mm day'l) for a well watered short grass

surface calculated from standard automatic weather station measurements; A the slope of the
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vapour pressure curve (kPa °c™), 0.408 the conversion factor from energy values to equivalent
depths of water (MJ m? day'l); Rn is the net radiation at the crop surface (MJ m? day™"); G is
the soil heat flux density (MJ m? day'l); T is the daily mean air temperature at 2 m height (°C),

U, is the wind speed at 2 m height (m s'l); e, 1s the actual vapour pressure (kPa); e is the
saturated vapour pressure (kPa);(e, —e,) 1is the vapour pressure deficit (kPa); y is

psychrometric constant (kPa °C™"). The inputs for the ET, calculator (Raes, 2009) were:

longitude, altitude, maximum temperature (Tp.x), relative humidity (RH) and wind speed.
6.2.6 Field hydraulic conductivity

A mathematical equation describing the relationship between hydraulic conductivity (K) and
soil water content (8) for the melanic A-horizon was derived in the field at Glen Agricultural
Institute under field conditions (chapter 5: Table 5.5) and then applied in the lysimeter study.
This equation was used to estimate Es(k) from the soil surface during stage two evaporation for
the three drying cycles. Since, K(0) equation was determined from the time just after the soil
had reached DUL, it was assumed that water lost through Es was proportional to the change in

K(0). Therefore, Es equals K(0). The derived K(0) function and thus Es(k) is given by:

Es(k) =5%10" exp*7® (6.3)
where 0 is the soil water content for that day.

6.2.7 Darcy’s equation - hydraulic conductivity method

The Darcy general equation describing flow was used to estimate Es(g) from the soil in the
lysimeter so as to compare it with the other methods obtained from (Hillel, 1998):

AH
Es(q) = K(@)E (6.4)

where K(0) is the daily hydraulic conductivity at a particular soil water content (mm day'l);
AH/AL is the hydraulic gradient which is the difference between the daily soil water potential

(h) in kPa at the depth of 200 mm and actual vapour pressure (e,) in kPa at the soil surface. L.
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reflects on the distance in between these two points mentioned. The soil water potential (h) was
obtained in the field from the relationship between h and 6 in chapter 5 for the A-horizon from

1-1500 kPa (Figure 5.4) using equation 6.5:

h=0.0023%%" (6.5)
where h (kPa) is the soil potential and 6 (mm mm’') is the measured soil water content from the
lysimeter.

Actual vapor pressure was calculated using the following equation:

RH .
e =e (T )—oo 6.6
a S( max) 100 ( )

where ¢, is the actual vapor pressure (kPa); Tp.x is the maximum air temperature (°C) and
RHi, is the minimum relative humidity, which usually occur at the same time using data
obtained from an automatic weather station at 1.4 m and 15 m away from the weighing
lysimeter.

6.2.8 Hydraulic diffusivity method

The hydraulic diffusivity method for semi-infinite soil columns subjected to infinite
evaporation at the surface, was found to be a solution to flow equations, as it neglects gravity,
and indicates that the evaporative flux Es(d) is proportional to the square root of time as given
by Hillel (1998) as follows:

Es(d)=(6. -0, )ND/xt (6.7)
where Es(d) is the daily Es calculated by the Hillel hydraulic diffusivity method; ; is the daily
initial surface soil water content and 0. is the lower end (Le) at 1500 kPa of surface water
content for the melanic soil and D is the hydraulic diffusivity (mm” day™) and ¢ is time in days.
A series of D values (Appendix 9) were determined in the laboratory by dividing K(0) value
with a corresponding specific water capacity (Cyp) at a specific soil water content for the A-

horizon. D values were estimated from an exponential function obtained from relationship



107

between a series of 6 and D values (Appendix 10) using data from chapter 5 to get the

following equation:
D =0.691exp'""*? (6.8)

where D is the hydraulic diffusivity (mm” d);  is the mean daily soil water content.

Some scientists do not have sufficient detailed input data to use most of the equations of Es
estimation mentioned above, and therefore the empirical methods of Ritchie (1972) and Rose
(1966) have often been used and thus they are included in this study to test their reliability for
the melanic A-horizon.

6.2.9 Ritchie method

Ritchie (1972) provided a cumulative Es equation to be used during stage two Es to predict ZEs

from the soil using the following equation as used by Bennie et al. (1998):

YEs=Ct* (6.9)
where XEs is cumulative Es (mm), ¢ is time in days. C,; (mm) is the calculated soil specific
coefficient for each drying cycle obtained using the equation below:

C,=26.11(6,-6,,)+1.36 (6.10)
Individual daily Es values from the Ritchie (1972) equation were obtained by using the

following equation:

Es(ri) = (Cn.to‘s)day2 —(Cn.to‘s)dayl (6.11)
where C,; (mm) is a calculated soil specific coefficient for each of the drying cycles and 0; (mm
mm’") is the daily initial surface volumetric soil water content.

6.2.10 Rose method

The empirical method of Rose (1966) was used in this study to determine Es (mm day'l) by

first determining cumulative Es as described by Bennie et al. (1998) with the following

equation:
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Y Es=ds*t" +kt (6.12)
where ¢ (day) is the time; ds (mm) is the desorption coefficient and k is an empirical constant.
Desorption coefficients (ds) was obtained using the equation:

ds =20.951(68, - 6,,) +3.36 (6.13)
where 0; is the daily initial soil water content and 9. is the lower end soil water content. The
lower end (0;.) was obtained using the following equation:

6,, =0.0012(Si - Cl) +0.006 (6.14)
where Si is measured percent silt (%) and Cl is measured percent clay (%).

The empirical constant (k) was obtained using the following equation:

k =0.44—0.043(Si —C)*® (6.15)
Then, Es(ro) could be calculated daily from the equation:

Es,,, = (ds*t* +kt) ,,, = (ds*1"° +kt),,, (6.16)

6.2.11  Soil evaporative coefficient for bare Bonheim soil

Daily soil evaporative coefficient (k;) values for the bare Bonheim were determined by

dividing Es(lys) values with daily ETo values obtained using Equation 6.2 as shown below:

L = Es(lys)
’ ETo
where Es(lys) is the daily Es measurement by the lysimeter (mm day'l), ETo is the FAO 56

6.17)

reference evapotranspiration (mm day™') calculated from standard automatic weather station
measurements.

6.2.12  Statistical analysis

Es values measured by the lysimeter and those computed through various methods were
compared by using simple regression analysis and statistics as proposed by Willmott (1982) for
models for paired calculated and measured values. Lysimeter measurements [Es(lys)] were

taken to represent measured values in this study. Error was calculated as:
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N 0.5
RMSE = {N’IZ(Pi —~ Es(lys)l.)z} (6.18)
i=1

where RMSE is root mean square error (mm day'l); N the number of observations; P; are
estimated Es values using the various methods (mm day'l); Es(lys); are Es values measured
(observed) from the lysimeter (mm day'l). Willmot (1982) recommended the use of the mean
absolute error (MAE) as a better measure of difference. The mean absolute error, which
describes the average absolute deviation between measured and calculated data, was defined by

Durar et al. (1995) as:

MAE = %ﬁ]a — Es(lys),| (6.19)

i=1
where P; and Es(lys); are the paired calculated and measured values, respectively, and N is the
total number of observations. The overall percentage error for any of the methods of estimating
Es during a drying cycle was expressed as a percentage of the mean absolute error (MAE) over
root mean square error (RMSE) measured [Overall method error (%) = MAE/RMSE]. The
index of agreement (D) was also used as a relative measure of the difference among pairs,

given by:

N 2
_ \P. = Es(lys),
D=1- Zlﬂ( bs),) 0<D<1 (6.20)

3" (B - Es(lys))+ (P, - Es(lys)))

where Es(lys); are lysimeter measured (observed) values by the lysimeter (mm day'l). Perfect

agreement would exist between Es(lys) and P if D = 1.

The Kolmogorov-Sminorv (K-S) two sample test statistical package was used to test the degree
to which daily soil coefficients (K;) were significantly different at a specified significant level

() as applied by Steel et al. (1997).
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6.3 Results and discussion

This chapter was embarked upon in order to fill a gap in knowledge and also to provide
scientifically useful and applicable recommendations as to which one(s) of the six methods
(detailed in section 6.2.5 to 6.2.10) of calculating daily Es from a bare Bo soil to recommend.
This challenge was achieved by first identifying three drying (evaporation) cycles during the
experimental period and these cycles were chosen on the basis that there was no risk of starting
a cycle with water ponding at the bottom of the lysimeter. Six methods of Es estimation were
selected from literature and their accuracy was evaluated using simple regression and Wilmott
(1982) model test statistics for paired estimated and measured values. Estimated Es values were
compared to daily standard weighing lysimeter Es measurements with a precision of 1 mm of
rainfall added or Es loss from the lysimeter. It is important to mention that this chapter forms
an integral part of this thesis in the quest to accurately determine Es which is a major (70%)
loss of water from the soil surface of the bare Bo soil. The Bo soil form is predominate in the
communities where the IRWH technique is being applied to grow a selected crops in the Free
State Province, as a contribution to poverty alleviation, sustainable livelihoods and enhancing
food security in these communities. Hence, approximately 2000 kg of the melanic A-horizon
from the experimental site was carefully removed and transported to the University of the Free
State, Bloemfontein West Campus weighing lysimeter to do an in-depth experiment to decide
which of the tested Es calculation method(s) that can be used in the field to accurately estimate
Es from Bo soils without a crop.

6.3.1  Lysimeter measurements of three Es drying cycles

The mass of oven dry soil in the lysimeter on DOY 270 was 2000 kg and 17¢ of water. Hensley
et al. (2000) reported that for a Bo soil, water occupies 30.5 mm per 100 mm depth at DUL.
Since, the depth of soil in the lysimeter on DOY 270 was 350 mm, and 340f of water was

added to initiate the cycle and bring the soil in the lysimeter close to DUL, then this cycle
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lasted 11 days. The second drying cycle started after a total of 25 mm of rain fell during three

consecutive days; which was equivalent to 122.5¢ of water in the lysimeter and so there was no

chance that a water table would have accumulated at the bottom of the lysimeter; hence this

period was chosen to start the second cycle lasting 10 days. The third drying cycle started after

about 19 mm of rain fell over three consecutive days and was equivalent to 93.1{ of water

added to the lysimeter and also lasted 10 days. Daily Es and rainfall amounts for the whole

measurement period are shown in Figure 6.2. Es cycles depicted in Figure 6.2 were chosen on

the basis that:

@) there was no risk of a water table forming at the bottom of the lysimeter,

(ii) the amount of water in the lysimeter was close to the DUL value of 122 mm per 400

mm depth for the melanic soil,

(ili)  the amount of water in the lysimeter soil was not more than 30 mm lower than

DUL,

(iv)  there was at least a minimum of 10 days without rain falling during the drying

cycle.

The lysimeter measurements were taken as standard Es measurements in each of the

cycles identified as illustrated in Figure 6.2.
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Es(lys) measurements of Es from 26 September 2008 (DOY 270) to 15 April
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The FAO-56 Penman-Monteith method provided an estimate of the initial stage of evaporation,
which occurs while the soil is wet and conductive enough to supply water to the site of
evaporation at a rate commensurate with the atmospheric evaporative demand. During this
stage, the evaporation rate is limited by, and hence controlled by, external meteorological
conditions rather than by the properties of the soil profile, hence Hillel (1998) referred to as the
weather (atmospheric)-controlled stage. But during stage two evaporation, which Hillel (1998)
referred to as soil profile-controlled stage, the evaporation rate is limited or dictated by the rate
at which the gradually drying soil profile can deliver water towards the evaporation zone and

can persist for a much longer time than the first stage.
6.3.2  Evaluation of Es calculation methods during the first drying cycle

Figure 6.3 shows the daily changes in Es with time during the first drying cycle (lasted 11
days) and indicates that the hydraulic diffusivity [Es(d)], Ritchie [Es(ri)] and Rose [Es(ro)]
methods underestimated Es approximately by 5 mm d’ for the second, third and fourth days
after the beginning of the Es cycle. The difference gradually decreased such that on the fifth
and sixth day, they underestimated by only 2 mm d”'. On the seventh day underestimated by 1.8
mm d” and eighth and ninety by 1.5 mm d” and then the tenth and eleventh day by about I mm
day‘l. On the other hand the Darcy [Es(q)] and field hydraulic conductivity [Es(k)] methods
estimated Es closer to lysimeter measurements throughout the drying cycle than the other
methods, but underestimated by 1.3 mm d™' for the first five days and thereafter, by only 0.5 to
1 mm d'. The FAO-56 Penman-Monteith (ETo) method after the fourth day had higher Es
values than lysimeter measurements [Es(lys)] by between 2.0 to 2.8 mm d” indicating the

driving force of atmospheric evaporative demand.
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Figure 6.3  Lysimeter measurements, ETo and Es estimates from five methods plotted
against time for the first drying cycle starting on DOY 270 in 2008
Willmott (1982) model test parameters, intercept, slope and coefficient of determination were
used to compare the Es values from the different methods with lysimeter measurements as
illustrated in Table 6.1 for the first drying cycle. Figure 6.4 further shows simple linear
regression and 1:1 lines used as an evaluation tool between lysimeter measurements and Es
estimated using six different methods. The Es(k) method was the best in estimating Es during
the first drying cycle with the index of agreement (D), coefficient of determination (R* and
percentage error at 0.8775, 0.9401 mm d' and 8%, respectively, indicating a small margin of
error (Figure 6.4a). Wendroth et al. (1999) reported errors of between 30-40% when comparing
the field hydraulic conductivity and lysimeter measurements, but an error of 8% was observed

in this study indicating a good performance.
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The Es(q) method performed second best during the first drying cycle with D and R’ values of
0.8519 and 0.8349, respectively (Table 6.1). The RMSE and MAE of 1.5741 and 1.3656 mm d
! were close indicating a good result in the estimation of Es (Table 6.1) with a difference of
0.2085 mm d”'. The intercept and slope of 0.4407 and 0.6558 mm d"! were not that different
from zero and unity, respectively as shown in Figure 6.4c. The Es(d) method had a D value of
0.5301 (R* = 0.9103). The RMSE and MAE were 3.3719 and 2.9440 mm d ", respectively. The
R” of 0.9103 was slightly lower than the 0.9289 obtained for the Es(ri) method. As was
expected, the Es(ri) and Es(ro) methods performed similarly as they are based on similar theory
with RMSE of 3.6153 and 3.2739 mm d ™.

Table 6.1 Evaluation of the five methods of calculating daily Es during the first cycle

Method Es (estimated) = a + b*[Es(lys)] RMSE MAE D
a b R’
Es(k) -0.1123 0.7481 0.9401 1.5067 1.3871 0.8775
Es(q) 0.4407 0.6558 0.8349 1.5741 1.3656 0.8519
Es(d) 0.3880 0.2611 0.9103 3.3719 2.9440 0.5301
Es(ri) 0.4626 0.1990 0.9289 3.6153 3.1493 0.5030
Es(ro) 0.6983 0.2272 0.8760 3.2739 2.7862 0.5289

Willmot results of Es estimated by each method versus lysimeter measurements; a: ordinate at the origin (mm day™); b: slope; R* coefficient
of determination; RMSE: root mean square error (mm day"); MAE: mean absolute error (mm day™); D: index of agreement; *: multiplication
sign

Overall the results show an interesting trend in that during the first four days, lysimeter
measurements were higher than those obtained using the ETo method which most scientists use
as a evaporative demand of the atmosphere. It may be due to the fact that the ETo method
assumes a grass cover hence may underestimate Es under bare soil conditions during the initial

phase. However, this calls for further investigation in another study.
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6.3.3  Evaluation of Es calculation methods during the second drying cycle

During the second drying cycle the Es(k) and Es(q) methods had D-values (Table 6.2) more
than 0.5, but the Es(q) estimated Es very close to lysimeter measurements during the last four
days of this cycle (Figures 6.5; 6.6(b) and 6.6(c). The Es(ri) method underestimated lysimeter
measurements more than all the other methods of estimation (Figure 6.5) just as in the first
cycle (Figure 6.3) by an average of 2.7 mm d”' throughout the second cycle hence the RMSE of
2.7313 mm day‘1 (Table 6.2). The Es(k) method on the other hand estimated Es closer to
lysimeter measurements but still not as good as in the first cycle, this maybe due to the

differences in the soil water contents between the cycles.

Table 6.2 Evaluation of five methods of calculating daily Es values during the second
cycle
Method Es (estimated) = a + b*[Es(lys)] RMSE MAE D
a b R’
Es(k) -0.9588 1.0622 0.2212 1.3711 1.2327 0.5170
Es(q) 0.9900 0.8980 0.3006 1.0036 0.6988 0.5915
Es(d) -0.6893 0.5635 0.3223 24111 2.3495 0.3110
Es(ri) -0.1630 0.3365 0.2992 2.7313 2.6869 0.2720
Es(ro) -0.1321 0.5316 0.2992 1.9909 1.9138 0.3572

Willmot results of Es estimated by each method versus lysimeter measurements; a: ordinate at the origin (mm day™); b: slope; R* coefficient
of determination; RMSE: root mean square error (mm day’l); MAE: mean absolute error (mm d™); D: index of agreement; *: multiplication
sign

However, it was interesting to note that the Es(q) method overestimated Es during the second
cycle, only underestimated Es once by 0.5 mm d' during the cycle. Figure 6.6 also shows that
the evaporation trends of underestimation by the Es(d), Es(ri) and Es(ro) methods were similar
to the first cycle during the second evaporation cycle. The Es(q) method produced the best

performance estimating Es closer to the lysimeter measurements when compared to the other
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four methods. The Es(q) method had an RMSE and MAE close to each other at 1.0036 and

0.6988 mm d', with a percent error of 30% and D-value of 0.5915.

10 -
<=0+ Es (lys)
9 ] —X—Es (k)
] —-O0-—-ETo
o] &~ Bs()
] —-+---Es (d)
] —0O—Es (i)
77 —X~—Es(ro)

Es (mm day'l)

Days after 25 mm of rainfall

Figure 6.5  Lysimeter measurements, ETo and Es estimates from six methods plotted
against time for the second drying cycle starting on DOY 62 in 2009
In the case of the Es(k) method, it performed fairly well during the second cycle with an index
of agreement of 0.5170 and MAE of 1.2327 mm d'. However, the Es(d), Es(ri) and Es(ro)
methods underestimated Es similarly even during the first drying cycle and depicted the same
trend during the second cycle (Figure 6.5) and these methods generally underestimated Es
below the 1:1 line as shown in Figure 6.6. The Es(d) method had an RMSE of 2.4111 and
MAE of 2.3495 mm d' resulting in a difference of 0.0616 mm d’. The intercept and slope of -

0.6893 and 0.5635 were close to zero as illustrated in Figure 6.6d, the R? value was low at
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0.3223 showing poor correlation with the measured Es from the lysimeter. The Es(ri) and
Es(ro) methods generally underestimated lysimeter measurements; however the Es(ro) method
performed slightly better than the Es(ri) method indicated by the index of agreement of 0.3573
and 0.2720 for the Es(ro) and Es(ri) methods, respectively. The RMSE for the Es(ro) method
was lower at 1.9909 mm d' than that of the Es(ri) method of 2.7313 mm d'. The difference
between the MAE and RMSE for the Es(ro) was 0.0771 mm d’ compared to 0.2607 mm d”! for
the Es(ri) method. But, neither method performed well and therefore would not be
recommended to be used to estimate the Es under this drying cycle. Although, the Es(k) and
Es(q) methods performed fairly well, they had lower agreement indices during the second cycle
compared to the first cycle, most likely the decrease was due to the total amount of soil water
present at the beginning of the second cycle and secondly due to the fact that a few days before
the cycle began a heavy hail storm (Appendix 11) might have compacted the soil surface

causing surface sealing thus further reducing Es from the melanic A-horizon.
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6.3.4  Evaluation of Es calculation methods during the third drying cycle

All the five estimation methods during the third drying cycle underestimated Es close to each
other by about 1.3 mm d” as illustrated in Figure 6.7 and had low indices of agreement, all with
less than 0.5 and the R? values were more than 0.5 (Table 6.3). The FAO-56 Penman-Monteith
method (Figure 6.8b) provided reference Es values shown to indicate the atmospheric

evaporative demand and had an index of agreement of 0.3159.
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Figure 6.7  Lysimeter measurements Es(lys) and Es estimates from six methods plotted
against time for the third drying cycle starting on DOY 199 in 2009

The RMSE and MAE for the Es(k) method were close with small difference between the errors

at 0.0221 mm d' and an R* of 0.5639 slightly higher than that of Darcy at 0.5204 but not

significantly different. The difference between the RMSE and MAE for the Es(q) method was

0.0200 mm d". The Es(d) method estimated lysimeter measurements close to the Es(ri) method
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during the third cycle and this is indicated by the R* of 0.6637 and 0.6775 for the Es(d) and
Es(ri) methods. However, it was also interesting to note that the Es(ro) and Es(ri) methods had
equal R? values at 0.6775 and the same trend of similar R* values was observed in the second
cycle between these two methods. Urrea et al. (2006) and Wendroth er al. (1999) observed
errors of between 10-40% when comparing lysimeter measurements with Es estimation
methods using either soil or meteorological based methods of estimation.

Table 6.3 Evaluation of the five methods of calculating daily Es values during the third

cycle
Method Es (estimated) = a + b*[Es(lys)] RMSE MAE D
a b R’
Es(k) -0.0942 0.4053 0.5639 2.1937 2.1749 0.3039
Es(q) -1.3042 0.7343 0.5727 2.2073 2.1896 0.2427
Es(d) -1.2891 0.7393 0.6637 2.1710 2.1579 0.2922
Es(ri) -1.3729 0.7352 0.6775 2.2674 3.2555 0.2822
Es(ro) -1.8669 1.0669 0.6775 1.6710 1.6440 0.3680

Willmot results of Es estimated by each method versus lysimeter measurements; a: ordinate at the origin (mm day™); b: slope; R*: coefficient
of determination; RMSE: root mean square error (mm day"); MAE: mean absolute error (mm day™); D: index of agreement; *: multiplication
sign
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6.3.5  Estimation of soil coefficients for a bare Bo soil

The value of soil coefficient (Ks) is affected by the atmospheric demand, i.e., ETo. The higher
the evaporation demand from the atmosphere, the quicker the soil will dry between wetting
events and the smaller the time-averaged Ks will be for any particular period (Allen et al.,
1998). Figure 6.9 shows that after the fourth day during the first drying cycle the Ks values

were smaller than those of the second and third drying cycles.

—0O— Istdrying cycle

---/A -- 2nd drying cycle
—-X-—=3rd drying cycle

Soil coefficient (k)

0.4 ]

02

00 -

Time (days)

Figure 6.9  Daily soil coefficients (Ks) values during the three different drying cycles for the
melanic A-horizon

The K values were smaller during the first drying cycle (Figure 6.9) due to the fact that K are

a function of the magnitude of the initial wetting event and the evaporation potential of the

atmosphere. The values were influenced by the amount of water available (88 mm per 350 mm)

depth at the start of the cycle in the topsoil of the melanic A-horizon and the relatively high

ETo values (Figure 6.3) compared to the other two drying cycles (Figures 6.5 and 6.7). K;

values for the first and second drying cycles and second drying cycles and second and third
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drying cycles were not significantly different, with the only significantly difference being
between the first and third cycles (Table 6.4) where the wetting situation was also not similar.
Hence, it is concluded in this study that no-single distribution of K values distribution from the
various drying cycles individually represent a standard for Ky values for a bare clay soil but
average K values between the first and second cycles are recommended for use for clay soils;
secondly, the Ks values calculated in this study can be extrapolated to other Bo soils only when
the magnitude of the initial wetting and evaporative atmospheric conditions are known for a
particular area.

Table 6.4 K-S paired comparisons of daily K; values for the three drying cycles

Comparison of cycles D-statistics P-value
1" vs 2 0.5364™ 0.0620
1% ys 34 0.6364* 0.0120
2" vs 3 0.4091™ 0.2650

*Significantly different at o = 0.05; ™ not significantly different at o = 0.05

6.4 Conclusions

Results from this study, on the evaluation of five methods of estimating Es during three
evaporation cycles namely the field hydraulic conductivity [Es(k)], Darcy-equation [Es(q)],
Hydraulic diffusivity [Es(d)], Ritchie [Es(ri)] and Rose [Es(ro)] methods indicated that the
Es(k) method performed better than the other four methods with a percentage error between 20-
30%. It can be concluded that the Es(k) method is the best method that can be used to estimate
Es under field conditions during soil profile-controlled stage, when the evaporation rate is
limited by the rate at which the gradual drying soil profile can deliver water towards the
evaporation zone. More importantly the Es(k) equation was derived from the melanic soil

hydraulic properties that influence water movement and thus evaporation. The Es(k) method
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requires only soil water content as an input vis-a-vis the other estimation methods which may
require more parameters and relevant computer software to carryout Es estimations. It was also
concluded that the K values obtained in this study can be used for Bo soils only when the

initial soil water content is known.
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CHAPTER 7

GENERAL DISCUSSION

In the semi-arid regions of sub-Saharan Africa, the major unproductive water loss in crop
production systems is soil surface evaporation. Normally these areas are characterized by low
and erratic rainfall, and thus if longer than normal drought spells are experienced crop failure
becomes a threat to the livelihood of the human population in these regions. The ever
increasing human population in the continent becomes more and more prone to drought and
famine in the absence of sound water management practices due to the limited amounts of
water either from rainfall or ground water sources. Therefore, an understanding of water flow
through the soil-plant-atmosphere continuum is very important in dryland crop production
agriculture for the sustainability of the human race. The soil, as a system provides a medium
for plants to grow and therefore an in-depth knowledge of its thermal, physical and chemical
properties and how these properties influence the rate of Es during the profile—controlled stage

of evaporation.

This study was carried out in Free State Province of South Africa; on a melanic (clay) soil
generally associated with gentle or low lying areas with annual precipitation between 550-800
mm. These soils cover 2% of the total land area of 122.8 million ha in South Africa. Generally,
these soils have a high porosity and water holding capacity; and relatively high levels of
organic matter and near-neutral pH making them very fertile. In the tribal areas of Thaba’Nchu,
east and north-east of Bloemfontein, in spite of the favourable rainfall between 500-600 mm,
the potential to grow crops was previously limited by these clay soils which have physical
properties that render them unfavourable for crop production using conventional tillage

practices (Eloff, 1984). Because of the dry soil water regime caused by excessive water losses
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through Es and runoff; Bennie and Hensley (2001) reported that between 50-70% of the annual
rainfall in these areas is lost through Es. Hensley et al. (2000) developed the IRWH crop
production technique which over the years has been proved to be suitable and accepted by the
subsistence of Thaba’Nchu to use for growing a number of field and vegetable crops. The
IRWH has helped to improve maize yields by 50% (Kundhlande et al., 2004). Tribal authority
land in Thaba’Nchu occupies about 10 500 ha, on which the IRWH technique can be applied to
enhance crop production and help reduce the scourge of poverty and thus enable households to
grow their own crops to enhance their livelihoods. However the high Es losses should be

decreased by mulches.

Melanic soils are the predominant soils in the areas, east of Bloemfontein compared to other
clay soil forms; hence the Bonheim soil was investigated. It was studied in terms of its thermal
(Chapter 4) and hydraulic properties (Chapter 5) and as well as resulting evaporative
characteristics (Chapter 6) under semi-arid conditions so as to fill a gap in knowledge and
understanding of the IRWH system. Before these studies could be carried out, the ECH,0-TE
probes needed to be calibrated to measure soil water content (0) and soil temperature in the
field. Therefore, the evaporative desorption procedure (EDP) was adapted (Chapter 2) so as to
calibrate ECH,0-TE probes in a swelling clay (Bonheim) soil with probes installed in the soil
horizon as they were placed in the field. Secondly, the ECH,0-TE probes were evaluated for
their accuracy, repeatability and precision; they were found to give more accurate results if they
are calibrated in two different soil temperature treatments (Chapter 3). Temperature
compensated equations yielded more accurate results with precision and accuracies of with
ranges between 93 and 99% and repeatability of 95%. Equations given by manufacturers for
similar soils overestimated soil water content by as much as by 40% and therefore, it was
concluded in this study that these probes must be calibrated for a specific soil to give

meaningful and scientifically accepted results.
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Another part of the study investigated the effect of mulch type and percentage coverage to
temperature both above and below the soil surface for the Bonheim soil (Chapter 4).As the
study provided a scientific background advising farmers on how much mulch to apply to
minimise Es, which is directly linked to the amount of radiant energy available in the soil or
atmosphere to initiate Es. The advice to give to farmers applying the IRWH system is that they
must not keep soil bare even during fallow periods to avoid water loss through Es. The 100%
reed mulch must be used to keep the soil cool in summer thus reducing Es; however in winter it
lowers soil temperatures and may delay seed germination and slow down root growth. But, the
50% stone mulch can be used in winter so as to prevent frost damage and promote root
development. The 50% reed mulch can be used on the IRWH both in winter or summer months
as it does not greatly influence soil temperatures. For practical reasons it is recommended

herein that the 100% reed mulch be used.

The characterization of the hydraulic properties (drainage patterns, soil water release
characteristics (SWRC), soil water-matric suction [0(h)] and hydraulic conductivity [K(0)]
relationships) for the Bonheim soil were carried out so as to help fill a gap in knowledge as
they have never been done to such detail. A statistically sound procedure known as the in sifu
internal drainage (ISID) method was adopted and applied in this study on in situ drainage
patterns of each master horizon to determine drained upper limit (DUL), separate pore domains
into structural (macro pores), transitional (meso pores) and textural (micro pores). This study
showed that the ISID method is practical and statistically sound and is therefore recommended
for the determination of the DUL. The results indicated that the structural pores are associated
with low suctions and allowed water to moderately flow between 8-15 mm hr' and drained
within 12 hours for all horizons. The meso pores are associated with slightly slower water

flows between 4-13 mm hr' and micro pores between 6.6-10.4 mm hr' in all horizons. The
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pedocutanic layer micro pores stored and released 20% more water than the other soil horizons

which is an important feature of this soil to crop production.

The last study evaluated five methods of estimating Es from the soil surface in the absence of a
crop in a weighing lysimeter (Chapter 6) only for the melanic A-horizon. It was concluded in
this study that the method using an equation describing Es as a function of soil water content
determined in the field known as the Es(k) method was more accurate than the others overall in
estimating Es, and therefore it should be applied and is recommended for use for melanic soils.
Secondly, it is less tedious and requires only the soil water content as an input parameter to

calculate Es.

Overall, the outputs from this study are important in making informed decisions in soil water
management applications for the IRWH system in similar soils and thus contribute in the fight
against poverty, unemployment and towards a sustainable crop production in semi-arid regions.
For example, firstly by encouraging farmers to use 100% mulch coverage (during summer) and
50% stone mulch (during winter) on the system to reduce Es both during the growing season
and the fallow period. Secondly, promote surface sealing of the surface soil of the runoff zone
to reduce Es, this conclusion was drawn because whilst carrying out Chapter 6 on the weighing
lysimeter there was a heavy hail storm that semi-sealed and compacted the top soil and resulted

in lower Es values from the bare melanic soil surface.
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APPENDIX 1

Photo showing the swelling properties of the melanic A-horizon (Section 2.2.1)

Figure A1.1 Photo showing the swelling properties of the melanic A-horizon (Section 2.2.1)
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APPENDIX 2

The ECH,O-TE and Watermark-200 probes (Section 2.3.1.2)

I ) - I

(Watermark-200)

ECHO-TE

Moisture * Temperature * EC

IDECAGON v
IDEVICES  Pater

Figure A2.1 Photo showing ECH,O- TE and Watermark-200 probes
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APPENDIX 3

Photo showing the 8 m by 8 m experimental layout before the reeds and stone mulch were laid

(Section 4.2.1)

Figure A3.1 Photo showing ECH,0-TE and Vaisala probes cabling, CR1000 & multiplexer

box and modem box holder
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APPENDIX 4

Table A4.1 Soil water flux at different depths versus time during redistribution during

internal drainage

t(hrs)  z(cm)  AB/At(hr')  dz (A®/Az) (cmhr')  q=Ydz (A®/At) (cm hr')

0-25 0.02350 0.059 0.059
25-75 0.01525 0.076 0.135
¢ 75150 0.01280 0.096 0.231
150-450 0.01294 0.388 0.619
450-750 0.01934 0.580 1.199
750-1050  0.03286 0.986 2.185
0-25 0.00409 0.010 0.010
25-75 0.00281 0.014 0.024
by 75150 0.00241 0.018 0.042
150-450 0.00244 0.073 0.115
450-750 0.00353 0.106 0.221
750-1050  0.00568 0.170 0.392
0-25 0.00130 0.003 0.003
25-75 0.00093 0.005 0.008
s 75150 0.00081 0.006 0.014
150-450 0.00082 0.025 0.039
450-750 0.00116 0.035 0.073
750-1050  0.00180 0.054 0.127
0-25 0.00071 0.002 0.002
25-75 0.00052 0.003 0.004
2 757150 0.00045 0.003 0.008
150-450 0.00046 0.014 0.022
450-750 0.00064 0.019 0.041
750-1050  0.00098 0.029 0.070
0-25 0.00043 0.001 0.001
25-75 0.00032 0.002 0.003
1o 75150 0.00028 0.002 0.005
150-450 0.00062 0.019 0.023
450-750 0.00086 0.026 0.049
750-1050  0.00129 0.039 0.088
0-25 0.00022 0.001 0.001
25-75 0.00016 0.001 0.001
sqo 75150 0.00014 0.001 0.002
150-450 0.00015 0.004 0.007
450-750 0.00020 0.006 0.013
750-1050  0.00030 0.009 0.022
0-25 0.00013 0.000 0.000
25-75 0.00010 0.001 0.001
g 757150 0.00009 0.001 0.002
150-450 0.00004 0.001 0.003
450-750 0.00005 0.002 0.004
750-1050  0.00007 0.002 0.006
480 025 0.00009 0.000 0.000

25-75 0.00007 0.000 0.001



75-150 0.00006 0.000 0.001
150-450 0.00010 0.003 0.004
450-750 0.00014 0.004 0.008
750-1050 0.00020 0.006 0.014
0-25 0.00005 0.000 0.000
25-75 0.00004 0.000 0.000
720 75-150 0.00004 0.000 0.001
150-450 0.00004 0.001 0.002
450-750 0.00005 0.002 0.003
750-1050 0.00007 0.002 0.006
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Calculations of soil water flux at different depths versus time during redistribution during the

internal drainage method (section 5.2.5)
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APPENDIX 5
Table A5.1 Hydraulic conductivity, from soil water flux and changing hydraulic head during
redistribution
z (cm) t (hrs) q=Y.dz(A8/At) (cm hr) AB (cm® cm™) AH/Az K(0) (cm/day) AB (cm® cm™)
6.00 0.059 0.440 1.240 0.047 0.440
24.00 0.010 0.367 1.580 0.006 0.367
50.00 0.003 0.333 1.872 0.002 0.333
72.00 0.002 0.317 1.774 0.001 0.317
2.5 120.00 0.001 0.297 1.522 0.001 0.297
240.00 0.001 0.271 0.719 0.001 0.271
288.00 0.000 0.264 0.604 0.001 0.264
480.00 0.000 0.247 0.358 0.001 0.247
720.00 0.000 0.234 0.600 0.000 0.234
6.00 0.135 0.399 1.240 0.109 0.399
24.00 0.024 0.349 1.580 0.015 0.349
50.00 0.008 0.325 1.872 0.004 0.325
72.00 0.004 0313 1.774 0.002 0313
75 120.00 0.003 0.298 1.522 0.002 0.298
240.00 0.001 0.278 0.719 0.002 0.278
288.00 0.001 0.274 0.604 0.001 0.274
480.00 0.001 0.260 0.358 0.002 0.260
720.00 0.000 0.250 0.600 0.001 0.250
6.00 0.231 0.395 1.063 0217 0.395
24.00 0.042 0352 1.052 0.040 0.352
50.00 0.014 0.331 0.870 0.016 0.331
72.00 0.008 0321 0.584 0.013 0.321
15 120.00 0.005 0.308 0.348 0.014 0.308
240.00 0.002 0.290 0.407 0.006 0.290
288.00 0.002 0.286 0.580 0.003 0.286
480.00 0.001 0.274 0.200 0.005 0.274
720.00 0.001 0.265 0.067 0.009 0.265
6.00 0.619 0.408 0.954 0.649 0.408
24.00 0.115 0.364 0.879 0.131 0.364
50.00 0.039 0.343 0.747 0.052 0.343
72.00 0.022 0.332 0.627 0.034 0.332
45 120.00 0.023 0.319 0.548 0.043 0.319
240.00 0.007 0.301 0.270 0.025 0.301
288.00 0.003 0.297 0.151 0.018 0.297
480.00 0.004 0.284 0.018 0.226 0.284
720.00 0.002 0.275 0.083 0.022 0.275
6.00 1.199 0.483 0.977 1.228 0.483
24.00 0.221 0.419 0.935 0.237 0.419
50.00 0.073 0.389 0.861 0.085 0.389
72.00 0.041 0.375 0.795 0.051 0.375
75 120.00 0.049 0.356 0.752 0.066 0.356
240.00 0.013 0.331 0.678 0.019 0.331
288.00 0.004 0.325 0.547 0.008 0.325
480.00 0.008 0.309 0.507 0.016 0.309
720.00 0.003 0.296 0.376 0.009 0.296
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6.00 2.185 0.592 0.994 2.197 0.592

24.00 0.392 0.490 0.980 0.400 0.490

50.00 0.127 0.443 0.950 0.134 0.443

72.00 0.070 0.421 0.920 0.076 0.421

105 120.00 0.088 0.393 0.901 0.098 0.393
240.00 0.022 0.358 0.868 0.025 0.358

288.00 0.006 0.349 0.815 0.008 0.349

480.00 0.014 0.325 0.801 0.018 0.325

720.00 0.006 0.308 0.766 0.007 0.308

Calculation of hydraulic conductivity, from soil water flux and changing hydraulic head during

redistribution (section 5.2.5)
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APPENDIX 6

Figure showing measured changes in hydraulic head with depth over time during redistribution

(section 5.2.5)
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Figure A6.1 Graph showing measured changes in hydraulic head with depth over time during

redistribution
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APPENDIX 7

Table A7.1 Showing readings during addition and removal of bottles from the lysimeter.

Millivolt reading
Bottle No. Mass (kg) Adding bottles Removing bottles

0 23484 23482

1 2.0243 23500 23501
2 4.1198 23514 23521
3 6.2189 23524 23530
4 8.3181 23533 23540
5 10.4192 23552 23558
6 12.5134 23572 23578
7 14.6068 23592 23587
8 16.7118 23601 23597
9 18.8014 23611 23616
10 20.8876 23620 23626
11 23.0022 23640 23646
12 25.0897 23650 23655
13 27.1944 23670 23675
14 29.292 23679 23684
15 31.3883 23689 23694
16 33.4879 23699 23714
17 35.6323 23718 23722
18 37.725 23728 23732
19 39.8226 23738 23752
20 41.9132 23758 23772
21 44.012 23778 23782
22 46.0484 23787 23791
23 48.1483 23797 23811
24 50.2252 23817 23831
25 52.351 23836 23841
26 54.4468 23846 23861
27 56.5503 23856 23870
28 58.6736 23877 23890
29 60.7691 23888 23909
30 62.877 23908 23919
31 64.983 23918 23938
32 67.0854 23938 23948
33 69.1985 23949 23958
34 71.2974 23959 23977
35 73.4006 23979 23987
36 75.4925 23999 24006
37 77.5983 24019 24016
38 79.6872 24029 24035
39 81.7907 24039 24044
40 83.8864 24060 24062
41 85.9559 24079 24082
42 88.0408 24089 24091
43 90.1236 24099 24100
44 92.2731 24119 24119

Cumulative bottle masses versus millivolt readings (section 6.2.3)
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APPENDIX 8

Photo showing weighing lysimeter on it, some of the two-liter bottles used for calibration

(section 6.2.3)

Figure A8.1 Photo showing weighing lysimeter on it, some of the two-liter bottles used for

calibration
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APPENDIX 9

Table A9.1  Soil hydraulic diffusivity values for the melanic layer

0 (mm mm™) D (mm>d™")

0.349 387
0.338 293
0.327 223
0.316 171
0.305 132
0.294 103
0.283 80
0.272 64
0.261 51
0.250 41
0.239 34
0.228 28
0.217 23
0.206 20
0.195 17
0.184 15
0.173 14
0.162 13
0.151 12
0.140 12

Table showing soil hydraulic diffusivity values for the melanic layer (section 6.2.8)
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APPENDIX 10

Plot of volumetric soil water content versus soil hydraulic diffusivity (D) (section 6.2.8)*
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Figure A10.1 Plot of volumetric soil water content versus soil hydraulic diffusivity (The D

values were determined by dividing K(6) value with a corresponding
specific water capacity (Cp) value at a specific soil water content for the
melanic A-horizon. The dotted line on the graph represents an exponential

function used to obtain D from a given 6 values)
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APPENDIX 11

Photo showing the surface of the weighing lysimeter after a heavy hail (section 6.3.3)

Figure A11.1 Photo showing the surface of the weighing lysimeter after a heavy



